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Preface

The rapid pace of microRNA (miRNA) research continues to drive the advances of techniques
for miRNA expression profiling. However, several unique attributes of miRNAs, including
their small size, which limits the choice of probe selection, huge dynamic range of expres-
sion level, lack of polyadenylated tails, significant sequence homology among family mem-
bers, and tendency to cross-hybridize to their mRNA targets with imperfect sequence
homology, have made them challenging to quantify. To meet all these challenges, innova-
tive technologies that are more sensitive, specific, quantitative, and that are compatible with
a wide range of biospecimens have been developed during the past few years.

In this volume of the Methods in Molecular Biology series, we assembled a broad spec-
trum of methods and protocols that cover most of the next-generation miRNA expression
profiling technologies. Two introductory chapters serve as references for the context of the
more specialized chapters that follow. Chapter 1 (Gommans and Berezikov) provides a
general overview to the miRNA field, such as miRNA biogenesis and regulation in human
development and diseases, and Chapter 2 (Aldridge and Hadfield) provides a summary of
most of the widely used miRNA assay technologies as well as insightful cross-platform
comparisons.

We also include comprehensive coverage of methodologies that have been developed
for miRNA profiling, including (1) quantitative PCR using either a stem-loop RT-PCR
method (Chapter 3: Hurley et al.) or a Poly(T) adaptor RT-PCR approach (Chapter 4: Shi
et al.), (2) in situ hybridization (Chapter 5: Nielsen), and (3) microarray analysis with a
variety of microarray platforms, such as Agilent (Chapter 6: Andrade and Fulmer-Smentek),
Illumina (Chapter 7: Chen et al.), Affymetrix (Chapter 8: Dee and Getts), Luminex
(Chapter 9: Sorensen), Febit (Chapter 10: Beier et al.), and LC Sciences (Chapter 11:
Zhou et al.). All these techniques allow high-throughput measurement of well-annotated
miRNAs.

The past few years have witnessed the rapid development of next-generation sequenc-
ing technology and fast adoption of the technology for miRNA research. This area is cov-
ered by several excellent chapters that involve the Illumina miRNA-Seq platform (Chapter
12: Luo), Roche 454 GS FLX technology (Chapter 13: Soares et al.), Life Technologies
SOLIiD platform (Chapter 14: Linsen and Cuppen), and Helicos single-molecule sequenc-
ing technology (Chapter 15: Kapranov et al.). The sequencing approach provides several
technical advantages over microarrays. It offers (1) more comprehensive coverage and
de novo discovery potential, (2) single base specificity, and (3) better detection sensitivity
and dynamic range.

In addition to hands-on “wet-lab” protocols, this volume also covers the use of miRNA
databases, which deal with the annotation and discovery of miRNAs and other noncoding
RNAs (Chapter 16: Yang and Qu), and the function of miRNAs in human diseases and
biological processes (Chapter 17: Ruepp et al.), as well as data normalization methods
(Chapter 18: D’haene et al.), next-generation sequencing data analysis (Chapter 19:
Gunaratne et al.), and integrated miRNA expression analysis and target prediction (Chapter 20:
Ritchie and Rasko).
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Furthermore, specialized applications, such as cancer studies (Chapter 21: Zhong et al.)
and miRNA-based noninvasive biomarker development (Chapter 22: Debey-Pascher et al.),
are also addressed.

The content within this book is intended for students, researchers, and scientists in the
field, at both the beginner and advanced levels, and contains sufficiently detailed protocols,
particularly pointers, that will assist with troubleshooting. While each of the methods has
some technical limitations, many of them have been used successfully in broad scientific
researches. The choice of the method mainly depends on the users’ desired application.

Finally, I would like to thank all the authors for their outstanding contributions to this
timely developed protocol book. I would also like to thank Dr. Craig April for his assistance
with the preparation of the chapters, as well as Professor John Walker, the Methods in
Molecular Biology series editor, and David Casey at Humana Press. I truly hope this book
will help accelerate the expression analysis of miRNA and expand our understanding of the
biological functions of miRNA in different species and human diseases.

San Diego, CA, USA Jian-Bing Fan



Contents

Prefice. ... .o v
COnEriDULOrs. . . . .. oo 2%
1 Controlling miRNA Regulationin Disease . . .......... .. ... ... ... ...... 1
Willemijn M. Gommans and Eugene Berezikov
2 Introduction to miRNA Profiling Technologies and Cross-Platform
COMPATISON .« o vttt ettt e e e 19
Sarab Aldvidge and James Hadfield
3 Stem-Loop RT-qPCR for MicroRNA Expression Profiling . . .............. ... 33
James Hurley, Doug Roberts, Andvew Bond, David Keys, and Caifu Chen
4 Poly(T) Adaptor RT-PCR. . . ... .. e 53
Rui Shi, Ying-Husan Sun, Xing-Hai Zhanyg, and Vincent L. Chiang
5 MicroRNA In Situ Hybridization . . ... ... ... 67
Boye Schnack Nielsen
6 Agilent MicroRNA Microarray Profiling System ... ........... .. ... .. ..... 85
Petuln N. D’Andvrade and Stephanie Fulmer-Smentek
7 miRNA Expression Profiling Using Illumina Universal BeadChips ............. 103
Jing Chen, Craig S. April, and Jian-Bing Fan
8 MicroRNA Expression Analysis Using the Affymetrix Platform ... ............. 117
Suzanne Dee and Robert C. Getts
9 Individualized miRNA Assay Panels Using Optically Encoded Beads. . .......... 131
Keld Sovensen
10 Microfluidic Primer Extension Assay. . ... ... ...ttt 143
Mavrkus Beier and Valesca Boisguévin
11 MicroRNA Profiling Using pParaflo Microfluidic Array Technology . ........... 153
Xiaochuan Zhou, Qi Zhu, Christoph Eicken, Nijing Sheng, Xiaolin Zhang,
Litao Yang, and Xiaolian Gao
12 MicroRNA Expression Analysis Using the Illumina MicroRNA-Seq Platform . . . . . 183
Shujun Luo
13 Next-Generation Sequencing of miRNAs with Roche 454 GS-FLX
Technology: Steps for a Successful Application ... ......... ... .. ... . .... 189
Amna Raquel Soares, Patricia M. Peveiva, and Manuel A.S. Santos
14 Methods for Small RNA Preparation for Digital Gene Expression Profiling
by Next-Generation Sequencing . . . .. ...ttt 205
Sam E.V. Linsen and Edwin Cuppen
15 Profiling of Short RNAs Using Helicos Single-Molecule Sequencing. . . ......... 219

Philipp Kapranov, Fatih Ozsolak, and Patrice M. Milos

Vii



viii Contents

16 deepBase: Annotation and Discovery of MicroRNAs and Other Noncoding
RNAs from Deep-Sequencing Data. . .. ... ... i 233
Jian-Hua Yang and Liang-Hu Qn

17 PhenomiR: MicroRNAs in Human Diseases and Biological Processes . . ... ...... 249
Andveas Ruepp, Andreas Kowarsch, and Fabian Theis

18 miRNA Expression Profiling: From Reference Genes to Global

Mean Normalization. . . .. ... ... 261
Barbara D’haene, Pieter Mestdagh, Jan Hellemans, and Jo Vandesompele

19 miRNA Data Analysis: Next-Gen Sequencing . . .. ... ... 273
Preethi H. Gunavatne, Cristian Coarfa, Benjamin Soibam,
and Avpit Tandon

20 Integrated miRNA Expression Analysis and Target Prediction. ... ............. 289
William Ritchie and John E.]. Rasko

21 miRNAsin Human Cancer. . . ... ... 295

Xiaomin Zhonyg, George Coukos, and Lin Zbhang

22 Blood-Based miRNA Preparation for Noninvasive Biomarker Development . . . . .. 307
Svenja Debey-Pascher, Jing Chen, Thovsten Voss, and Andrea Stavatschek-Jox



Contributors

SARAH ALDRIDGE * CRUK Cambridge Research Institute, Cambridge, UK

CraIG S. ArrIL * Illumina, Inc., San Diego, CA, USA

MARKUS BEIER * febit biomed gmbh, Heidelbery, Germany

EUGENE BerEzZIKOV * Hubrecht Institute, Utrecht, The Netheriands

VALESCA BOISGUERIN * febit biomed gmbh, Heidelberg, Germany

ANDREW BOND * Life Technologies Corporation, Foster City, CA, USA

Carru CHEN * Life Technologies Corporation, Foster City, CA, USA

JING CHEN * Illumina, Inc., San Diego, CA, USA

VINCENT L. CHIANG * Forest Biotechnology Group, Department of Forestry
and Environmental Resources, North Carolina State University, Raleigh, NC, USA

CRISTIAN COARFA * Bioinformatics Research Laboratory, Baylor College of Medicine,
Houston, TX, USA

GEORGE COUKOS * Department of Obstetrics and Gynecology, Center for Research
on Early Detection and Cure of Ovarian Cancer, University of Pennsylvania,
Philadelphin, PA, USA

Epwin CurreEN * Hubrecht Institute, Utrecht, The Netherlands

PeTULA N. D’ANDRADE * Agilent Technologies, Santa Clara, CA, USA

BARBARA D’HAENE * Biogazelle, Zwijnaarde, Belginm

SVENJA DEBEY-PASCHER * Life and Medical Sciences (LIMES),
Genomics and Immunoregulation, University of Bonn, Bonn, Germany

SuzaNNE DEE o Affymetrix, Santa Clara, CA, USA

CHrisTOPH EICKEN * LC Sciences, LLC, Houston, TX, USA

J1aAN-BING FAN * Illumina, Inc., San Diego, CA, USA

STEPHANIE FULMER-SMENTEK * Agilent Technologies, Santa Clara, CA, USA

XI1AOLIAN GAO * Department of Biology and Biochemistry, University of Houston,
Houston, TX, USA

RogerT C. GETTS * Genisphere LLC, Hatfield, PA, USA

WILLEMDN M. GOMMANS * Hubrecht Institute, Utrecht, The Netheriands

PreeTHI H. GUNARATNE * Department of Biology and Biochemistry,
University of Houston, Houston, TX, USA

James HADFIELD * CRUK Cambridge Research Institute, Cambridge, UK

JAN HELLEMANS * Biogazelle, Zwijnaarvde, Belginm

James HURLEY * Life Technologies Corporation, Foster City, CA, USA

PHiLier KarraNov © Helicos BioSciences Corporation, Cambridge, MA, USA

Davip Keys  Life Technologies Corporation, Foster City, CA, USA

ANDREAS KOWARSCH * Imstitute for Bioinformatics and Systems Biology (MIPS),
Helmboltz Zentrum Miinchen, German Research Center for Environmental Health,
Neuberbery, Germany

ix



X Contributors

Sam E.V. LINSEN * Hubrecht Institute, Utrecht, The Netherlands

SHujUN Luo * IHllumina, Inc., Hayward, CA, USA

PIETER MESTDAGH * Center for Medical Genetics, Ghent University, Ghent, Belgium

Parrice M. Miros * Helicos BioSciences Corporation, Cambridge, MA, USA

BoOYE SCHNACK NIELSEN * Exigon A/S, Diagnostic Product Development,
Vedbak, Denmark

Fatin Ozsorak « Helicos BioSciences Corporation, Cambridge, MA, USA

Parricia M. PEREIRA * RNA Biology Laboratory, Department of Biology and CESAM,
Unaiversity of Aveiro, Aveiro, Portugal

Liang-Hu Qu ¢ Key Laboratory of Gene Engineering of the Ministry of Education,
State Key Laboratory for Biocontrol, Sun Yat-sen University, Guangzhon, PR. China

Joun E.J. Rasko * Cell and Molecular Therapies, Royal Prince Alfred Hospital,
Camperdown, NSW, Australio;Gene and Stem Cell Therapy Program , Centenary
Institute, University of Sydney , Sydney , NSW , Australia

WiLLiaM RitcHIE * Gene and Stem Cell Therapy Program, Centenary Institute,
University of Sydney, Sydney, NSW, Australin

DouG RoBerts * Life Technologies Corporation, Foster City, CA, USA

ANDREAS RUEPP * Institute for Bioinformatics and Systems Biology (MIPS),
Helmboltz Zentrum Miinchen, German Research Center for Environmental Health,
Neuberberg, Germany

MANUEL A.S. SanTOs * RNA Biology Laboratory, Department of Biology and CESAM,
University of Aveiro, Aveiro, Portugal

NUING SHENG * Atactic Technologies Inc., Houston, TX, USA

Rui SH1 « Forest Biotechnology Group, Department of Forestry
and Environmental Resources, Novth Carolina State University, Raleigh, NC, USA

ANA RAQUEL SOARES * RNA Biology Laboratory, Department of Biology and CESAM,
Unaiversity of Aveiro, Aveiro, Portugal

BeNjAMIN So1BaM * Department of Physics, University of Houston, Houston, TX, USA

KELD SORENSEN * Siemens Healthcare Diagnostics, Flanders, NJ, USA

ANDREA STARATSCHEK-JOX * Life and Medical Sciences (LIMES),
Genomics and Immunoregulation, University of Bonn, Bonn, Germany

YING-HUSAN SUN ¢ Forest Biotechnology Group, Department of Forestry
and Environmental Resources, North Carolina State University, Raleigh, NC, USA

ArrIT TANDON * Bioinformatics Research Laboratory, Baylor College of Medicine,
Houston, TX, USA

FaBiaN THELS * Institute for Bioinformatics and Systems Biology (MIPS),
Helmboltz Zentrum Miinchen, German Research Center for Environmental Health,
Neuberberg, Germany

Jo VANDESOMPELE ¢ Center for Medical Genetics, Ghent University, Ghent, Belginm

THORSTEN Voss *© QIAGEN GmbH, Diagnostic Sample Preparation and Stabilization,
R&D Department, QIAGEN, Hilden, Germany

Jian-Hua YANG * Key Laboratory of Gene Engineering of the Ministry of Education,
State Key Laboratory for Biocontrol, Sun Yat-sen University, Guangzhon, PR. China

Litao YANG * Department of Biology and Biochemistry, University of Houston,
Houston, TX, USA



Contributors

LN ZHANG * Department of Obstetrics and Gynecology, Center for Research
on Early Detection and Cure of Ovarian Cancer, University of Pennsylvania,
Philadelphin, PA, USA

XIAOLIN ZHANG * Atactic Technologies Inc., Houston, TX, USA

XING-HAr ZHANG * Department of Biological Sciences, Florida Atlantic University,
Boca Raton, FL, USA

XIAOMIN ZHONG * Department of Obstetrics and Gynecology, Center for Research
on Early Detection and Cure of Ovarian Cancer, University of Pennsylvania,
Philadelphin, PA, USA

X1AOCHUAN ZHOU * LC Sciences, LLC, Houston, TX, USA

Q1 Zuu * LC Sciences, LLC, Houston, TX, USA

xi






Chapter 1

Controlling miRNA Regulation in Disease

Willemijn M. Gommans and Eugene Berezikov

Abstract

Our understanding of the importance of noncoding RNA molecules is steadily growing. One such important
class of RNA molecules are microRNAs (miRNAs). These tiny RNAs fulfill important functions in cellular
behavior by influencing the protein output levels of a high variety of genes through the regulation of
target messenger RNAs. Moreover, miRNAs have been implicated in a wide range of diseases. In patho-
logical conditions, the miRNA expression levels can be altered due to changes in the transcriptional or
posttranscriptional regulation of miRNA expression. On the other side, mRNA molecules might be
able to escape the regulation by miRNAs. In this review, we give an overview on how miRNA biogenesis
can be altered in disease as well as how mRNAs can avoid the regulation by miRNAs. The interplay
between these two processes defines the final protein output in a cell, and thus the normal or pathological
cellular phenotype.

Key words: microRNA, microRNA biogenesis, microRNA expression regulation, microRNA
regulation in disease, microRNA expression in disease

1. Introduction

The discovery that the small RNA lin-4 could regulate the expression
of lin-14 in the nematode Caenorbabditis elegans (1) nearly
20 years ago was the beginning of a major shift in biological
research. It contributed to our current awareness that RNA mole-
cules are not just simple intermediates between DNA and proteins,
but also can play important roles in gene regulation. These regula-
tory functions of RNA molecules can explain, at least in part, how
such complex organisms can arise despite that they harbor only a
limited set of protein-encoding genes. Although a tremendous
progress in the understanding of small RNA-mediated gene regu-
lation has been achieved in recent years, there is still a whole layer
of relatively unexplored RNA-mediated mechanisms to be discov-
ered that play a role in fine-tuning cellular behavior.

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_1, © Springer Science+Business Media, LLC 2012
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2 W.M. Gommans and E. Berezikov

After the initial discovery of lin-4, the different classes and
number of small regulatory RNAs has expanded dramatically. One
important class of such small RNA molecules are microRNAs
(miRNAs), of which there are currently several thousand annotated
in various species in the publically available database miRBase (2).
miRNAs are 20-23 nucleotides long, and are estimated to regulate
the expression of as much as one-third of genes in mammals (3).
miRNAs can downregulate gene expression by binding to comple-
mentary regions within the 3'-untranslated region of mRNAs,
thereby effecting the translation or stability of the mRNA. In this
chapter, we intend to give an overview on the current knowledge
on miRNA biogenesis, their mode of action, and factors that influ-
ence miRNA-mediated regulation in normal and disease
development.

2. The Biogenesis
of an miRNA

In the human genome, miRNAs exist as either individual genes or
in clusters. A substantial fraction of miRNA genes are clustered
together, which might be related to their evolutionary mechanism
for spreading throughout the genome (4). These relatively closely
located miRNAs can be transcribed as one polycistronic transcript,
giving rise to multiple co-expressed mature miRNAs. Nonclustered
miRNA genes, on the other hand, are expressed as individual tran-
scripts and have their own promoters (Fig. 1). Such transcriptional
organization of miRNA genes provides for numerous combina-
tions of miRNAs that are individually or simultaneously expressed
in a spatiotemporal manner.

Also the genomic context of miRNAs can differ between the
individual miRNAs. The genes encoding for miRNAs can be
embedded in the intronic region of a protein-coding gene, as well
as located in an intergenic region. Those miRNAs that are imbedded
within other genes can have two forms of transcriptional regula-
tion. They are either co-transcribed and processed together with
the protein-coding gene, or have their own intronic promoters (5)
(Fig. 1). Thus, the expression levels of intronic miRNAs do not
always have to correlate with the expression levels of the host gene.
Also, the independent transcriptional control of miRNAs under-
scores their role as independent regulators of gene transcription in
eukaryotic biology.

MiRNAs are transcribed as long precursor molecules by the
RNA polymerase 11, and these so-called primary (pri-)miRNAs can
be up to several kilobases long. During and after transcription,
pri-miRNAs fold back into imperfect double-stranded RNA mole-
cules that are the stepping stones for subsequent processing into
the mature miRNAs. The maturation of pri-miRNA transcripts
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Fig. 1. The miRNA biogenesis pathway. MicroRNAs (thin boxes) can be located in intergenic regions or are embedded in the
intronic region of a protein-encoding gene (exonic regions are shown here as thick boxes). In addition, microRNAs can be
co-expressed with the genes in which they are implanted, or they have their own promoter sequence (arrows). After tran-
scription, the pri-miRNA sequence is processed by the Drosha complex, the resulting pre-miRNA sequence is exported to
the cytoplasm, and subsequently cleaved by the Dicer complex into a mature miRNA sequence. On the other hand, mirtrons
are not cleaved by Drosha, but the pre-miRNA sequence is generated through splicing, after which it follows the biogenesis
pathway of canonical miRNAs. The mature miRNA sequence is loaded into the RISC complex, which results in a reduction
of protein output after binding to the target mRNA. See the main text for more details.

into mature miRNAs involves several consecutive protein-mediated
processing steps (6) (Fig. 1). In mammalian systems, the first
processing step of the pri-miRNA to precursor pre-miRNA occurs
in the nucleus by the microprocessor complex that consists of at
least 20 distinct proteins, including the RNAse III enzyme Drosha
and the double-stranded RNA-binding enzyme DGCRS. A single
pri-miRNA contains a typical stem structure of around 33 bp, and
Drosha is guided by DGCRS to cleave about 11 bp away from this
stem-ssRNA junction (7). This cleavage step results in pre-miRNAs
that are around 60-80 nt in length and contain a typical 2 nt
3’-overhang due to the Drosha cleavage.

The following processing step takes place in the cytoplasm.
Thus, in order to become mature miRNAs, the pre-miRNAs are
first transported from the nucleus into the cytoplasm. This transport
is mediated by nuclear pore complex exportin5 and RanGTP (8-10),
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and the length of the stem loop structure as well as the presence of
the 3’-overhang is important for recognition of the pre-miRNA by
exportin-5 (9, 11). In the cytoplasm, the pre-miRNAs are cleaved
into mature miRNA molecules by the RNAse III enzyme Dicer.
This generates the final double-stranded miRNA products of
21-23 nucleotides, containing 2 nucleotide 3'-overhangs on both
sides of the molecule. The Dicer protein alone is sufficient for gen-
erating the mature miRNAs from pre-miRNAs, but it does interact
with a series of other proteins, such as TRBP (12).

In order for an miRNA to be functional in the regulation of
gene expression, it has to be incorporated in the multiprotein com-
plex (miRNA-induced silencing complex (miRISC). TRBP can form
a bridge between the miRNA processing by Dicer and the ultimate
functionality of the miRNA, by forming a complex with Dicer and
recruiting Argonaute (Ago), an essential member of the miRISC
complex (12). In general, the miRNA strand with the thermody-
namically less stable 5’-end is incorporated in the miRISC complex
(6) and functions as a template for scanning mRNA 3'-UTRs for
sequences complementary to the miRNA. The other strand, referred
to as the star or passenger strand is in most cases rapidly degraded.

Strikingly, the miRNA does not have to possess a completely
perfect complementary sequence to the 3'-UTR for mediating gene
repression. More precisely, the number of perfect matches needed
between the miRNA and the target mRNA seems to differ from
miRNA to miRNA to mRNA. The only critical sequences for tar-
geting seem to be in the 5'-end of the miRNA, the so-called seed
sequence, which comprises nucleotides 2-8, although weaker seed
sequences might be compensated through pairing of the 3'-end of
the miRNA to the mRNA. This lack of black-and-white well-defined
miRNA target recognition rules thus makes it extremely difficult to
identify bona fide miRNA targets in silico (13).

3. Post-
transcriptional
Factors That
Modulate miRNA
Biogenesis

The biogenesis of miRNAs is subjected to complex regulatory
mechanisms. The regulation of miRNA production can provide
the cell with a fast-acting response to environmental changes. Also,
this effect will be wide-spread, as miRNAs act on many different
mRNAs simultancously. Influencing the efficiency of miRNA
biogenesis can therefore be a quick and powerful approach to
anticipate to external and internal cellular fluctuations.

As mentioned above, the canonical processing of pri-miRNAs
into mature miRNAs occurs in two consecutive steps (Fig. 1). The
transcribed pri-miRNAs are cleaved by the Drosha complex into
pre-miRNAs, of which subsequently mature miRNAs are gener-
ated by the Dicer-processing complex. The processing efficiency of
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subsets of pri-miRNAs into the final mature miRNAs is influenced
by a battery of other proteins, generating a complex network of
miRNA expression regulation, which we are only just beginning to
understand. We discuss several examples below.

During differentiation, there is a steady increase in mature
Let-7 g levels. However, the pri-miRNA levels of Let-7 g remain
fairly constant (14). This indicates that there is some kind of Drosha
processing block for pri-miRNA Let-7 g processing, either due to
posttranscriptional modification of Drosha, or due to the influence
of other regulatory proteins. One of these regulatory proteins is
the tumor suppressor p53, as p53 can enhance the processing
efficiency of several miRNAs by interacting with a protein in the
Drosha complex (15). Intriguingly, of the miRNAs that were tested
in this study, the miRNAs that were influenced by p53 had growth
suppressive functions. How p53 selects between different miRNAs
is yet unknown, but it directly couples the tumor suppressive network
to the process of miRNA biogenesis. Another family of proteins
that acts on the level of Drosha cleavage are Smad proteins (16).
These proteins recognize and bind to a specific motif present within
the stem loop region of certain miRNAs. Binding of the Smad
proteins subsequently enhances the docking and cleavage by Drosha.

Thus, both Smad proteins as well as p53 enhance the process-
ing step of pri-miRNAs into pre-miRNAs. On the other side, there
are also proteins that can inhibit the processing of pri-miRNAs.
Upon binding of the estrogen receptor o to estrogen, the receptor
associates with the Drosha complex and inhibits the maturation of
a set of miRNAs (17). In addition, depletion of the nuclear factor
(NF) NF90 and NF45 results in an accumulation of pri-miRNAs
in the cells (18).

A subgroup of miRNAs that skips the Drosha processing step
altogether are mirtrons (19-21). These miRNAs are encoded
within small intronic regions of transcribed genes. Upon splicing,
the intronic region folds into a pre-miRNA hairpin structure. These
pre-miRNA hairpin mimics subsequently follow the canonical
miRNA biogenesis pathway to mature miRNAs.

The step following Drosha cleavage is the transport of the
pre-miRNA into the cytoplasm. However, to what extent miRNA
biogenesis is controlled by the efficiency of the pre-miRNA export
is still a matter of debate (22). In the cytoplasm, the processing of
miRNAs can be controlled by factors that influence the efficiency
of Dicer. The protein TRBP is phosphorylated through the MAPK
signaling pathway, and phosphorylated TRBP does stabilize the
Dicer-processing complex. This stabilization results in an increased
miRNA production and miRNA-mediated target silencing (23).
Thus, crucial signaling pathways, such as the tumor suppressive
p53 pathway and the oncogenic MAPK /Erk pathway, are involved
in miRNA biogenesis. This suggests that these cell growth-regulating
pathways can also partly exert their effects through regulating miRNA
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expression, and that misregulation of miRNA biogenesis can be
involved in oncogenesis, as is discussed in more detail below.

There are also proteins that can interfere with both the Drosha-
as well as the Dicer-mediated cleavage step. The protein Lin28
binds to a specific sequence present in the loop structure of the
miRNA let-7. This binding inhibits both the Drosha and Dicer
cleavage step (24-27). Moreover, Lin28 recruits a terminal uridylyl
transferase that uridylates pre-let-7, guiding pre-let-7 into a degra-
dation pathway (28). However, protein binding can also have an
opposite effect, resulting in an enhanced Drosha and Dicer
processing. In the case of the miRNA mir-18a, the protein hnRNP
Al binds both the terminal loop structure as well as the stem loop
of the pri-miRNA (29), and knockdown of hnRNP Al reduces the
levels of both pri- and pre-mir-18a (30). Also the protein KSRP
can promote the processing of several miRNAs. KSRP is a compo-
nent of both the Drosha- and Dicer-multiprotein complex, and it
binds to the terminal loop region of pri- and pre-miRNAs (31).
Binding of this protein can subsequently result in the recruitment
or correct positioning of the Drosha- or Dicer-complex.

The above-described proteins directly interact with proteins of
the miRNA-biogenesis machinery. Another family of proteins that
has a completely different mode of action is the ADARs. These
proteins can alter the primary sequence of double-stranded RNA
molecules, such as pri-miRNAs (32-36), through the hydrolytic
deamination of adenosines. This results in the conversion of an
adenosine into an inosine, and the inosine behaves similar to
guanosine. This A-to-I editing of pri-miRNAs can alter the
processing efficiency of Drosha and/or Dicer and is expected to
occur in roughly 16% of all pri-miRNA molecules (37). Most inter-
estingly, editing also occurs in the seed region of miRNAs. The
editing at these positions can alter the target recognition of the
miRNA, with the edited version targeting another set of genes
than the unedited version (34). Although difficult to assess (38),
the editing of the mature miRNA sequence seems to be limited
and the main effect of miRNA editing therefore appears to be the
alteration of miRNA biogenesis.

The final generated mature miRNA is incorporated into the
miRISC complex and its ultimate half-life is dependent upon
several factors (39). The miRNA is protected against decay through
incorporation into the Argonautes, and ectopic expression of the
Ago proteins results in increased miRNA levels (39, 40). However,
for example in neurons there is still a rapid turnover of miRNAs
with a halflife of approximately 1 h (41). In the nematode C. elegans,
the degradation of the exposed mature single-stranded miRNAs is
mediated by the 5'-3' exonuclease XRN-2 (42). This protein seems
to have an intriguing double function, as it can also mediate the
release of the miRNA from the Ago-complex if the miRNA is not
interacting with its target molecule. This regulatory mechanism
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might be important for the rapid transitions seen in miRNA expression
profiles.

Also posttranscriptional modification of the miRNA could
increase its half-life. However, this seems to be a much more
common phenomenon in plants rather than in animals. Although
deep-sequencing studies indicated that mammalian miRNAs fre-
quently contain untemplated adenine or uracil additions (43), a
functional effect has so far only been demonstrated for miR-122,
where the addition of an adenine at the 3'-end enhances its
stability (44).

There is thus a whole array of regulatory proteins that influence
the homeostasis of mature miRNAs, and more proteins and regula-
tory mechanisms are likely yet to be discovered (22, 39). The interplay
between all these proteins will generate a broad spectrum of miRNA
expression levels, which cannot be deducted solely from their initial
transcription levels. Another pending question is how precisely miR-
NAs subsequently regulate the repression of gene expression. As is
discussed in more detail below, also here there might be more (regula-
tory) roads that are leading to Rome.

4. miRNA-
Mediated
Regulation of Gene
Repression

In animal systems, miRNAs can regulate gene expression through
either the inhibition of protein translation or initiation of mRNA
degradation (6). This is a major difference with the plant king-
dom, where miRNAs form highly complementary Watson-Crick
base pairing with the target mRNA and subsequently solely
induce mRNA cleavage (45). Nonetheless, in animals there seems
to be a correlation with the extent of base-pairing between the
miRNA and its target, and subsequent cleavage or translational
repression (40).

In mammals, there are four members of the Argonaute family
(AGO1-4) (47), of which only AGO2 has mRNA cleavage (“slicer”)
activity and is also the only AGO protein that functions in the
RNA interference (RNAi) pathway by cleaving the mRNA in the
center of the mRNA-siRNA duplex (47, 48). Interestingly, there is
also an miRNA mir-451, whose maturation is directly regulated by
the slicer activity of AGO2. Instead of Dicer, this pre-miRNA is
cleaved by AGO2 and likely subsequently polyuridylated and
trimmed into the mature miR-451 sequence (49). There is thus a
close interplay between miRNA production and activity. Besides
the slicer activity of AGO2, miRISCs containing either AGO2 or
other AGO proteins can cause a reduction in the protein output
without directly diminishing the mRNA levels. In these instances,
reduction in protein expression is caused by interfering with the
translational machinery.
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There are currently several working models that describe the
repression of translation after binding of the miRISC complex to
the mRNA molecule. Broadly, these mechanisms can be divided
into inhibition before or after the initiation of translation. Inhibition
of translation at the initiation step can occur through interference
with the protein assembly on the mRNA molecule, prior to transla-
tion. In brief, proteins that bind to either the 5'- cap or the 3'-
polyA tail of the same RNA molecule interact with each other,
bringing the two ends of the RNA molecule together. This circu-
larization stimulates the initiation of translation. In the case of
miRNA-mediated repression, AGO2 might interact with the 5'-
cap of the RNA molecule, competing with the binding of the regu-
lartranslationinitiationfactors(6,50).Inaddition,miRNA-mediated
repression can result in the shortening of the 3'-polyA tail through
deadenylation (51-54), which might cause the disruption of the
circularization of the RNA molecule. Thus, inhibiting the transla-
tion by miRNAs can be caused by targeting cither of both the 5'-
or 3'-ends of the RNA molecule.

As with many new rapidly evolving research fields, there is not
yet one solid answer to the question of how miRNAs regulate the
inhibition of protein translation; besides inhibiting the translational
machinery at the initiation step, there is also evidence that miRNAs
can repress gene expression during the elongation of translation.
An intriguing example is the study from Petersen et al. (55) that
showed that short RNA-induced repression can also occur in the
downstream open reading frame of a bi-cistronic reporter contain-
ing and IRES. The translation of this downstream RNA molecule
is thus independent of the 5'-cap structure. Moreover, other data
indicated that translating ribosomes do assemble but might prema-
turely drop-off again. It is very well feasible that miRNAs can act
as inhibitors of translation on both the level of translation initiation
as well as translation elongation. However, the importance of either
mechanism is still fuel for an ongoing scientific debate.

Besides mRNA cleavage or the inhibition of the translational
machinery, other mechanisms that reduce the protein output can
play a role as well. miRNAs can induce the deadenylation of the
mRNA polyA tail, leading to de-capping and subsequent degrada-
tion of the RNA molecule through 5" — 3’ exonucleolytic activity
(52-54, 56). So there seem to be many different mechanisms by
which a miRNA can cause a reduction in the protein output. At
this moment, it is not yet clear what determines whether the RNA
is destabilized or if there will be inhibition of translation. Also, it is
unclear whether RNA deadenylation results from translational
repression, or whether this is a primary event. A recent study from
Guo et al. (57) demonstrated that over 80% of the decreased pro-
tein production was assigned to a decrease in mRNA levels, thus
supporting the mRNA destabilization model.
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5. miRNA
Regulation
in Disease
miRNAs play an important regulatory role in many crucial cellular
pathways, such as development, differentiation, and apoptosis.
However, knockdown of specific miRNAs in flies and worms in
many cases did not reveal crucial viable or developmental defects
(58-60). But when environmental conditions changed, the defects
due to knockdown of certain miRNAs became apparent (61). This
indicates that miRNAs can play a role in maintaining homeostasis
in a cell, and there is a loss of fine-tuning when conditions are
altered. It is therefore not surprising that an altered miRNA-
mediated regulation can contribute to pathological conditions,
such as cancer, cardiovascular disease, and many others. This altered
regulation of the miRNA target can be the result of changed
miRNA levels, but also because the mRNA target might simply
escape miRNA-controlled regulation (Fig. 2).
Physiological conditions Pathological conditions
a A
kb Long 3UTR :mRNA Shortened 3UTR
—_ . ng ortene:
Editing generates a miRNA binding site - Reduced editing activity
MRNA MRNA
T |  — L]
¢ Normal genomic location Genomic translocation
MRNA -mRNA
[ - [ ]
d Expression speudogenes
mMRNA mMRNA o il
[} [ |
e - Binding REP opens up foldback structure
mRNA >, mRNA ._
_ e

Fig. 2. Preventing the regulation by miRNAs (a) Shortening of the 3'-UTR results in less binding sites for miRNAs.
(b) Decreased A-to-I RNA editing activity causes an increased prevalence of an adenosine over an inosine, which subsequently
causes the loss of an miRNA binding site. (¢) Genomic translocation leads to another 3'-UTR sequence and consequently
other miRNA-binding sites. (d) The expression of a pseudogene captures the miRNAs away from the original mRNA target
sequence. (e) Binding of an RNA-binding protein opens up the structure of the 3’-UTR and makes it more accessible for the
miRNA to target the mRNA.
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6. Escaping
miRNA-Mediated
Regulation

The interaction between the miRNA and the target mRNA occurs
predominantly in the 3'-UTRs of the mRNA molecule. This results
either in inhibition of translation or RNA degradation, as outlined
above. Thus, a way for mRNAs to escape the regulation by miRNAs
is to shorten the length of the 3'-UTR by alternative polyadenyla-
tion (Fig. 2a). This intriguing possibility was first investigated by
Sandberg and coworkers (62), who demonstrated the widespread
shortening of 3'-UTRs upon activating/proliferating stimuli in a
variety of immune cells. To further extrapolate their results, they
also investigated a wide variety of cell lines. The length of the 3'-
UTR was consistently lower in cell lines in comparison to the tissues
from which they originated, further indicating that the length of
the 3'-UTR was associated with the cellular proliferation potential.
Using a luciferase-based system, a longer 3'-UTR was shown to
decrease protein output in comparison to the short 3'-UTR
sequence, likely due to the inhibition of translation or RNA stabil-
ity. Finally, they suggest a model in which the shortening of the
3'-UTR region results in reducing the potential for targeting by
antiproliferative factors, such as certain tamilies of miRNAs (62).

In another key study, the shortening of the 3'-UTRs is linked
to oncogenic transformation rather than proliferation per se (63).
Mayr and Bartel show that cancer cell lines compared to nontrans-
formed cell lines have shortened 3'-UTRs, despite a similar prolif-
eration potential. These shorter mRNA forms are more stable and
characteristically produce about ten times more protein. In the
case of oncogenes, shortening of the 3'-UTR by alternative poly-
adenylation can result in an increased protein production and con-
sequent cellular oncogenic transformation. The increased protein
output could at least in part be explained by escaping miRNA-
mediated regulation (63). These observations suggest that mRNAs
can escape miRNA-mediated control due to a shortened 3'-UTR,
and that this alternative polyadenylation could contribute to the
oncogenic potential of tumor cells.

Another intriguing mechanism by which mRNAs can escape
the control of miRNAs in disease is an alteration in RNA editing
activity (Fig. 2b). As mentioned above, A-to-I RNA editing con-
verts an adenosine into an inosine, which is subsequently inter-
preted as guanosine. RNA editing is a widespread phenomenon,
and, for example, in brain tissues it is estimated to occur once in
every 17,000 nt (64). Most editing events take place in the untrans-
lated regions, including 3'-UTRs. A study investigating the inter-
play between editing and miRNA regulation demonstrated that
mRNA editing seems to avoid miRNA seed sequences (65).
However, several sites were found where editing abolished an
miRNA binding site, or generated a new miRNA recognition site.
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The editing efficiency at an individual position can range from <2%
to 90% (66), and its activity is altered in cancer and a variety of
other diseases (67). This generates a complex interplay between
two important posttranscriptional mechanisms to fine-tune gene
regulation in normal and diseased conditions.

A more permanent methodology to eliminate miRNA-binding
sites is the acquisition of genomic mutations in the 3’-UTR dur-
ing tumor development (Fig. 2¢). One such example is the onco-
gene Hmga2 (68), in which a chromosomal translocation causes
disruption of the 3’-UTR. The Hmga2 3'-UTR contains several
binding sites for the tumor-suppressive miRNA let-7, and disrup-
tion of these binding sites can lead to higher levels of Hmga2 and
consequent oncogenic transformation. Thus, not only mutations
in the open reading frame of specific proteins can result in patho-
logical conditions, but also genomic alterations in the 3’-UTR
that disrupt or create miRNA-binding sites, can play a role in disease
development.

More subtle genomic alterations can occur through single
nucleotide polymorphisms (SNPs). When located in the 3'-UTR
of a gene, these SNPs can either disrupt or create miRNA binding
sites. SNDPs are allele-specific, and measuring the differences in
allele-specific mRNA expression levels indeed revealed that genes
carrying an SNP-generated miRNA-binding site were repressed in
those tissues where the miRNA was expressed as well (69). As two
unrelated humans have a distinct set of SNPs, many genes will be
expressed in an individual-specific manner and can subsequently
also underline differences in disease risk and clinical outcome.

The final protein levels from a certain transcript depend both
on the number of miRNA molecules and the number of mRNA
molecules present in a certain cell. However, if the miRNA binds
to other RNA molecules, the original target mRNA is thus dere-
pressed and translation can take place. This function can be fulfilled
by pseudogenes, such as PTENP1 and KRASP1, which can modu-
late the protein production of respectively the tumor-suppressor
PTEN and the oncogene KRAS, by functioning as a decoy for
miRNA binding (Fig. 2d). Intriguingly, in certain cancer types, the
pseudogene PTENPI has indeed a loss of genomic copy number,
whereas the KRASIP locus is amplified in a variety of human
tumors, which is consistent with their tumor-suppressive and onco-
genic roles (70). As pseudogenes are nearly as numerous as protein-
coding genes in the transcriptome, many more examples might
exist, attributing a novel role for pseudogenes in regulating the
expression of coding genes.

Finally, another way for an mRNA molecule to escape the reg-
ulation by miRNAs is to hide the miRNA-binding site for the binding
of the miRNA (71) (Fig. 2¢). The miRNAs mir-221 and mir-222
are required in cancer to inhibit the expression of p27 and subse-
quently stimulate proliferation. Intriguingly, the levels of these
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miRNAs and p27 mRNA are not significantly altered in quiescent
and cycling cells. However, in cycling cells the RNA-binding
proteins PUM1 and PUM?2 are activated and bind to the 3'-UTR
of p27. It is this binding that opens up the secondary structure of
the p27 3'-UTR and subsequently causes the miRNAs to bind and
repress p27 protein expression (71). There is thus an extensive
interplay between the control of protein expression by miRNAs
and the many factors that influence the overall availability of
miRNA-binding sites. The balance between this availability, as well
as mRNA and miRNA levels ultimately define the protein output
of a certain transcript, and if this balance shifts it might contribute
to the development of disease. Besides the alteration of factors
influencing the availability of miRNA-binding sites in pathological
conditions, the expression levels of miRNAs themselves are also
often altered in disease states. This can be due to differences in
expression levels and also due to factors influencing the processing
of miRNAs, as discussed below.

7. Altered miRNA
Expression Levels
in Pathological
Conditions

At present, there are hundreds of research papers describing a role
for miRNAs in pathological conditions, and the number of miRNA
publications is steadily growing each year (72). This is not surpris-
ing, as miRNAs can influence the expression levels of many pro-
teins that are involved in cell development, homeostasis, and
disease. The strength of a single miRNA lies predominantly in the
fact that it can influence the expression of an array of proteins.
Thus, often the inhibitory effect of one miRNA on one protein is
only marginal, but it is the cumulative effect of one miRNA on
many proteins that results in the final cellular behavioral response.
Changes in the expression level of a single miRNA can thus be an
important factor in severe pathological conditions.

Among the first miRNAs that were suggested to play a direct
role in tumor biology were mir-15a and mir-16-1. They were orig-
inally found in a genomic area that is often deleted in chronic lym-
phocytic leukemia (CLL), and these miRNAs were shown to be
lost in about 70% of developing CLL (73). Strikingly, many other
miRNA genes are located in cancer-associated genomic regions or
fragile areas as well (74). Besides mir-15-1 and mir-16-1, a variety
of other miRNAs have now been shown to play a direct role in
tumor biology, functioning either as a tumor-suppressors or onco-
genes (75).

A striking example of how one miRNA can drastically alter a
cellular phenotype is mir-21 (76). This miRNA is overexpressed in
a great number of tumor types and induction of mir-21 expression
in vivo results in a pre-B malignant lymphoid-like phenotype.
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Upon subsequent inactivation of mir-21 expression, this phenotype
completely regresses again within a few days, indicating that tumors
can become addicted to oncogenic miRNAs and demonstrating
the strength of a single miRNA to regulate cellular behavior.

mir-21 was artificially introduced in these cell types, which
resulted in the oncogenic transformation. In cancer, however, the
expression levels of a wide variety of miRNAs was shown to be
reduced (77) to such an extent that clustering of miRNA expres-
sion profiles causes tumor tissues to group together, instead of
clustering to the tissue from which they derive (77). These miRNA
changes can be the consequence of altered miRNA gene transcrip-
tion levels. Among others, widespread repression of miRNA gene
expression can occur via the c-Myc oncogene (78) or hypermethy-
lation of CpG island promoters (79-81). But global changes in the
mature miRNA levels can also occur posttranscriptionally, as often
the altered levels in mature miRNAs do not correlate with changes
in the primary miRNA transcript (14). What is the cause of these
altered mature miRNA levels is still relatively unknown, although
alterations in mechanisms that control the steady-state levels of
miRNAs could at least partly explain these observed wide-spread
changes in miRNA expression profiles.

As mentioned above, the tumor-suppressor gene p53 influ-
ences the processing of a group of miRNAs. As the protein levels
of p53 are reduced in a high number of tumor types, this might
alter the expression of these miRNAs as well. The same can hold
for other proteins that influence the processing of pri- or pre-miRNAs,
such as SMADs, NF90, or ADARs. Differential expression of each
of these proteins in diseased tissues can cause an alteration in the
expression levels of subsets of miRNAs.

Yet another protein involved in the differential expression of
miRNAS in disease is the key miRNA-processing enzyme Dicer. In
a variety of cancers, the expression of Dicer was shown to be
reduced, including lung cancer, hepatocellular carcinoma, and
ovarian cancer (82-85). This reduced expression was in general
correlated with a poor clinical outcome. In addition, knock-down
of Dicer caused an enhanced proliferation and migration rate of
tumor cells, and in mice decreased Dicer expression resulted in a
reduced survival rate due to an increased tumor burden (86).
Intriguingly, this reduced survival was correlated to a hemizygous
instead of a homozygous loss of Dicer, indicating that Dicer func-
tions as a haploinsufficient tumor suppression gene. Also, hemizy-
gous deletion of Dicer in cell lines indeed resulted in reduced
steady-state miRNA levels (87). These results indicate that the
observed reduced Dicer expression in cancer at least partly contrib-
utes to the global reduction in miRNA expression levels that are
typical for cancerous tissues (77, 82, 87).

No loss-of-function genetic mutations have been reported for the
Dicer gene in tumor tissues, even though it acts as a tumor suppressor
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gene and shows reduced protein levels in a variety of tumor types.
Reduced Dicer expression might occur due to changes in the
transcriptional regulation of Dicer, mediated for example by TAp63
in metastasis (88). However, reduced Dicer expression can also at
least partly arise from mutations in the gene encoding for TRBP
(89). As discussed above, TRBP is involved in miRNA processing
through direct interaction with the endonuclease Dicer.
Heterozygous mutations in the TRBP gene are found in several
types of cancer, where it causes a reduction in the TRBP protein
levels. Reduced TRBP protein levels results in the destabilization
of the Dicer protein and thus subsequently reduces Dicer protein
levels. Moreover, mutations in TRBP also lead to reduced miRNA
levels and this deregulation of miRNA processing caused an
enhanced tumor growth (89). Thus, the global inhibition in
miRNA expression as seen in cancer does not seem to be a mere
consequence of a reduced differentiation state of the cell. Instead,
a reduction in the general miRNA processing efficiency seems to
have a direct effect on the oncogenic potential of tumor cells,
which is also in agreement with the finding that Dicer can act as a
tumor suppressor gene.

In general, proteins that are involved in the homeostasis of
miRNAs could also influence the miRNA expression levels in dis-
cased conditions, either by inducing or reducing the processing
efficiency of subsets of miRNAs or globally altering the miRNA
expression levels. These altered miRNA levels can subsequently
have an influence on the cellular phenotype, such as an increase in
the oncogenic potential of a cell. Pinpointing and influencing the
underlying mechanisms that regulate miRNA homeostasis can
therefore be relevant for finding novel therapeutic strategies.

8. Concluding
Remarks

The biogenesis of an miRNA is still an intensive area of investigation
for many research groups. Besides the pri- and pre-miRNA process-
ing complexes there are also many other factors involved that fine-
tune the regulation of miRNA expression after transcription. This
fine-tuning is highly important, as miRNAs can play important roles
in disease development and thus their expression should be tightly
controlled. We are still only at the beginning of understanding the
regulatory mechanisms that control the biogenesis of an miRNA, and
it is expected that other regulatory proteins are yet to be discovered.
This enhances our understanding on how miRNA expression can be
deregulated in disease and might provide novel therapeutic avenues
for controlling the miRNA balance within a cell.

In addition to miRNA expression alterations, some mRNA targets
seem to directly escape miRNA-mediated regulation in diseased
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conditions. For example, the global shortening of 3'-UTRs as well
as the genomic translocation of protein-encoding genes might
directly result in increased protein levels due to a loss of miRINA
control. For now, it remains to be investigated if this loss of
miRNA-mediated control of gene expression directly results in an
altered cellular behavior, or whether this is a secondary effect.
Opverall, the balance between the miRNA levels as well as the
availability of the mRNA target defines the final protein output. It
is this balance that is disturbed in many diseases, and might play a
more significant role than has been recognized during these last
decades. Our understanding of the consequences that small mole-
cules play in normal development and disease is steadily growing
and will ultimately change our perspective on cellular behavior. In
this respect, the availability of deep-sequencing methods to find
novel small RNA species in addition to determining their expres-
sion levels and modifications as described in the following chap-
ters, are of great importance for elucidating the effect of small

RNAs on the final cellular phenotype.
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Chapter 2

Introduction to miRNA Profiling Technologies
and Cross-Platform Comparison

Sarah Aldridge and James Hadfield

Abstract

MicroRNA analysis has been widely adopted for basic and applied science. The tools and technologies
available for quantifying and analysing miRNAs are still maturing. Here, we give an introductory overview
of the main tools and the challenges in their use. We also discuss the importance of basic experimental
design, sample handling and analysis methods as the impact of these can be as profound as the choice of
miRNA analysis platform. Whether the reader is interested in a gene-by-gene or genome-wide approach
choosing the platform to use is not trivial. Careful thought given before starting an experiment will make
the execution much easier.

Key words: MicroRNA, Microarray, Sequencing, Reverse transcription quantitative PCR, In situ
hybridisation, Comparison

1. Introduction

MicroRNA (miRNA) analysis has rapidly gained a foothold in
many labs and is quickly becoming a routine research tool being
used in large cohort studies on clinical samples (1), is showing
promise in cancer research (2) and has been reported as useful in
tumour classification (3) (also reviewed in see ref. 4). MiRNAs
hold particular appeal in clinical setting as they have been shown to
be very stable in both plasma and serum (5-7). The tools used to
measure and detect miRNAs have been largely borrowed from
mRNA expression analysis and array-based comparative genomic
hybridisation (aCGH) to interrogate DNA copy-number state. The
use of microarrays in both mRNA and copy-number is now routine
and gradually moving into clinical use; in fact, both techniques are

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
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already being challenged by next-generation sequencing (NGS)
methods as the emerging standard method (8, 9). And NGS analysis
of miRNA has recently been reported as useful in prediction of
clinical outcome (10). Analysis and comparison of different
sequencing methods is only just starting to be published (11).

Array-based methods for mRNA and aCGH have been exten-
sively compared (12-14) and the technologies have matured such
that they are now routine experimental tools. The different platforms
all produce high-quality data and the decisions on choice are often
subjectively made. No single platform achieves gold-standard status.
Developments in mRNA and aCGH arrays are now primarily an
increase in the amount of data generated; i.e., total numbers of
probes interrogated. MiRNA analysis techniques have not yet
reached the same level of maturity, but the articles in this publication
demonstrate how far we have come in a short time and discuss
some of the issues yet to be resolved.

2. Problems with
miRNA Detection
and Quantitation

MiRNAs and other nucleic acids are detected, quantified, and
otherwise analysed by three primary methods: hybridisation, PCR,
and sequencing. The hybridisation-based Southern (15) and
Northern (16) blotting techniques introduced in the 1970s ultimately
led to the development of microarrays (17). The polymerase chain
reaction (18) was further developed and reverse-transcription
quantitative real-time PCR (RT-qPCR) has become the gold-standard
technique for nucleic acid quantitation. Sanger sequencing (19)
has developed much since its introduction in 1977 and is still the
fundamental approach underlying NGS platforms (20-22), even
though these systems rely on quite different methods to generate
sequence data.

Compared to other nucleic acids however, analysis of miRNA
is significantly complicated by several factors: miRNA length, discrim-
ination between pre-, pri-, and mature miRNAs, variable Tm of
primers or probes, RNA ligase sequence bias, high degrees of
homology in miRNA families and high rates of miRNA discovery.
Combinations of these issues impact the different methods for
miRNA detection and quantitation and must be considered when
designing miRNA experiments. A further complicating factor is
that not all the miRNAs present in the central miRNA repository
“miRBase” (23) are necessarily real. Resequencing experiments
conducted by the Bartel lab (24) found that about 10% of miRBase
miRNAs were not present in their dataset and may have been
artefactual in other datasets.

A recent review of the major issues with miRNA detection and
quantification (25) explains all of the issues listed above and more.
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3. miRNA Analysis
Technologies

3.1. Extraction
Methods

The method chosen for preparation of RNAs, including small RNA
from cells or tissues is an often overlooked but important aspect of
any RNA analysis. The extraction method chosen for RNA; total
RNA including the small RNA species or small RNAs alone, can
have a downstream effect on the results obtained from a study.
Techniques for assessing the quality of small RNA is still an area for
which the best practise is still undecided. The impact of methods
papers comparing nucleic acid extraction methods is under-valued
and this information is often consigned to supplementary methods
and commonly never makes it into a formal publication, although
there are studies looking into the impact of extraction methodology
(26-31). All of these give the very clear and easily understood mes-
sage that any study should use standardised protocols throughout
and employ a single RNA isolation method to avoid the small but
potentially significant affects on gene expression analysis due to the
RNA preparation method. This is further emphasised in the 2008
review by (25).

Debey et al. and Kim et al. both focussed on the impact of
pre-analytical variables, including RNA extraction on gene expres-
sion profiling from blood. Debey et al. noted that none of the
methods tested outperformed the others. Kim et al. reviewed several
studies that tested RNA extraction methods but came to similar
conclusions about standardisation. Campo Dell’Orto and Ach
et al. both compared three methods of RNA extraction and com-
pared gene expression measurements on arrays and with qRT-PCR.
Ach et al. compared: TRIzol (Invitrogen) coupled with isopropa-
nol precipitation, miRNeasy (Qiagen) and mirVana (Life
Technologies). They used Agilent miRNA microarrays and real-time
PCR to show that very few miRNA gene expression levels were
affected by extraction method. Campo Dell’Orto et al. compared:
miRNeasy, TRIzol, and TRIzol followed by RNeasy (Qiagen)
cleanup. They used Affymetrix HG-U133 Plus 2.0 microarrays to
show that the extraction method used does have an impact on gene
expression experiments. They suggested the use of a single method
but went further in recommending other pre-analytical variables
be optimised before gene level analysis. Debey et al. compared:
extraction of PBMC cells with TRIzol followed by RNeasy cleanup
to whole blood PAXgene (Qiagen) or QIAamp (Qiagen) RNA
extraction. They used Aftymetrix HGU133A arrays to demonstrate
the impact of extraction method on gene expression experiments.
Git et al. investigated the best methods for RNA extraction and
QC and have used extraction methods based on the Qiagen
miRNeasy protocol in their 2010 comparison study. They also
performed subsequent yield and quality assessment on Agilent
Bioanalyser small RNA series 11 chips, spectrophotometric analysis
and by urea/polyacrylamide gel electrophoresis.



22 S. Aldridge and J. Hadfield

3.2. Reverse
Transcription
Quantitative PCR

3.3. In Situ
Hybridisation

Many of the microarray and sequence-based analysis methods
now use total RNA as an input rather than fractionated miRNA.
We would very strongly recommend the advice given in all the
papers discussed above. A single sample handling and RNA extrac-
tion methods should be used in a study. Considering the relatively
high cost, and time committed to performing miRNA expression
studies efforts should be put into these upstream pre-analytical
variables and ideally these should be performed by experienced or
practised operators. Users should never compare samples that have
been extracted using different methods.

Reverse transcription Quantitative PCR (RT-qPCR) protocols are
varied, but essentially rely on conversion of RNA to ¢cDNA and
subsequent locus-specific quantification by comparison to a stan-
dard reference gene or sample. It is the most sensitive assay technol-
ogy currently available although re-sequencing may ultimately have
equal single copy sensitivity (32). Recently, guidelines for reporting
qPCR experiments have been published (33) further strengthening
the reliability and intra-lab accessibility of such data.

Methods are available which use either TagMan probes or
SYBR Green. The TagMan probe-based method (34) starts with a
reverse transcription step using gene-specific stem loop primers,
which will reverse transcribe both precursor and mature miRNA
(35, 36). The alternative SYBR Green-based method (37) uses
tagged and anchored oligo- dT primers for reverse transcription of
polyadenylated small RNAs for mature miRNAs (38) followed by
SYBR Green-based detection. Platforms for medium to high-
throughput analysis of miRNA have been an area of intense devel-
opment of recent years. These have taken the form of assay plates
that can assess tens or hundreds of miRNAs across multiple samples
in a highly parallel format (39, 40). If large numbers of samples are
available for analysis, then RT-qPCR is hard to beat. However,
unlike for mRNA, miRNA RT-qPCR is constrained by the detec-
tion limitations mentioned above. At least two studies have thus
questioned the use of RT-qPCR as a “gold standard” for miRNA
quantification (25, 29).

The use of'in situ hybridisation (ISH) allows miRNA analysis to be
performed directly in tissues of interest and facilitates identification
of miRNA expression in specific cell types in complex organs or
heterogeneous tumours. Although not a high-throughput tool,
ISH can be a very important validation technique once genome-
wide miRNA analysis has been conducted. There are several pub-
lished methods for miRNA ISH, largely using locked nucleic acids
(LNA) probes. Probes with LNAs included in the design show
increased hybridisation affinities for RNA and miRNA targets over
standard probes (41-43). Incorporation of LNAs increases the
thermal stability of the probe /RNA complex (44). This is important
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as probes for miRNAs need to be short, but the ISH conditions
must be stringent to allow for accessibility and hybridisation of
relatively short probes (45). Exiqon offers a commercial design
service for miRNA ISH probes, which include a proportion of
LNAs in the probe sequence. Low signal strength is one downside
of LNA probes, but this can be improved by the use of 3’ and 5’
labelled probes (45).

3.4. Microarrays Microarrays can be produced in-house (46) or purchased commer-
cially (see Table 1 for a non-exhaustive list). Any array-based
method is subject to the same problems of probe design and
hybridisation artefacts as described previously. Another problem,
discussed in some of the comparison studies, is that not all manu-
facturers are willing to freely distribute probe sequence information.
This data is required for a thorough analysis of miRNA probe
characteristics. There is also a risk of obsolescence with microar-
rays; the Illumina BeadArray and Ambion miRNA platforms were
withdrawn in early 2010 both of which performed well in miRNA
comparison studies. Users of these products have little control over
decisions like this yet comparing results from datasets generated on
different platforms is very complex.

The choice of microarray platform is not easy to make. Agilent
has almost complete flexibility in array design, Ambion included
Table 1
Platforms analysed in different comparison studies
RT-gPCR Microarray platforms Sequencing
ABI
SYBR TagMan LDA Af Ag Am C E I In L T [lllumina SOLID
Ach ° o
Baldwin o o o o o o .
Chen o J
Dreher o . . °
Git . ° . . . . ° . °
Pradervand . . . . .
Sah . . . o o
Sato . . . . . .
Yauk . . . . .

Af Affymetrix, Ag Agilent, Am Ambion, C Combimatrix, E Exiqon, I/ lllumina, Iz Invitrogen, L LC sciences,

T Toray
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3.5. Next-Generation
Sequencing

putative miRNAs not present in miRBase, Exiqon use LNA to
increase specificity, Combimatrix support reuse of arrays, Affymetrix
offer a single array containing miRNAs from five species, and other
platforms all offer something unique. The technical differences in
the available platforms include: printing and surface technology,
slide format, labelling, hybridisation, one- or two-colour detection
chemistries, probe design, and cost. The input RNA sample
requirements also differ widely, from 100 ng of total RNA to 1 ng
of small RNA fraction. Replicate spots are useful in downstream
analysis and range from 1 to more than 300, with mean spot replicate
numbers being from 2 to 5. Surprisingly, the number of replicates
is not necessarily constant within a single array platform.

Microarrays are the most obvious choice for users with tens to
hundreds of samples for which they wish to perform high-
throughput miRNA analysis.

NGS technology was first used to profile small RNA sequences in
C. elegans on the 454 platform (47). This study identified several
small RNA species and demonstrated that NGS had great potential
as a platform for small RNA analysis. Libraries are prepared for
NGS using methods based on traditional small RNA cloning tech-
niques. Adapters are ligated to the ends of the small RNA molecules
and these are then used as templates for sequencing (48). Small
RNA cloning methods for NGS have proved to be technically chal-
lenging and time consuming although protocols are improving
and alternative methods are becoming available. It is known that
biases can be introduced during library production and the impli-
cations this has for downstream NGS sequencing has been explored
(49, 50). Several steps of the small RNA cloning protocol are noted
as hotspots for bias introduction, including adapter ligation, PCR
amplification, reverse transcription, and gel isolation.

NGS is particularly well suited to the discovery of novel small
RNA species, as the technique is not constrained by the use of
hybridisation probes for which prior knowledge of sequence is
required. Advances in sequencing technology have accelerated
both the discovery rate of new miRNAs and modifications to exist-
ing miRNA entries, reflecting subtle variations in mature miRNA
sequences (e.g., post-transcriptional editing or terminal residue
addition) (51). With the advent of next-generation sequencers
with increased capacity for data generation, coupled with advance-
ment in small RNA library preparation methods, many researchers
are making use of methods for indexing and multiplexing pools of
small RNA libraries to maximise data return. There is a lack of
consensus over the best methods for data normalisation, a down-
side that this platform shares with other methods for small RNA
analysis. In addition, associated tools for computational analysis are
in their infancy.
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4. Microarrays
vs. Sequencing

Cavent lector; the discussion below will almost certainly be outdated
by the time you read this. We would prefer readers to use this section
as a springboard for discussions in their own labs. The rate of
change in sequencing technologies is far too great to keep up with
in written form. At the time of writing, for instance, Illumina had
just announced a 1.14 Tb run on their HiSeq 2000 platform that
would allow over 200 exomes in a single run.

There has been much discussion on when, not if, sequencing
will supplant microarrays as the analysis method of choice. This
discussion is happening almost everywhere that users are run-
ning microarrays and is particularly evident on forums like
SEQanswers (http://www.seqanswers.com). In many cases, the
quality of data obtainable from a sequence-based analysis is supe-
rior to microarray.

For gene expression analysis, the same levels of detail can be
obtained from 10 M sequence reads vs. a standard 3’ gene expres-
sion array (8, 9). Montgomery et al. showed that this relatively
small number of reads produced a similar dynamic range to micro-
arrays but with improved ability to detect and quantify alternatively
spliced and very abundant transcripts. Bashir et al. observed that
90% of observed transcripts in a 35 M read dataset can be detected
with just 1 M sampled reads, which compares well with the
Montgomery et al. analysis. They also noted that an initial sampling
run, using highly multiplexed libraries, for instance, could be used
as an experimental design tool for transcript sequencing projects.
The analysis of alternative splicing has exploded with the advent of
NGS. A recent comparison (52) of SOLID sequencing and
Affymetrix exon arrays looked specifically at expression of individ-
ual exons, and transcription outside currently annotated loci. They
showed that over 80% of exons were detected on both platforms
but that RNA-Seq appeared to have a lower background error rate.
RNA-Seq was also more sensitive in detecting differentially
expressed exons and they could find thousands of novel transcripts
with previously unreported exon—exon junctions. Lastly, discovery
of new transcripts (mRNAs, miRNAs, LINC RNAs, etc.) is simply
not possible using a microarray.

For structural variation analysis, the same levels of detail can
also be obtained from about 10 M reads (8). However, as much SV
analysis is being done using genotyping intensities from micro-
arrays and the SNP calls bring additional information on LOH that
can be used in many studies, there is not a clear choice between the
platforms. To obtain the same depth of SNP coverage as an array
may require 10-30-fold sequencing of a genome. Sequencing will
allow breakpoints and CNV junctions to be mapped to single-
nucleotide resolution. Bashir et al. showed that they could resolve
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90% of breakpoints using a mix of 200 bp and 2 kb insert size
libraries. There is a trade-off between detection and resolution; for
a given number of reads increasing library insert size increases the
probability of structural variation detection; however, this decreases
ultimate resolution of breakpoints. As the number of reads increases
in datasets, this issue is reduced. However, many researchers will
aim to perform structural variation analysis of tens, possibly hun-
dreds of individuals in a single sequencing run in the near future.
An important observation they made was that detection of small
structural variations requires the use of libraries with a low insert
size distribution and that the distribution must be smaller than the
size of the structural variant itself. But even though technologies
and methods are improving, long insert library preparation still
requires large amounts of nucleic acid. In the case of clinical samples,
this can be a major obstacle and the experimental design should
balance “sample-cost” vs. structural variation detection and/or
resolution.

It is likely that the choice between microarrays and sequencing
will be made on secondary factors, such as the platforms locally and
casily available.

5. Data Analysis

The use of microarrays for differential miRNA expression led to
the adoption of the same or similar tools for their analysis. However,
there is an assumption in many mRNA analysis tools that mean
mRNA levels are relatively stable and that only a subset of mRNAs
might be truly differentially expressed. This is certainly not the
case for miRNA analysis, where the number of miRNAs expressed
is quite low and there can be stark differences between samples
when looking for differentially expressed miRNAs. The methods
tor processing data can have a similar impact on final results as the
technology used in a study (53). Novel methods for miRNA analysis
are, and will continue to be developed. Git et al. implemented a
novel algorithm to get around the need to choose a reference
technology or “gold standard” in their 2010 study.
Understanding the inherent biases in the technique being
analysed is important if sensible and biologically meaningful results
are to be obtained. The use of spike-in control miRNAs does not
necessarily make analysis simpler. However, good experimental
design where all variables are considered and a controlled randomised
design is used with a single analytical technique will allow useful
comparisons to be made. Different biases present in the varied
technologies may make certain effects impossible to detect.
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6. Comparison
Studies

MiRNA analysis methods have only recently been systematically
compared (26, 29, 53-59). While microarrays from nine array
suppliers were used in these studies none has been used across all
those discussed here, one study used six, two used five and four
more used three or four array platforms each (Table 1). Since not
all studies compared the same arrays, it is somewhat unfair to try
and suggest which array platform performs “best”; of course, this
is exactly what most readers of these papers want to find out!

Comparisons, and choices, are complicated by the debate about
the merits of microarray vs. sequencing vs. real-time PCR as the
method of choice. So while there is a large choice of microarray
platforms, there is almost as much choice from the non-microarray-
based systems (see Table 1). Table 1 shows which platforms were
used in the comparison studies we compared. The different platforms
generally showed good within- and between-platform reproducibility
and correlated well with qPCR, as reported in each study.

Git et al. carried out the most extensive comparison, which
encompassed six microarray platforms, real-time PCR using either
SYBR Green following reverse transcription with a tagged and
anchored oligo-dT primer or TagMan-based assays with reverse
transcription using a pool of gene-specific primers and NGS on the
Illumina GAIIx platform.

7. Pitfalls
of Comparisons

All comparison studies published have the same flaw; they are
outdated as soon as they are available in print. The protocols for
sample handling, microarray design or next-gen sequencing tech-
nologies improve at a rate far outstripping the ability of authors to
produce and analyse comparison datasets. However, these studies
are useful to others in deciding which platform to use in a project.
Any comparison is likely to reveal shortcomings in the assumptions
made about samples, platforms and analysis methods at the start of
the process. These may not necessarily be resolvable once the study
is complete.

The biological samples chosen and the methods used to extract,
quantify, and quality assess them before any biological analysis is
made can have a profound effect on the outcome of comparison
studies. While many groups have suggested the use of standard
samples for use as controls in biological studies, these can only
have an impact if these standards are used in the majority of
published experiments, which they are not. The samples used in the
comparison studies addressed here varied significantly: Ach et al.
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used Ambion normal human tissue RNA, Hela, and ZR-75-1 cell
lines; Baldwin et al. used two commercially available RNA samples;
Chen et al. used mouse myoblast RNA; Dreher et al. used an HPV-
transfected human cell line; Git et al. used an RNA pool from nor-
mal breast tissue, and two breast cancer cell lines that were
representative of samples used in cancer research; Pradervand et al.
used human heart and brain total RNA from Stratagene; Sah et al.
used human placenta total RNA spiked with seven synthetic miRNAs
in complex pools; Sato et al. used two human RNAs from Ambion;
Yauk et al. used two pools of mouse tissue RNA. The majority of
these used commercially available RNAs or cell lines that would be
relatively easy for others to acquire if they wanted to repeat any
aspects of these studies or use them as controls in other work.

A comparison study needs to consider the real-world applica-
tion of any methods being compared. Protocols for microarray,
RT-qPCR, and next-gen sequencing vary from lab to lab. Authors
of comparison studies need to decide whether to use manufactur-
ers recommended protocols and starting materials or use their own
experience. Both significantly affect the performance of platforms
for measuring miRNAs.

The challenges of probe design for miRNAs and the rapidly
evolving miRBase database mean that it is important to only com-
pare probes targeting the same miRNA sequence. Several of the
comparison papers specifically compared probe sequences and Git
et al. commented on the availability, or not, of probe sequence
information from the companies compared.

8. Conclusions

Nearly, all technologies used in the comparison studies above
performed acceptably in the different measures of performance
discussed in each paper. As there are such large differences between
and within the available technologies and between platforms, it is
important to consider the choice for a particular experiment, and
understand that each experimental factor will have an impact on
the final results. Comparison studies allow us to quickly assay the
performance of a wide variety of systems to measure miRNAs and
are of very real benefit to individual scientists. Unfortunately, they
do not carry the gravitas of primary scientific publications
focussing on biological insights. It would help if these papers were
referenced more frequently if the comparison paper aided the
choice of platform.

The choice of platform for miRNA analysis needs to balance
time, precision, accuracy, cost, and sample type. RT-qPCR is likely
to yield the highest sensitivity, use minimal sample and cost least,
but is not necessarily practical for profiling hundreds of miRNAs.
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Microarrays allow the profiling of tens or hundreds of samples
across the known miRNA’ome is shortened from miRNA tran-
scriptome, but are limited by probe design. If it is important to
discover new miRNAs, distinguish between isoforms or analyse
RNA editing then sequencing is the only method to consider.

We thank Stefan Graf, Heidi Dvinge, Claudia Kutter, and Anna Git
for their helpful comments on the manuscript.
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Chapter 3

Stem-Loop RT-qPCR for MicroRNA Expression Profiling

James Hurley, Doug Roberts, Andrew Bond,
David Keys, and Caifu Chen

Abstract

Quantification of the microRNAs (miRNAs) in cells or tissues is a crucial step in understanding their
biological functions. Development of the stem-loop reverse transcription procedure and TagMan® miRNA
assays enables accurate detection of miRNA expression levels by quantitative PCR. Increased experimental
throughput permits the expression screening of larger number of miRNAs with small amounts of sample.
Here, we demonstrate the use of both TagMan® Array Card and OpenArray® platforms to accurately
determine the level of miRNA gene expression in biological samples.

Key words: MicroRNA, Stem-loop RT, qPCR, Expression profiling, TagMan® Array Cards,
OpenArray® Plates

1. Introduction

MicroRNAs (miRNAs) are short, noncoding RNA molecules
which play important roles in modulating gene expression in ani-
mals and plants (1, 2). To date, there are a total of 1,048 miRNAs
in human according to the miRBase Release 16 (http:/www.
mirbase.org/cgi-bin/browse.pl). Accurate quantification of miR-
NAsisa crucial step toward understanding their biological functions
and potentially using them as biomarkers for cancers and many
other human diseases (3-6). Quantification of such small RNA
molecules is challenging, mainly due to small size, sequence homology,
end polymorphism, and large dynamic range in gene expression.
Since 2004, a number of miRNA quantification methods, including
TagMan® MicroRNA Assays or Arrays (7-10), miRNA microarrays
(11-14), SYBR®-based miRNA reverse transcription (RT)-
quantitative PCR (qPCR) assays (15-17), BeadArray (18), Invader
Assays (19), and Padlock probe-based assays (20), have been made
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1.1. Principle of
Stem-Loop RT-qPCR

1.2. Use of
Preamplification

in MicroRNA Profiling
from Limited RNA
Samples

1.3. Two Major
qPCR Platforms

for MicroRNA
Expression Profiling

1.3.1. TagMan® Array
Cards

available to miRNA researchers. Short size and large dynamic range
of miRNAs generally make hybridization-based approaches less
desirable. Stem-loop RT-based TagMan® MicroRNA Assays are
widely accepted as the gold-standard method with large dynamic
range and high specificity and sensitivity.

TagMan® MicroRNA Assays use novel stem-loop primers for
reverse transcription, followed by real-time TagMan® qPCR in
wells or array cards (7, 10). The stem-loop RT primer includes 3’
overhang sequence, a stem, and a loop. The 3’ overhang sequence
is short, ranging from 5 to 8 nucleotides. The stem-loop structure,
which is specific to the 3’ end of the mature miRNA, extends from
the very short, mature miRNA molecule and then adds a universal
3’ priming site for follow-up qPCR. This new primer design over-
comes a fundamental problem in miRNA quantification because
the short length of mature miRNAs prohibits a conventional qPCR
assay design. There are several advantages about stem-loop RT
primers. First, by annealing a short RT priming sequence to the 3’
miRNA, it gives RT a better specificity for discriminating similar
miRNAs. Second, the stem-loop structure prevents hybridization
of'its RT primer to miRNA precursors, other long RNAs, as well as
genomic DNA. Third, the base stacking of the stem enhances the
thermal stability of miRNA and DNA heteroduplex, further
improving the RT efficiency for short RT primers. Finally, the
stem-loop extends the 3’ end of the miRNA by RT. The resulting
longer RT product presents a template amenable to real-time
TagMan® qPCR with high sensitivity and specificity that are largely
due to specific PCR primers and the TagMan® probe.

Preamplification is a powerful technology for preamplifying a large
number of DNA or cDNA targets using a specific set of PCR prim-
ers at lower primer concentration prior to TagMan®. Megaplex™
RT and PreAmp primer pools have been developed to detect and
quantify up to 380 miRNA genes per pool. When assay sensitivity
is of utmost importance, Megaplex™ PreAmp Primers can signifi-
cantly enhance the ability to detect low-expressed miRNAs,
enabling the generation of a comprehensive expression profile
using as little as 1 ng of input total RNA or even single cells (8).
Advantages of Megaplex™ RT and preamplification include (1)
lower RNA input; (2) detection of low-abundant genes; (3) simpli-
fied workflow; and (4) lower RT cost.

TagMan® Array Cards (Fig. 1) are microfluidic devices containing
384 reaction chambers for individual TagMan® real-time qPCR
reactions. Relative to standard 96- or 384-well plates, TagMan®
Array Cards offer multiple practical and experimental advantages
for profiling. Primary among these is an extremely simple and
robust workflow with a minimal number of pipetting steps. The
assays are preloaded in the reaction chambers at the time of
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Fig. 1. TagMan® Array Cards have loading chambers, microfluidic channels, and reaction chambers laid out on a flat surface.
Structural stability of the card is provided by a plastic carrier mounted above the wells. The reaction chambers are loaded
via centrifugation and sealed by collapsing the microfluidic channels. Each of the eight loading chambers feeds 48 indi-
vidual reaction chambers. The reaction chamber spacing and overall dimensions of the TagMan® Array Card match the
spacing and dimensions of a 384-well plate. The reaction volume is 1.7 pl.

manufacture, eliminating the need to aliquot and track large
numbers of assays. Sample and TagMan® Master Mix are added
through eight loading ports and then distributed to all reaction
chambers using centrifugation, minimizing opportunities for
experimental errors. Cost savings, relative to 96- or 384-well-based
experiments, are significant since reagent volumes are lower, and
there is no need to purchase the individual assays for the large
number of targets common to profiling experiments (21). The
real-time qPCR reactions for TagMan® Array Cards are performed
on either the Applied Biosystems 7900HT Fast Real-Time PCR
System or the Applied Biosystems ViiA 7 Real-Time PCR System
using compatible thermal blocks and lids.

TagMan® Array Cards are available with both fixed and custom
panels of miRNA targeting assays for real-time qPCR using samples
generated with the stem-loop reverse transcription, as well as pre-
amplification products. The contents of the fixed panels are exactly
matched to the Megaplex™ RT and PreAmp primer pools. They
target either human or rodent miRNAs and there are two panels
for each, an “A” panel with assays which target well-studied,
broadly expressed miRNAs selected for their interest to the research
community and a “B” panel targeting miRNAs which have not
been as extensively characterized or are narrowly expressed. When
using TagMan® Array Cards for miRNA profiling experiments,
these fixed panel cards are usually the preferred format, as they
allow characterization of up to 380 different miRNAs per sample
on each instrument run (21, 22).
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1.3.2. OpenArray® Plates

The OpenArray® plate (Fig. 2) is a thin, stainless steel plate
(25%75x0.3 mm) that has been etched with 3,072 through-holes
and polymer coated to make the external surface hydrophobic and
the inside surface of each hole hydrophilic and PCR compatible.

Assays are preloaded onto the OpenArray® plate and dried at
the time of manufacture and shipped to the customer along with a
plate file that encodes the cycling protocol and assay information.
Plates are then loaded with master mix and sample. The reaction
chambers are arranged in 48 blocks of 64 through-holes, and the
blocks or subarrays are spaced at a 4.5-mm pitch equal to that of
the wells of a 384-well plate. This allows the sample mix to be
transferred with a passive microfluidic device from a 384-well plate
onto the OpenArray® plate. The grouping of reaction chambers
into subarrays also reduces costs in master mix and sample usage
since 56 targets can be addressed with the same volume that would
be used for a single target in a 384-well plate.

The loaded OpenArray® plate is encased in a glass chamber
containing a fluorescently inert, immiscible liquid that prevents
evaporation during cycling and sealed with a UV-curable epoxy.
The qPCR reactions are performed on the OpenArray® Real-Time
PCR Instrument. The OpenArray® is loaded into the instrument
and the plate file is loaded into the software, driving the thermal
cycling of the block and mapping the assays to their respective
through-holes.

Hydrophobic Hydrop hilic, PCR
4.5mm pitch exterior compatible
interior

Through-hole with a
33nL reaction volume

Fig. 2. The OpenArray® plate. A stainless steel platen etched with 3,072 through-holes
arranged in 48 sets of 64 through-holes (subarrays) that is differentially coated to make
the exterior hydrophobic and the interior hydrophilic and PCR compatible. The reaction
volume is 33 nl.
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Fig. 3. Layout of Human miRNA Assays on the OpenArray® plate: Assays are arranged separating the assays represented
by different pools in different subarrays. Assays for each pool represented in eight subarrays and each pool is represented
three times in each OpenArray® plate.

1.4. Applications of
qPCR-Based MicroRNA
Expression Profiling

The 48 x64 format of the OpenArray® plate lends itself to
flexibility in experimental design allowing a large number of assay—
sample combinations to be analyzed from one sample and 3,072
assay targets to 144 samples and 16 assay targets. As such, the
OpenArray® plate is either custom configured or supplied as a fixed
content panel. The TagMan® miRNA OpenArray® panel is the
human complete set of assays represented in Megaplex™ pools A
and B. A total of 754 human miRNA and four control assays are
arranged on the OpenArray® plate such that three samples or rep-
licates can be interrogated on a single plate (Fig. 3). The assays are
arranged so that assays from different pools are located in different
subarrays with one replicate of each control assay present in every
subarray. The scientist prepares samples for pools A and B separately.
The instrument can run up to three OpenArrays at one time and
three runs can be completed in a single work day such that 27
samples/replicates can be screened for approximately 750 miR-
NAs in a day.

Expression profiling of miRNAs using the stem-loop RT-PCR
method can be used for numerous basic and applied applications.
One important basic application for miRNA expression profiling is
deciphering gene regulatory networks and identifying the key
molecular players in cell fate decisions. Also, researchers are gain-
ing a richer understanding of the complexities of disease by includ-
ing miRNA expression profiling as an additional tool in the
genomics arsenal. Finally, miRNA expression profiling is used to
identify biomarkers that predict disease progression to classify can-
cer types and predict response to therapy.

Understanding the connections and complexity of gene regu-
latory networks has recently become possible by using “omics”
methods. Expression profiling of miRNAs is one such method and
provides an essential dimension to the understanding of gene
regulation. Recently, our understanding of the gene regulatory
networks involved in cell fate decisions has progressed significantly
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by using miRNA expression profiling (23-25). Cell differentiation
is very tightly regulated and it is no surprise that the first miRNA
described was found as a key regulator of cell lineage determina-
tion in Caenorbabditis elegans (26, 27). This work has been
expanded to other model systems and miRNAs have been found to
play an important role in embryonic stem cell differentiation, cell
cycle regulation, neurogenesis, muscle differentiation, hematopoeisis,
and bone formation (28-33).

Given that miRNAs are thought to regulate a majority of the
human protein-coding genes, understanding their role in disease
pathogenesis represents a very wide field of study. Specifically,
miRNAs have been identified to play key roles in cancer, hemato-
poecisis, neurological disorders, cardiovascular disease, metabolic
disorders, renal disease, and autoimmune disorders. It has been
hypothesized that miRNAs can act as oncogenes when upregulated
and as tumor suppressors when downregulated (34). The elucida-
tion of the role of individual miRNAs in oncogenesis and metastasis
is ongoing and will progress with high-throughput RT-qPCR
miRNA expression profiling methods.

Identification of miRNA biomarkers that predict disease
progression or response to therapy is another rapidly growing area
of research. Recently, researchers have identified expression-based
miRNA signatures that predict melanoma post-recurrence survival,
recurrence of non-small-cell lung cancer and colon cancer, and
patient survival in cervical cancer (35-38). These studies take
advantage of sensitivity of miRNA expression profiling, and as
work progresses we will see more studies involving the detection
of circulating miRNAs in the blood of patients, taking advantage
of the relative stability of miRNAs and the broad dynamic
range of stem-loop RT-qPCR.

2. Materials

2.1. Total RNA
Samples

2.2. Reagents
for Megaplex™ RT
and Preamplification

1. FirstChoice® Human Brain Reference RNA.
2. qPCR reference total RNA.
. Human liver total RNA.

w

. TagMan® MicroRNA Reverse Transcription Kit.

. Megaplex™ Primer Pools, Human Pools Set v3.0.
. TagMan® PreAmp Master Mix.

. Nuclease-free water.

. Applied Biosystems 7900 Real-Time PCR Systems.
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2.3. TagMan®
MicroRNA Array Cards

2.4. TagMan®
MicroRNA OpenArray®
Plates
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. Megaplex™ Primer Pools, Human Pools Set v3.0 (see Notes 1

and 2).

. TagMan® Array Human Micro RNA A+B Cards v3.0.

. TagMan® 2x Universal Master Mix II.

. Nuclease-free water.

. Applied Biosystems ViiA 7 Real-Time PCR Systems (see

Note 3).

. TagMan® Array Upgrade Kit (see Note 4).
. Centrifuge compatible with TagMan® Array Cards (see Note 5).

. TagMan® OpenArray® Human miRNA Panel (Early Access)

(see Note 6).

. 2x TagMan® OpenArray® Real-Time PCR Master Mix.
. TagMan® OpenArray® Real-Time PCR Accessories Kit.
. OpenArray® AccuFill™ System Tips.

. OpenArray® 384-well sample plates.

. RNase-free water.

. OpenArray® Real-Time PCR Platform (see Note 7).

3. Methods

3.1. Preparing the
Reverse Transcription
Reactions

3.2. Preparing
the Preamplification
Reactions

1.

The workflow for preparing samples is shown in Fig. 4. All reaction
mixes should be prepared on ice.

For each sample, prepare two independent reverse transcrip-
tion reactions — one each for pools A and B —in separate 1.5-ml
tubes as indicated in Table 1. The example multiple reaction
mix is sufficient to prepare ten reverse transcription reactions
for either pool A or B, with approximately 12.5% additional
volume for pipetting overage.

. Mix the tubes by inversion six times and spin briefly to return

all liquid to the bottom of the plate.

. Mix 4.5 pl reaction mix and 3 pl total RNA (see Note 8).
. Incubate on ice for 5 min.
. Cycle40x (16°C/2 min,42°C/1 min,50°C/1s),85°C/5 min,

and 4°C hold.

. Prepare two preamplification reaction mixes, one each for

pools A and B in separate 1.5-ml tubes as indicated in Table 2.
The example multiple reaction mix is sufficient to prepare ten
preamplification reactions for either pool A or B, with approxi-
mately 12.5% additional volume for pipetting overage.
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Table 1
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MegaPlex RT Pool + RNA Sample + RT mix
Reverse
Transcribe RNA

MegaPlex ‘ TagMan PreAm
PreAmp Primer ~ CDNA q R

Pool \ l , Master Mix

PCR Preamplification
(12 cycles)

Dilute preamp product
(1:80 or 1:100)

.4

Diluted PreAmp  + TagMan PCR
Product Master Mix

? Y

Load and Load OA and
centrifuge TAC sealin case
Perfon;n PCR
Analysis

Fig. 4. Overview of the workflow for preparing and loading samples onto either the TagMan®
Array Card or the OpenArray® plate.

Preparing reverse transcription reactions

Single reaction  Multiple reaction

Reagent Stock Final volume, pl volume, pl
10x RT primer mix, pool Aor B 10x 1x 0.75 7.59
25 mM each dNTPs 25 mM 0.5 mM 0.15 1.52
MultiScribe reverse transcriptase 50 U/ul 10 1.50 15.19
10x RT buffer 10x 1x 0.75 7.59
25 mM MgCl, 25 mM 3.0 mM 0.90 9.11
RNase inhibitor 20U/l 0.25 U/ul 0.09 0.95
Nuclease-free water 0.35 3.58

Total volume 7.50 45.54
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Table 2
Preparing preamplification reactions

Single reaction Multiple reaction

Reagent Stock Final volume, pl volume, pl
2x TagMan® PreAmp  2x 1x 12.5 126.56
Master Mix
10x PreAmp primer ~ 10x  1x 2.5 25.31
mix, pool A or B
Nuclease-free water 7.5 75.94
Total volume 25.0 227.81
1 2 3 4 5 5 7 8 5 10 11 12
ple 1 ple 1 ple 2 ple 2 ple 3 ple 3 pled pled ple5 sample § o6 ple 6
A poolA  poolB | poolA poolB | poolA  poolB | poolA  poolB | poolA  poolB | poolA  poolB
8 sample 7 sample 7 | sample 8 ple 8 ple 9 ple 9 ple 10 ple 10 [sample 11 ple 11 ple 12 ple 12
pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B
ple 13 sample 13|sample 14 sample 14 |sample 15 sample 15 |sample 16 sample 16| sample 17 sample 17 18 sample 18
e  Cl poolA poolB | poolA poolB | poolA poolB | poolA  poolB | poolA  poolB | poolA  poolB
5 [sample 19 sample 19 e 20 e 20| sample 21 sample 21| sample 22 sample 22| sample 23 le 23| sample 24 sample 24
L4 poolA  poolB | poolA poolB | poolA poolB | poolA  poolB | poolA  poolB | poolA  poolB
E ple 25 ple 25 ple 26 ple 26 ple 27 ple 27 ple 28 ple 28 | sample 29 ple 29 ple 30 ple 30
% [ poolA poolB | poolA poolB | poolA  poolB | poolA  poolB | poolA  poolB | poolA  pool B
o

sample 31 sample 31 |sample 32 sample 32 |sample 33 sample 33 |sample 34 sample 34 |sample 35 sample 35 |sample 36 _sample 36
pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B
ple 37 ple 37 ple 38 ple 38 [sample 39 ple 39 ple 40 ple 40 | sample 41 ple 41 ple 42 ple 42
pool A pool B poolA  poolB | poolA  poolB poolA  poolB | poolA  poolB pool A pool B
H sample 43 sample 43 ple 44 ple 44 ple 45 le 46 ple 46 [sample 47 sample 47 | sample 48 sample 48
pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B pool A pool B

il

Fig. 5. Suggested preamplification sample plate layout when working with a large set of samples.

2. Mix tubes by inversion six times.

3. Aliquot 22.5 pl pool A or B reaction mix to individual wells in
a 96-well plate, as shown in the sample plate layout in Fig. 5.

4. Add 2.5 pl of the respective RT reaction to the preamplification
reaction (i.e., pool A RT reaction with pool A preamplifica-
tion mix).

5. Seal the plate following the addition of sample to each reaction
mix.

6. Mix by inversion six times and spin briefly to return all liquid
to the bottom of the plate.

7. Incubate on ice for 5 min.
8. Cycle 1x (95°C/10 min, 55°C/2 min, 72°C/2 min).
9. Cycle 12x (95°C/15 s, 60°C/4 min).

10. Cycle 1x 99.9°C/10 min.

11. Complete cycling with a 4°C hold step.

12. Postamplification sample dilution: Replicating the layout as
shown in Fig. 5 in Subheading 3.2, step 3, prepare the following
dilutions.



42 J. Hurley et al.

e For the OpenArray® plate, dilute 5 pl preamplified sample

into 95 pul 0.1x TE, pH 8.0.

e For the TagMan® array card, dilute 25 pl preamplified
sample in 75 ul 0.1x TE, pH 8.0.

3.3. Preparing the 1. Prepare the reaction master mix in a 1.5-ml tube by mixing
OpenArray® Real-Time 405 pl OpenArray® Real-Time PCR Master Mix and 202.5 pl
qPCR Reactions of nuclease-free water. With approximately 12.5% additional

volume for pipetting overage, this is sufficient to load nine
samples in singlet or three samples in triplicate (see Note 6).

2. Mix tubes by inversion six times.

3. For each sample/pool combination, pipette 34.5 pl reaction
mix into a well of a 96-well plate, as shown in the example

plate layout in Fig. 6.

4. Add 11.5 pl diluted preamplified pool A product to one well
containing 34.5 pl master mix and add 11.5 pl diluted pream-
plified pool B product to the adjacent well containing 34.5 pl

PCR master mix.

5. Repeat for all experimental samples (according to Fig. 6).

6. Seal the plate.

7. Mix by vortexing and spin briefly to return all liquid to the

bottom of the plate.

8. For each sample/pool combination, transfer 5 pl of reaction
mixture into eight wells in an OpenArray® 384-well sample
plate as shown in Fig. 7 such that the sample originating in
well Al (sample 1 Pool A) in the 96-well plate in Fig. 6 has
been transferred into wells Al, A2, B1, B2, C1, C2, D1, and
D2 of the 384-well OpenArray® sample plate.

9. Repeat for all remaining wells in the 96-well preamplified

sample plate.

10. Cover the plate with a foil seal and seal tightly.

1 2 3 4 5 6 7 8 9 10 11 12
ple 1 ple 1 ple 2 ple 2 ple 3 ple 3 ple d ple 4 ple 5 ple 5 ple 6 ple 6
Al poolA i poolB | poolA i poolB | poolA i poolB poolA : poolB | poolA : poolB | poolA : poolB
8 ple 7 ple 7 ple 8 le 8 ple 9 ple 9 ple 10 ple 10 ple 11 ple 11 ple 12 ple 12
™ pool A pool B pool A pool B pool A : pool B pool A poolB | poolA pool B poolA : poolB |
= | sample T3 sample 13 [sample 14 sample 14 [sample 15 sample 15| sample 16 :sample 16| sample 17 :sample 17 | sample 18 : sample 16
= poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB |
= D ple 1 le 19 ple 20 ple 20 ple 21 21 2 ple 22 ple 23 ple 23 ple 24 ple 24
8 poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB |
2 c[sameie2 ple 25 |sample 26 : sample 26 | sample 27 ;sample 27 | sample 26 : sample 28 | sample 29 : sample 29 | sample 30 : sample 30
$ pool A i poolB | poolA : poolB | poolA i poolB | poolA i poolB | poolA i poolB | poolA : pool B
™ F iple 31 ple 31 ple 32 ple 32 ple 33 ple 33 34 ple 34 ple 35 ple 35 ple 36 ple 36
b4 poolA : poolB | poolA i poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA : poolB
©  ;|sample 37;sample 37 sample 38 sample 38 sample 39 ;sample 39 |sample 40 sample 40 | sample 41:sample 41 sample 42 sample 42
pool A i poolB | poolA i poolB | poolA i poolB | poolA i poolB | poolA i poolB | poolA : pool B
ple 43 ple 43 ple 44 ple 44 iple 45 ple 45 46 ple 46 ple 47 ple 47 ple 48 ple 48
Hl poolA  poolB | poolA  poolB | poolA : poolB | poolA : poolB | poolA : poolB | poolA | poolB

Fig. 6. Suggested qPCR sample plate layout when preparing a large set of samples.
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1 2 3 4 5 -] 7 8 9 10 ¢ 11 12 13 14 15 16 17 18 119 20 21 22 23 24
B ple 1 ple 1 ple 2 ple 2 ple 3 ple 3 ple 4 ple 4 ple 5 ple 5 | sample 6 | sample 6
C| poolA pool B poolA : poolB pool A pool B poolA : poolB pool A pool B poolA : poolB
g €
& F| sample 7 : sample 7 ple 8 ple 8 ple 8 ple 8 ple 10 ple 10 | sample 11 ple 11 ple 12 ple 12
E G| poolA pool B poolA : poolB pool A pool B poolA : poolB pool A pool B poolA | poolB
H i
%‘l | i i i
E J ple 13 ple 13 ple 14 ple 14 | sample 15 ple 15 pl 16 ple 16 | sample 17 ple 17 ple 18 : ple 18
E K| pool A pool B poolA © poolB pool A pool B pool A pool B pool A pool B pool A pool B
[ ML - :
N ple 19 ple 19 pl 20:' ple 20 ple 21 ple 21 pl 22 ple 22 | sample 23 ple 23 pl 245 ple 24
O| poolA pool B poolA : poolB pool A pool B poolA | poolB pool A pool B poolA  pool B
P

Fig. 7. Layout of samples required when loading qPCR samples onto an OpenArray® plate.

3.4. Loading

the Real-Time qPCR

Reaction Mix onto

the OpenArray® Plate

11.

[\

w

11.

To prepare the sample plate for loading into the OpenArray®,
use a razor blade to cut the foil seal into eight equal sections of
48 wells each (e.g., wells A1-D12, wells A13-D24, wells
E1-HI12, etc.).

. OpenArrays are loaded using the AccuFill™ System.
. Initialize the AccuFill™ System by ensuring that the door is

closed.

. Double click the OpenArray® AccuFill™ icon to launch the

software.

. Open the instrument; ensure that the waste bin is empty and

that there are two full tip boxes in the side-by-side recessed
rectangular platforms toward the back of the instrument. Close
the instrument door.

. Begin the instrument self-test by clicking Proceed. The instru-

ment conducts a series of self-tests and is then ready for
loading.

. Prepare a case for loading an OpenArray® (one OpenArray®

per case) by using scissors to open a container of immersion
fluid (see Notes 9 and 10).

. Place the case in a rack and fill approximately % full with

immersion fluid.

. Prepare the AccuFill™ software for loading by clicking Sezup

and Load. The Setup/Load Information window opens.

. Type the name of the sample plate in the Sample Plate field.
10.

Open the door and position the 384-well sample plate on the
deck with the foil cover still in place. Press on the plate until
you hear it snap into place.

Select 1 from the samples per subarray drop-down list (see
Note 11).
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.
28.

In the Plate Holder Position 1 text field, enter the unique serial
number of the OpenArray® plate that is loaded in the first
position of the Plate Holder.

Place the OpenArray® plate into the Plate Holder with the bar
code up and facing to the left.

Place up to three additional OpenArray® plates in the other
open positions of the Plate Holder.

In the AccuFill™ software, select the appropriate section of the
sample plate to be loaded on the OpenArray® selected in
Subheading 3.4, step 12. Click Next.

To load the OpenArray® plate, verify that the configuration of
the deck in the tip status window of the AccuFill™ software
matches the configuration of the tips on the AccuFill™ deck.
Manually reconfigure any sections not matching by clicking on
the appropriate section of the tip box in the software to toggle
between tips present,/no tips present.

In the AccuFill™ software window, click the box to verify that
the tips are configured as pictured.

Additionally verify that the waste bin is empty and that the
OpenArray® plate chosen to be loaded in Subheading 3.4, step
12, is in the Plate Holder. Click both boxes to confirm.

Use forceps to peel off the foil covering from the section of the
sample plate that is to be loaded onto the selected OpenArray®
plate.

In the AccuFill™ software window, click the check box Remove
foil from the highlighted section of the Sample Plate.

Close the instrument door. Click Load.

When the loading is complete, the software displays a window:
Remove OpenArray® plate. Click OK.

Open the instrument and carefully remove the OpenArray®
plate from the plate holder.

Insert the OpenArray® into a case previously prefilled with
immersion fluid (see Note 12).

Slide the OpenArray® completely into the case, ensuring that
the bottom of the OpenArray® plate is touching the bottom of
the case. If necessary, remove excess immersion fluid until the
level of immersion fluid is level with the top of the OpenArray
plate.

Repeat Subheading 3.4, steps 6 through 25, to fill additional
OpenArray® plates as needed.

Seal the OpenArray® plate in the case (see Note 13).
Apply the frame to the exterior of the case (see Note 14).
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Reactions

in the OpenArray®
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. Open the cycler door and raise the lid.
. Place the OpenArray® plates onto the cycler block (see Note 15).
. Open the OpenArray® Real-Time qPCR Analysis software on

the computer attached to the NT cycler. Click the cycle button
in the upper right-hand corner of the OpenArray® software
window. The “Input Plate Serial Numbers” Window should
appear.

. Click the Locate File button to the right of the position 1

OpenArray®. Locate the plate file for the first OpenArray® on
the CD which accompanied the plates (see Note 16).

. Repeat this process for the second and third OpenArray®

plates.

. Close the cycler lid and door.
. Click the cycle button in the Input Plate Serial Numbers

Window (see Note 17).

. At the end of the run, save run data as ncx file. An example of

PCR amplification curve is shown in Fig. 8.

Fluorescence

1079816
853253
Brain:
Average Cq—15.1
Control (U6)—11.0
626690 f
Liver:
Average Cq—174
Control (U6)—11.4
400126
173563
53,000

1 3 § 7T 9 1 13 15 17 19 1 23 25 27T 2 3 3B ¥ 7 B
Cycle Number

Fig. 8. Tissue-specific amplification has miR-484 in human brain and liver in the OpenArray®
plate. The inlet shows the average Cq for the target and a respective control target.
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3.6. Loading the
Preamplified Real-
time PCR Reactions
into the TagMan® Low-
Density Array

3.7. Cycling
in the TagMan®
Low-Density Array

3.8. Data
Normalization and
Clustering Analysis

3.8.1. Determination
of Quantification Cycle

. Prepare the reaction mix for one TagMan® Low-Density Array

in a 1.5-ml tube by mixing 450 pl 2x TagMan® Universal
Master Mix, 441 pl nuclease-free water, and 9 pl diluted
Preamp Pool A sample.

. Dispense 100 pl qPCR reaction mixture into each TagMan®

Array Card loading port using a hand pipette.

. Once all eight loading ports have been filled, place the

TagMan® Array Card into the swing bucket centrifuge racks
(see Note 5).

4. Repeat for pool B and all other samples to be run.

. Centrifuge at 331 xg for 1 min. Repeat the centrifugation for

a total of two consecutive centrifugations.

. Prepare the TagMan® Array Card Sealer by placing it on a firm

level surface with the start position close to the user and the
carriage in the start position.

. Place the TagMan® Array Card into the sealer with the reaction

chambers facing down and the loading ports positioned to the
side furthest from the carriage start position.

. Push the sealer carriage across the TagMan® Array Card using

a slow steady motion.

. Using scissors, trim the loading ports off the TagMan® Array

Card.

. Open the SDS software on the computer attached to the

7900HT instrument. Open a new file and use the pull-down
menus in the New Document Dialog Box to set the plate format
to “384 Well TagMan® Low Density Array” and the analysis
method to “ddCq (RQ).” Leave the template field as “Blank
template.” Also enter the bar code number located on the side
of the TagMan® Array Card.

. Optional: Using the Import Dialog Box, import the TagMan®

Array setup file from the CD supplied with the TagMan® Array
Cards.

. Save the file (file type *.sds).
4. Select the (Real-Time) tab and press the (Open/Close) button

to rotate the plate tray out of the instrument.

. Load the TagMan® Array Card onto the plate tray with reaction

chamber Al on the top left and the bar code toward the front
of the instrument. Press “Start Run.”

(a) Launch SDS software v2.2 or later version and open SDS

RUN files.

(b) Analysis settings: Automatic baseline and manual quantification

cycle (Cq) threshold to 0.2.

(c) Analyze and review the amplification plots and any flags.
(d) Export data as tab-delimited text files.



3.8.2. Applying
Quantification Cycle Cutoff

3.8.3. Synthetic Spiking
miRNA Controls

3.8.4. Selection of
Endogenous Controls

3.8.5. Cq Normalization
Using a Set of Endogenous
Controls

3.8.6. Clustering Analysis
Using Normalized AACq

3.8.7. OpenArray® Data
Analysis and Export:
Determination of
Quantification Cycle
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(a) It is important to apply right Cq cutoft to data. It can be
estimated based on standard deviation of Cq or recommended
values in a protocol.

(b) Different preamplification protocol and qPCR platforms
(TagMan® Array Cards vs. OpenArray® plates) may require
different Cq cutoffs.

(a) Synthetic spiking controls can be used for positive assay controls,
RT and plate-to-plate normalization, and standard curve.

(b) Plant miRNA miR159a is highly recommended as a spiking
control in RT reactions at 100 pM (1-1,000) for human or
rodent samples.

(c) For serum or plasmid samples, the synthetic miRNA must be
added after mixing your samples with 2x denaturing solution
to prevent RNA degradation.

(a) Test a set of at least three endogenous control genes and select
the best candidates using geNorm (http://medgen.ugent.
be/~jvdesomp/genorm/) or other similar software.

(b) For genome-wide expression profiling, global normalization is
also recommended (39).

(a) ACq (miRNA Cq - averaged endogenous control Cq)
(Fig. 9).

(b) AACq (ACqmele) - ACqlsamele 2)) pelative to a reference sample.

(c) Fold change (224¢9).

(a) Commonly used method -
clustering.

(b) Tools include Dr. Eisen’s “Cluster” (40) and Real-Time
StatMiner™ from Integromics Inc. according to the manual.

agglomerative hierarchical

(a) Launch OpenArray® Real-Time qPCR Analysis Software and
open ncx run file.

(b) To perform most routine analyses, leave the settings at the
default values: auto thresholding, default algorithm, divide by
baseline, cycle 5 baseline start, and a minimum signal of 300.

(¢) Analyze and review the amplification plots and quantification
cycle values obtained. If necessary, adjustments to the baselin-
ing parameters may be made to individual assays.

(d) Exportdata as comma-delimited text files by Select File > Export
Cycling Data. Select the Summary Results checkbox in the
dialog box.

(e) Downstream analysis of OpenArray quantification data can be
undertaken as in Subheading 3.6, steps 4-6.
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15

Liver ACq

15

Fig. 9. ACq scatter plot for human brain and liver samples in the OpenArray® plate. ACq was
calculated subtracting the average Cq for each target from the geometric mean of the three
control assays: RNU44, RNU48, and U6. Data for Cq greater than 26 were filtered out.

4. Notes

1. Megaplex™ Primer Pool Sets contain prepooled oligos for

reverse transcription and preamplification of miRNA targets.
Different sets are available for human and rodent. The sets
contain oligo pools for both reverse transcription and pream-
plification. They include separate tubes materials for pools A
and B panels. Each of the pools is also available separately.
Samples being prepared for the OpenArray® platform utilize all
of the components in the set. However, samples being prepared
tor the TagMan® Array Card platform may not require pream-
plification or both panels A and B, depending on experimental
design.

. Both TagMan® Array Cards and Megaplex™ Primer Pools have

been continuously updated as new miRNAs have been discov-
ered, and as miRNA sequence information has been updated
in publically available miRNA databases. The version 3 of the
Megaplex™ primer pool sets has been updated to capture the
content in Sanger miRBase v14 (41). The canonical sequences
of individual miRNAs are occasionally changed in the Sanger
database as characterization of the miRNAs improves. For
instance, the length of some miRNAs has been changed to reflect
discoveries about the most commonly expressed variants (42).
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It is important that samples are processed using matching
versions of the Oligo Pools, Cards, and OpenArray® plates.

. Due to their unique shape, TagMan® Array Cards are not

compatible with standard 384-well thermocycling blocks. At
this time, there are three instruments capable of running these
cards: the ABI PRISM® 7900HT Sequence Detection System,
its successor the Applied Biosystems 7900HT Fast Real-Time
PCR System, and the Applied Biosystems ViiA 7 Real-Time PCR
System.

. The AB7900 and ViiA 7 instruments are compatible with

multiple plate and card formats. The TagMan® Array Upgrade
Kits provide the thermal blocks and heated covers which match
the shape of the cards. These kits also include the required
centrifuge swing buckets and rotor adapters, as well as the
TagMan® Array Card Sealer.

. In the TagMan® Array Cards, reaction mix is distributed from

loading ports to individual wells via centrifugation. Unlike 384-
well plates, which are commonly spun flat, TagMan® Array
Cards are spun standing on end. Swing buckets and rotor adapt-
ers for the cards are supplied as part of the 7900HT TagMan®
Array Upgrade Kit. They are compatible with the following
families of centrifuge models: Sorvall Legend T+, Legend XT,
and ST40; Fisher accuSpin Model 3; Thermo SI.40; Heraeus
Multifuge 3S+, Multifuge X3, and Megafuge 40.

. Pools A and B are represented in separate subarrays, so samples

tor pools A and B should be prepared separately. There are a
total of eight subarrays for each pool; therefore, enough sam-
ple volume for eight subarrays should be prepared allowing for
pipetting overage.

. OpenArray® plates can only be cycled and imaged in the

OpenArray® Real-Time PCR Instrument.

. The recommended starting material for the TagMan® Array

Card is 30 ng/reaction while the 100 ng/reaction is recom-
mended for samples to be run in the OpenArray® system.

. Immersion fluid must not be exposed to air for more than

60 min since the fluid shipped under vacuum to prevent gas
bubbles from forming inside the case. Immersion fluid exposed
to air for more than 60 min should be discarded.

All accessories required to encase, seal, and run the OpenArray®
plate are included with the OpenArray® accessory Kkit.

To perform AccuFill™ loading using more advanced features,
such as sample tracking integration, refer to OpenArray®
AccuFill™ User’s Guide.

To handle the OpenArray® and facilitate its insertion into the
case, hold the OpenArray® with the thumb and index finger of
your left hand, placing your fingers on each side near the end
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13.

14.

15.

16.

17.

with the bar code. Keep the side with the bar code facing you.
Switch hands and now hold the OpenArray® plate by the sides
using your index and thumb of your right hand. Hold the case
at the top with the thumb and index finger of your left hand so
that the black-framed side is facing you. Slide the OpenArray®
plate into the case so that it sits in the rails along both inside
edges of the case.

To seal the OpenArray® in a case, place a drop of UV glue on
one edge of the case opening; fill until it reaches the top of the
OpenArray® plate. Place a similar amount of glue on the other
side of the case opening and add glue on each side of the case
until the glue runs together in the middle. Fill the case to
the top and make sure that both the left and right sides of the
case are completely covered with glue. With a laboratory wipe,
wipe any excess glue from the surface of the glass. To cure the
glue, place the OpenArray® case into the Case Sealing Station.
Place up to two cases into the device and close the door. Turn
the switch to ON. Allow the glue to cure for 3 min and then
turn the switch to OFF. Open the door and turn the cases over.
Cure the glue for an additional 3 min. Remove the OpenArray®
cases. If there is glue on the side of the case, carefully remove
it with a razor blade. Clean the case with a laboratory wipe that
has been thoroughly sprayed with ethanol.

To apply the frame, position the case on a laboratory wipe so
that the black-framed side faces up. Use scissors to cut two
3-mm long rectangles from the frame adhesive (see Note 10).
With forceps, remove the backing from one side of the tape of
one rectangle, exposing a sticky side. Stick the tape in the mid-
dle of a long side of the frame. Remove the backing from the
other rectangle of adhesive and place on the other long side of
the case. Using forceps, peel the backing off both pieces of
adhesive. Align the frame with two corners of the case and bring
the other corners of the frame down to gently touch the case
surface. Flatten the frame against the case surface for 10 s.

Position 1 is to the back of the thermal block and position 3 to
the front. OpenArray® plates should be positioned with the bar
code facing up and to the right with the case pushed against

the right edge of the block. OpenArray® 1 should be pushed all
the way to the back and 3 all the way to front.

Each OpenArray® plate is accompanied by a plate file that con-
tains all the cycling and assay information required to run the
plate in the NT Cycler system. Plate files can be read directly
from the CD or transferred to a convenient location of the
control computer.

If the camera has not cooled down below 1°C, then the cycling
will not begin immediately. A warning appears. Press OK and
the run starts as soon as the camera has cooled to 1°C.
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Chapter 4

Poly(T) Adaptor RT-PCR
Rui Shi, Ying-Husan Sun, Xing-Hai Zhang, and Vincent L. Chiang

Abstract

Reverse transcription PCR (RT-PCR) is one of the most important techniques for analyzing RNA
abundance. MicroRNAs (miRNAs) are a group of 20- to 24-nucleotide regulatory small RNAs which play
an important role in plants and animals. However, the small size of miRNAs makes them difficult to be
detected and quantified by conventional RT-PCR techniques. Here, we describe a poly(T) adaptor RT-PCR
method specifically designed for quantifying miRNAs. In this method, total RNAs, including miRNAs, are
extended by a poly(A) tailing reaction using poly(A) polymerase and ATP. The miRNA with a poly(A) tail
is converted into cDNA through reverse transcription primed by a poly(T) adaptor, and then PCR-
amplified using a miRNA-specific forward primer and a universal poly(T) adaptor reverse primer. The
RT-PCR amplification can be monitored by real-time detection or by end-point detection for quantifying
the miRNA transcript level. The PCR amplicons can be sequenced for validating the expression of the
specific miRNA gene.

Key words: MicroRNA, Poly(A) tailing, Poly(A) polymerase, Poly(T) adaptor, Reverse transcription,
RT-PCR, Real time, End point, Detection, Quantitation

1. Introduction

MicroRNAs (miRNAs) are single-stranded small RNAs of 20-24
nucleotides (nt) long. They are processed from their hairpin-
structured precursors encoded by endogenous genes. MiRNAs
are believed to be incorporated into the RNA-induced silencing
complex (RISC) and guide the RISC to identify and bind to mes-
senger RNAs (mRNAs) with sequences complementary to the
miRNA. The RISC then proceeds to cleave the mRNA or block
the translation process (1, 2). MiRNA-mediated gene regulation
has been extensively studied for various developmental, metabolic,

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_4, © Springer Science+Business Media, LLC 2012
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and cellular processes in plants and animals (1, 2). Information of
spatio-temporal expression patterns of miRNAs is important for
understanding their functions. However, the small size of miRNAs
presents a great challenge for their detection and quantitation by
conventional RNA techniques. For example, Northern blot
analysis is often insensitive and lacks specificity in analyzing
miRNA transcripts (3). Although Reverse transcription PCR
(RT-PCR) is a method of choice for RNA study (4), it cannot be
readily applied because miRNAs are too short to accommodate
both forward and reverse primers without the two primers over-
lapping. To overcome this problem, we developed a poly(T)
adaptor RT-PCR strategy (5). In the method, miRNA sequences
within total RNAs are extended by adding a poly(A) tail to their
3’ terminus. Subsequently, the poly(A) tailed miRNAs are con-
verted to cDNASs in reverse transcription reaction primed by a
poly(T) adaptor. Amplification of miRNA-derived cDNA by PCR
can be then accomplished using a miRNA-specific forward primer
along with a universal reverse primer complementary to the
poly(T) adaptor (Fig. 1).

This poly(T) adaptor RT-PCR is more sensitive and specific,
and less laborious than Northern blotting analysis. In this method,
cDNA can be synthesized from as little as 100 ng of total RNA,
and ¢cDNA from only 100 pg total RNA is sufficient for one PCR
for a specific miRNA. This method can also discriminate between
miRNAs with only 1 nt difference in sequence, allowing the quan-
tification of individual miRNA family members sharing high
sequence homology (5). Northern hybridization, on the other
hand, needs at least 5 pg of total RNA per gel lane for an abundant
miRNA to be detected. Furthermore, to increase sensitivity and
specificity, Northern hybridization also requires the use of hazard-
ous or expensive chemicals, such as radioisotope (P3?) (3) or Lock
Nucleic Acid (6), for probe preparation.

Other RT-PCR methods such as stem-loop RT-PCR (7) or
primer extension RT-PCR (8) can also be used for miRNA analy-
sis. Compared to these methods, poly(T) adaptor RT-PCR is less
expensive because the reagents required are readily available, and
the primers needed are based on regular nucleotides instead of the
expensive modified nucleotides. In addition, poly(T) adaptor
RT-PCR can also work as 3’ rapid amplification of cDNA ends
(3'RACE) to obtain miRNA 3’ partial sequence. Thus, this method
is particularly useful for validating the expression of specific miR-
NAs (9) and other small RNAs such as artificial miRNAs (Figs. 1
and 2) (10).
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miRNA (in total RNA)
5’ I '

1 Poly(A) tailing k PAP+ATP

Poly(A) tailed miRNA
5’ I /. ARARAARRARRARAARA . . ¥

W= “"’“"“‘“’\
Poly(T) adaptor 5

2 Reverse transcription

First strand cDNA of poly(A) tailed miRNA

3 I T 7T TTTTT 15
5 —— 3 <%
5 Co— 3

Adaptor reverse primer
miRNA specific forward primer

3 PCR amplification

PCR products of poly(A) tailed miRNA

(a)

5* I T T TT T T T TTT T ] 3

3 A AR AR AR AR AAN] ] 5
(b)
5 T TTTTTTTTT T ] 3
3 s AP A AR AARAAR] ] 5

Primer unpaired miRNA sequence

Fig. 1. Scheme for poly(T) RT-PCR for miRNAs. 7: Poly(A) tailing of miRNA. 2: Reverse
transcription of poly(A) tailed miRNA primed by poly(T) adaptor. 3: First-strand cDNAs of
poly(A) tailed miRNAs are amplified in PCR by using miRNA-specific forward primer and
reverse primer complementary to poly(T) adaptor. Depending on miRNA primer designs,
two types of miRNA PCR products could be generated, one is illustrated in (a), where all
sequences come from primer and adaptor. Another type of PCR products contains
primer unpaired sequence, which should reflect a portion of the “original” sequence of
detected miRNA.
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2. Materials

2.1. Plant Material 1. Collect plant tissues and store in liquid nitrogen before RNA
extraction.
2.2. RNA Extraction 1. TRIzol® Reagent or Plant RNA Reagent (Invitrogen) (see

Note 1). Other reagents and solutions required for TRIzol® or
Plant RNA Reagent protocol: chloroform, 5 M sodium chlo-
ride, isopropanol, 100 and 75% ethanol, RNase-free water (see
Note 2).

2. RNase-free DNase I (Promega) (see Note 3).

3. Reagents and solutions required for purification of RNA after
enzyme treatment include acid chloroform: phenol saturated
solution (Ambion), chloroform, 3 M sodium acetate, 100 and
75% ethanol, RNase-free water (see Note 2).

4. 1.2% MOPS gel for RNA analysis: the gel is prepared by add-
ing 1.2 g agarose to 72 ml water, 10 ml 10x MOPS bufter
(0.4 M MOPS, pH 7.0, 0.1 M sodium acetate, 10 mM EDTA),
and heating until agarose is dissolved. When the gel solution
cools down to ~60°C, add 18 ml formaldehyde (37%; molecu-
lar biology grade), mix well, and pour the gel.

5. 2x RNA sample bufter: 1 ml buffer contains 110 pul 10x MOPS,
538 pl formamide, 250 pl formaldehyde, 100 pl loading dye
(50% glycerol, 1 mM EDTA, pH 8.0, 0.25% bromophenol
blue, 0.25% xylene cyanol FF) (11), 2 ul 10 pg/ul ethidium
bromide (EB), mix well, and store at -80°C.

2.3. RNA PolyA Tailing . Poly(A) tailing kit (Ambion).
and cDNA Synthesis 2. TagMan® Reverse Transcription Reagents (Applied Biosystems).

—

-t
%

Fig. 2. Detection and quantitation of miRNA by poly(T) adaptor RT-PCR. (a) Real-time PCR amplification plot of AthmiRNA167a
using diluted PCR products equal to 10, 10,103, 104, 10°, 105, and 107 copies of AthmiR167a (from right to leff), showing
more miRNA requires less PCR cycles to reach a threshold and a low C; value. (b) Dissociation curve analysis showing the
peak for amplicons for AthmiRNA167a (/eff) and AthmiRNA167d (righf), which indicates the T s are 71.8 and 73.2°C,
respectively. (c) Standard curve showing a plot of log copy number of input miRNA cDNA via C, value revealed by real-time
PCR. The equation (y=-3.3967x+ 38.471) derived from this plot can be used for calculating the absolute copy number of
miRNA template in PCR. (d) Quantifying two miRNA species AthmiRNA167a and AthmiRNA167d from stem and leaf tissues
of Arabidopsis by real-time gPCR. (e) Detection of AthmiRNA167 amplicon from poly(T) adaptor RT-PCR (45 PCR cycles) by
2% agarose-TAE gel electrophoresis. With a forward primer for AthmiRNA167a (Table 1) and a poly(T) adaptor primer, the
PCR amplicon is 64 bp long. (f) Quantitation of two miRNA species AthmiRNA167a and AthmiRNA167d from stem and leaf
tissues of Arabidopsis by end-point PCR at 30 cycles and 35 cycles. PCR products were separated by 2% agarose gel
electrophoresis and shown a similar expression pattern as that revealed by real-time PCR in (c). (g) Sequence analyses of
amplicon clone for poly(T) RT-PCR using a forward primer for all members of the miR167 family (Table 1). The sequences
of primer unpaired region (underfined) on the amplicons (lowercase) match the real sequence (highlighted) in AthmiRNA167a
and AthmiRNA167d (uppercase), the two abundant members in the AthmiR167 family.
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Table 1

Sequences of primers and adaptor for the analysis of Arabidopsis AthmiRNA167s

in poly(T) RT-PCR

Oligonucleotides ID

Sequence (5'-3)

Poly(T) adaptor

Poly(T) adaptor reverse primer

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12VN®
GCGAGCACAGAATTAATACGAC

Forward primer for AthmiRNA167a TGAAGCTGCCAGCATGATCTA
Forward primer for AthmiRNA167d TGAAGCTGCCAGCATGATCTGG
Forward primer for AthmiR167 family =~ TTGGTGAAGCTGCCAGCAT

Forward primer for 5.8S rRNA

ACGTCTGCCTGGGTGTCACAA

aV/=G,C,A; N=G,A CT

2.4. Polymerase Chain 1.
Reaction

. Poly(T) adaptor: this is a 3'RACE adaptor adapted from RLM-

RACE kit (Ambion). It contains 2 nt (VN) as selective and
anchor sequence at its 3' (V=G, A, C, and N=G, A, T, C).
This adaptor can be ordered commercially from companies
such as Eurofins MWG Operon (see Note 4).

SYBR® Green PCR Master Mix (Applied Biosystems) or
FastStart Universal SYBR Green Master (Roche Diagnostics).

2. Taq DNA polymerase (Qiagen or Roche).
3. Primers for miRNA and poly(T) adaptors (Table 1, see

2.5. CGloning 1.
of Amplicons
(PCR Products)

2.6. Equipment 1.

Note 4).

. 2% Agarose gel prepared with 0.5x Tris-borate—-EDTA (TBE)

buffer or 1x Tris—acetate—-EDTA (TAE) buffer (11) and respective
buffer for electrophoresis (11).

QIAquick® PCR Purification Kit (Qiagen).

2. TOPO TA Cloning® Kit for sequencing (Invitrogen).
. QIAprep® Spin Miniprep Kit (Qiagen).

A desktop refrigerated centrifuge such as the Eppendorf
5417C/R (Eppendorf).

. A spectrophotometer such as the NanoDrop ND-100

spectrophotometer (NanoDrop Technologies) for RNA
quantification.

. An UV transilluminator such as the TM-36 benchtop UV tran-

silluminater (UVP) for visualizing EB-stained RNA or DNA
after gel electrophoresis.

. A thermal cycler, such as the MJ Research PTC-200 (PCR)

Thermal cycler PCR system (Bio-Rad), for DNase treatment,
poly(A) tailing, reverse transcription, and end-point PCR.
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. A real-time thermal cycler such as the Applied Biosystems
7900HT sequence detection system.

. Horizontal electrophoresis apparatus set.

3. Methods

3.1. RNA Purification

3.2. Evaluation of RNA
Quality and Quantity

3.3. MiRNA Poly(A)
Tailing and Reverse
Transcription (see
Note 5)

. Total RNAs of plant materials such as leaf or stem of tobacco
and Arabidopsis are extracted using TRIzol® Reagent following
the product manual. Total RNAs of other plant samples such
as tissues of poplar and pine are extracted using Plant RNA
Reagent (Invitrogen) according to the kit manual (see Note
1). Usually, RNAs are extracted in small scale from 50 to
100 mg samples either freshly collected or stored in liquid N,
(see Note 1).

. Remove possible DNA contamination in the isolated total
RNAs by RNase-free DNase treatment following the product
manual (see Note 3).

. RNase-free DNase-treated RNAs are extracted with equal
volume of phenol-chloroform: after thorough mix and cen-
trifugation at 12,000 x4 for 5 min at 4°C, the supernatant is
transferred to a new tube. Then add equal volume of chloro-
form and extract again. Transfer the supernatant into a new
tube, add 1,/10 volume of 3 M sodium acetate and 2-2.5 times
volumes of ethanol, mix thoroughly, and keep the tube in
-80°C for at least 1 h for RNA precipitation. The precipitated
RNA is collected by centrifugation at a maximum speed
(216,000 x4) for 30 min at 4°C. The RNA pellet is washed
with 75% precooled ethanol once, briefly air dried, and dis-
solved in suitable volume of RNase-free water.

. RNA quality is determined by 1.2% MOPS gel electrophoresis.
Prerun MOPS gel in tank filled with 1x MOPS butfer. Mix
RNA sample with an equal volume of 2x RNA sample buffer
and heat at 65°C for 5-10 min to denature RNA, cool on ice,
and then load to the gel and run electrophoresis at 5-6 V/cm.

2. Visualize EB-stained RNA on an UV transilluminator.

. If RNA quality is good, showing clearly visible rRNA bands,
then RNA quantity will be determined by using UV spectrom-
eter (such as NanoDrop). Adjust RNA solutions with RNase-
free water to appropriate concentrations, such as 100 ng/pl.

. Add 100-200 ng of total RNA and 25 pmol of poly(T) adap-
tor into a mixture including 1 pl 10x RT butffer, 2.5 pl 25 mM
MgCl,, 2 pl dNTPs, 0.2 ul RNase inhibitor, 0.625 wul
MultiScribe reverse transcriptase from the TagMan® reverse
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3.4. Adaptor, Primers,
and Melting
Temperature (T_)
Evaluation

3.5. Quantitation
of miRNA by Real-Time
PCR (see Note 11)

3.5.1. Real-Time PCR

transcription kit (Applied Biosystems), 0.5 pl Escherichia coli
polyA polymerase (E-PAP), and 0.25 ul 10 mM ATP from the
PolyA tailing kit (Ambion). The final reaction volume is 10 pl
(see Note 0).

2. Incubate the reaction mixture at 37°C for 1 h.
. Dilute cDNA reaction 20 times with water and store at —-20°C

(see Note 7).

. The reverse primer for PCR is the poly(T) adaptor primer

adapted from 3'RACE outer primer in RLM-RACE kit
(Ambion). This primer is complementary to 3’ portion of the
poly(T) adaptor (Fig. 1; Table 1) (see Note 8).

. The forward primer is designed based on the miRNA sequence

to be studied. In general, miRNA-specific forward primers
should encompass the whole mature miRNA sequence (Fig. 1)
(5). To validate specific miRNA expression, forward primer
can also be designed to include only the 5’ part of miRNA and
leave 3-6 nt in the 3’ portion unpaired. Arbitrary sequence can
be added to 5’ of such primer to retain primer’s T . (Figs. 1
and 2; Table 1).

. Primers for reference RNA, such as 5.8S rRNA, are designed

and amplified following the similar strategy for miRNA, i.e.,
using only one 5.8S rRNA-specific forward primer and a uni-
versal poly(T) adaptor reverse primer (Table 1) (see Note 9).

. T of miRNA forward primer to miRNA can be calculated

using online programs, such as the Web application — oligoanalyzer
of Integrative DNA Technologies (http: //www.idtdna.com/
analyzer/applications /oligoanalyzer). The input sequence is
the forward primer sequence that encompasses the miRNA
(see Note 10). Such T can also be experimentally determined
by carrying out dissociation curve analysis on a real-time PCR
machine: mix 100 pmol of primer and its corresponding anti-
sense oligonucleotides with 12.5 pl 2x SYBR green mix in a
total volume of 25 pl. Run ABI7900HT with a program of
5 min at 95°C followed by a dissociation curve step with the
low temperature set to 45°C. After the program is completed,
the 7T can be determined by the SDS software (Applied
Biosystems) (5).

. 1 pl Diluted template cDNA (usually equivalent to 100 pg

total RNA) (see Note 12) is mixed with 12.5 pl 2x SYBR
Green PCR master mix and 5 pmol of each forward and reverse
primers in a final volume of 25 pl. Triplicate reactions should
be carried out for assaying miRNA or reference RNA.

. PCR is carried out according to the standard program on

ABI Prism 7000HT Sequence Detection System: 10 min at
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3.5.3. Absolute
Quantitation
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95°C to activate Taqg DNA polymerase, 45 cycles of 15 s at
95°C, and 1 min at 60°C, and then a thermal denaturing
step to generate the dissociation curves to verify amplifica-
tion specificity. This program can quantify transcript levels
of miRNAs differing by two or more nucleotide overall or
miRNAs differing by 1 nt at their 3’ terminus.

3. A more stringent PCR condition can be used for quantifying

1.

transcript levels of miRNAs with 1 nt difference. The PCR is
carried out for 10 min at 95°C, followed by 45 cycles of 15 s
at 95°C, 15 s at a temperature 5°C below the primer’s esti-
mated 7] to miRNA (see Subheading 3.4, step 4), and 20 s at
72°C, and a thermal denaturing step as described above.

. To further verity the results of miRNA expression, particularly

for validating the newly identified putative miRNAs (9) or arti-
ficial miRNAs (10), the forward (miRNA specific) primer is
designed to only encompass part of the miRNA sequence,
leaving up to 6 nt of miRNA 3’ out of the forward primer. To
adjust for the primer’ lower annealing ability to miRNA, a
lower annealing temperature is used for PCR. A suggested
PCR condition: 10 min at 95°C, followed by 45 cycles of 15 s
at 95°C, 30 s at 53-57°C, and 1 min at 60°C, and finally a dis-
sociation curve step.

Detection of miRNA in real-time PCR is mainly based on the
amplified signal, which is presented as a low threshold cycle
(C,) value (Fig. 2a), i.e., fluorescence of SYBR green on dou-
ble-stranded DNA products reaching a certain (arbitrary)
detection threshold for all samples. If no or less amount of
miRNA is detected, there is virtually no SYBR green signal or
the signal is detected at very later cycles (such as after 35th
cycle). In contrast, successful detection of miRNA usually
results in the detection of SYBR green signals in early cycles
(i.e.,low C,) and the more copies of miRNA template in PCR,
the lower C, value (Fig. 2a).

. It is strongly recommended to perform a dissociation curve

analysis of amplicons at the end of the real-time PCR amplifica-
tion step. A dissociation curve that shows a single peak between
70 and 80°C indicates a specific amplification (Fig. 2b).

. For absolute quantitation of the miRNA copy number by real-

time PCR, a standard curve based on a dilution series of assayed
miRNA template, such as the purified amplicons or plasmid
DNA of cloned amplicons for the assayed miRNA, is used to
establish the linear relationship of log copy numbers of the
assayed miRNA at different dilutions and the corresponding
C. (5). For example, in the first PCR, add 1x 107 copies of

T

purified AthmiRNA167a amplicons (~0.35 pg), then add
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3.5.4. Relative Quantitation

1.

further ten times diluted template for next PCR until ten copies
of AthmiRNA167a amplicons in a PCR. After real-time PCR,
set an arbitrary threshold level to extract C. numbers for all
these PCRs.

. Input all extracted C, and respective log copy numbers of tem-

plate into two columns in an Excel spreadsheet, then draw an
X7 (scatter) plot on the work sheet with the log input amount
as X values and C_ as the T values. Use the “Open trendline”
option to plot a line through the data point, and select boxes
in the option for display equation and R? value on chart
(Fig. 2¢). The equation will be used for calculating miRNA
copy number in PCR, and correlation coefficient (7) is used for
evaluating the quality of the standard curve. If 7is near 1, then
the standard curve is in good quality.

. The copy number of the assayed miRNA within input RNA

can be calculated using equation of the trendline as mentioned
above (Fig. 2¢). For example, in a real-time PCR using a tem-
plate of 100 pg total RNA, and the resulted C, value is 30
using the same threshold as that for standard curve, then input
this C. value 30 as 7 for equation derived from the plot
(Fig. 2¢) for calculating the value of X, the log of template
copy number. Based on such calculation, X is ~2.4939.
Therefore, the template number in PCR should be 102493,
which means that there are about 311.82 copies of this miRNA
per 100 pg total RNA of the examined sample. Assume there
are 10 pg of total RNA in one cell, then, there would be about
31 copies of the assayed miRNA in a single cell.

Quantitation of miRNA can also be presented as a relative
abundance to a reference gene such as 5.8S rRNA. A simple
way is to assume that PCR amplification efficiency for miRNA
or reference RNA is close to the ideal efficiency of 2, which
means the amount of PCR amplicons doubles in each PCR
cycle. Therefore, the quantity of miRNA relative to a reference
gene (5.8S rRNA here) can be calculated using the formula
274 where AC,=(C, miRNA - C_ reference RNA) (12).

. Comparison of miRNA expression between different samples

can be made based on a comparative C. method (AAC,) (13).
The relative miRNA expression can be quantified according to
the formula of 27", where AAC, = (C, miRNA - C, reference
RNA) - (C, calibrator - C, reference RNA) (13). The miRNA
sample with the lowest C, value, and thus the highest expres-
sion level, is selected as the calibrator, of which expression level
is designated 100% for normalization in each comparison. For
instance, in Fig. 2d, expression of AthmiRNA167a in leaf'is the
most abundant, which is used as calibrator and illustrated as
100%. The expression of AthmiRNA167a in stem and expression



3.6. Detection
of miRNA by End-Point
PCR (see Note 13)

3.6.1. PCR Using
Conventional Taq DNA
Polymerase

3.6.2. End-Point Analysis
of miRNA Amplicons

3.7. Cloning
and Sequencing
of Amplicons
(see Note 14)
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of AthmiRNA167d in stem and leaf are compared and presented
as relative abundance to AthmiRNA167a (Fig. 2d).

. Add ¢cDNA amounts equivalent to 0.1-1 ng total RNA (see

Note 11) to reaction mixture containing 2 pl 10x PCR bulfter,
1 pl 10 mM dNTPs (2.5 mM for each dANTP), 1 U Taq
(Qiagen), and 5 pmol each of forward and reverse primers in a
final volume of 20 ul.

. Carry out the PCR using a “hot start” program. Prepare all PCRs

on ice. Preheat the block of thermal cycler to 85°C and then put
in PCR tubes and start the PCR. PCR condition for end-point
RT-PCR is similar to real-time PCR except that preheating is
shorter and without a dissociation curve step. For instance, the
standard program can be 95°C predenaturation for 2 min, fol-
lowed by 45 cycles of 15 s at 95°C and 1 min at 60°C.

. Amplicons are examined by gel electrophoresis. We use a 2%

agarose-TAE gel and EB staining. Detection of products at the
expected size is a main proof for the expression of the detected
miRNA. The amplicons for poly(A) tailed miRNAs are usually
60-70 bp long if the primers and adaptor described here are
used (Table 1; Fig. 2e).

. To quantify miRNA transcripts, PCR amplicons are separated by

2% agarose gel electrophoresis. After the gel is stained with EB,
the relative amount of amplicons of different samples under the
same RT-PCR conditions after the same PCR cycles can be eval-
uated according to fluorescence strength of bands under UV
light. Brighter EB-stained band means higher miRNA expres-
sion as compared to samples with weaker bands (Fig. 2f).

. For semiquantitative measurement, perform an end-point PCR

using a dilution series of purified amplicons or plasmid DNA of
amplicon clone of the assayed miRNA. The abundance of
amplified products is measured by using any commercially
available gel documentation system to estimate approximate
copy number of miRNA in PCR.

. Amplicons are purified using QIAquick® PCR Purification Kit

(Qiagen) following manufacturer’s manual.

. Eluted DNAs are cloned into TA-vector using TOPO TA

Cloning® Kit (Invitrogen) as described in the product manual.

. Plasmid DNAs are purified with QIAprep® Spin Miniprep Kit

and sequenced using the common primers derived from the
cloning vectors (such as T7 promoter or M13 primers).

. The sequence of primer unpaired region is compared to the

expected miRNA sequence for verification of the assayed
miRNA as illustrated in Fig. 2g.
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4, Notes

1. Total RNAs containing small RNAs can be purified using many

commercially available precipitation-based reagents or Kkits,
such as TRIzol® Reagent and plant RNA reagent (Invitrogen).
Animal RNAs can also be isolated using TRIzol® Reagent.
For analyzing miRNA expression, we do not recommend
column-based RNA purification kits, unless such kits are spe-
cifically designed for small RNAs. Most of the column-based
kits are designed for extracting longer RNA transcripts. In
addition, we suggest using total RNAs as start material for
miRNA analysis in poly(T) adaptor RT-PCR. Fractioned
small-sized RNAs seem not to be suitable for this poly(T)
adaptor RT-PCR protocol, since in addition to the expected
miRNA amplicons, high molecular weight (HMW) unspecific
amplicons may also be generated. Production of HMW prod-
ucts may competitively consume PCR reagents, and therefore
affect the accuracy of quantifying assayed miRNA (ref. 14, our
unpublished data).

. Care should be taken to avoid RNase contamination. Water or

solution that does not contain primary amines should be
treated with 0.1% diethylpyrocarbonate (DEPC) at room tem-
perature overnight, followed by autoclave at 120°C for 20 min
to remove the residual DEPC.

. DNase treatment of RNA is optional if only miRNAs are to be

analyzed. All RNA transcripts, including miRNAs and refer-
ence RNA such as 5.8S rRNA, are amplified in PCR using only
one gene-specific forward primer and a universal poly(T) adap-
tor reverse primer. In theory, genomic DNA cannot be ampli-
fied because double-stranded DNA cannot be poly (A) tailed
by PAP and ATP.

. Adaptor and primers are oligonucleotides synthesized with

unmodified nucleotides.

. The protocol is modified from our previous protocol (5) and

described in a recent publication (10). It combines compo-
nents for poly(A) tailing and reverse transcription into one
tube as one step “spontaneous” reaction. Therefore, it is less
labor intensive because the step for purification of poly(A)
tailed RNAs is eliminated. This protocol is suitable for analyz-
ing limited number of miRNAs from a large number of sam-
ples. Although less ¢cDNA is generated by this protocol
compared to our early version (5), there is enough cDNA gen-
erated to assay the abundance of most miRNAs.

. The reaction can be scaled down to 5 pl for 100 ng total RNAs

for cost saving.
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. The ¢cDNA from miRNAs has been reported to be easily

degraded (15). However, we found that ¢cDNA diluted in
water is quite stable at -20°C. Although we have not assayed
miRNA abundance using undiluted cDNA template, the qRT-
PCR results are comparable for cDNA samples that have been
stored in —20°C for over 2 years and for freshly prepared cDNA
(our unpublished data).

. Although we adapt the poly(T) adaptor and corresponding

adaptor primer from RLM-RACE kit (Ambion), other similar
types of poly(T) adaptor and corresponding adaptor reverse
primer can also be used. However, to produce specific size of
miRNA amplicons, it is recommended that the poly(T) adap-
tor should have at least one anchor base, such as V (=G, C, A),
at its 3' terminus.

. Amplification of reference RNA using two gene-specific prim-

ers is acceptable. However, complete removal of genomic DNA
contamination by DNase treatment of the RNA samples is
required.

Primer’s T to miRNA reflects primer’s annealing ability to
miRNA template in PCR, and it is not the same as primer’s
own T .

m
Quantitative real-time PCR is highly recommended for accu-
rate quantitation of miRNA transcripts.

It is recommended to use less amount of template for poly(T)
adaptor RT-PCR. Based on our experience, cDNA derived
from 100 pg total RNA is enough for analyzing abundant
miRNAs. For low abundant miRNAs, the amounts of cDNA
can be increased to, however, no more than 5 ng RNA per
PCR. Too much template may result in nonspecific HMW
products, and therefore compromise the performance of quan-
titation. This is especially true for end-point PCR detection
using normal Taq polymerase.

End-point PCR is not as accurate as real-time PCR for evaluat-
ing miRNA expression. However, it can still provide semiquan-
titation data, and is more applicable for labs without the
real-time PCR machine (14).

Sequencing of poly(A) tailed miRNA amplicons is not always
necessary, especially if the forward primer complementary to
the whole sequence of the miRNA is used for the assay.
However, if forward primer is designed to use part of the
miRNA sequence and leave 3-6 nt miRNA at 3’ terminus
unpaired, then the sequencing analysis of miRNA amplicons
would be useful for validating miRNA expression, especially
for artificial miRNA expression. This process is similar to 3’
RACE for sequencing of mRNA in that the 3’ sequence of
miRNA is revealed by sequencing.
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Chapter 5

MicroRNA In Situ Hybridization

Boye Schnack Nielsen

Abstract

In situ hybridization (ISH) is a technology that allows detection of specific nucleic acid sequences in tissue
samples at the cellular level. For detection of individual microRNAs (miRNAs) and mRNAs, the ISH
technology determines the cellular origin of expression and provides information on expression levels in
different tissue compartments and cell populations. This histological expression analysis is of crucial impor-
tance for elucidating roles particularly of miRNAs in molecular and biological processes. mRNA expression
analyses can partly be replaced by immunohistochemical detection of the protein encoded by the mRNA.
Combined with the short sequences of the miRNAs (18-22 bp), this leaves miRNA ISH as an indispens-
able yet challenging technology in terms of detection and specificity analysis. In this chapter, a simple
miRNA ISH protocol using chromogenic detection is presented. I touch upon critical steps in the ISH
protocol, different applications on ISH technology platforms, advantageous use of locked nucleic acids
(LNA™) in miRNA detection probes, qualification of clinical paraffin samples, and specificity analyses and
quantification of the ISH signal.

Key words: Digoxigenin, Formalin fixed and paraffin embedded (FFPE), In situ hybridization,
Locked nucleic acid, MicroRNA

1. Introduction

The microRNA (miRNA) in situ hybridization (ISH) technology
enables the determination of miRNA expression at the cellular
level, and therefore addresses the question: What cell population in
a tissue expresses the miRNA? A precise answer to that question is
of high importance since it directs the biological interpretation for
further functional studies in disease models and in molecular or
cellular assays.

Although mRNA ISH is a well-established technique, imple-
mentation of mRNA or miRNA ISH in a molecular or histology
laboratory is challenging, and the reason for frequent failure in

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_5, © Springer Science+Business Media, LLC 2012
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setting up RNA ISH technology cannot be attributed to a single
process or reagent, but rather a combination of technical prerequi-
sites. First of all, miRNA ISH is an RNA-dependent technology
indicating that the laboratory should support an RNase-free envi-
ronment, and the laboratory technician or scientist executing the
experiments should be aware of working RNase free by using gloves
during the handling steps. Second, the ISH protocol contains many
hands-on steps involving a variety of reagents and buffers. Each
step has a risk of failure, and tissue sections can be fragile and
therefore a person skilled in histology techniques, such as immu-
nohistochemistry, may be helpful. Third, the lack of good and
robust positive and negative controls during setup has prevented
the establishment of a reproducible protocol. Finally, after the
basics are in place, the ISH protocol includes a number of critical
steps, some of which need optimization related to the type of tissue
and the detection probe used.

Several detailed miRNA ISH protocols have been reported
that cover paraffin sections (1-3), cryostat sections (4-7), whole-
mount specimens (8, 9), and cultured cells (6, 10, 11). Replacing
DNAs (or RNAs) with locked nucleic acids (LNAs, see Note 1) in
certain nucleotide positions increases the binding affinity of the
antisense oligo, and the use of LNA:DNA chimeric probes has
significantly improved specific miRNA detection (8, 12). Using
LNA™ probes, the miRNA ISH protocol on paraffin sections can
be cut down to less than 20 essential steps and can be completed
within a working day (see protocol below), Fig. 1. Two steps that
were found not to be essential for the performance of the protocol
but rather would increase the level of complexity include (a) acety-
lation with acetic anhydride after postfixation or the proteolytic
digestion step (3, 5, 6), which is considered to reduce unspecific
binding of the probe to amino groups and (b) prehybridization in
hybridization buffer as reported in other protocols (3, 5, 6).

The two most critical steps in the miRNA ISH protocol are the
target demasking step, often known as the predigestion or the
proteinase-K step, and the hybridization step. The proteolytic diges-
tion step is based on the use of relatively unspecific cleavage of
tissue components by proteases, like proteinase-K or pepsin.
Proteolytic digestion of the tissue provides access to the miRNAs
in the tissue matrix, and the optimal level of proteinase-K treat-
ment is dependent on the extent of fixation. The other step that
needs particular attention is the probe hybridization step. Specific
probe hybridization needs a well-defined and stable medium
(hybridization buffer), a stable hybridization temperature, and an
optimal probe concentration. The hybridization buffer must have
an optimal level of salts, oligonucleotide stabilizers (such inert
RNA or DNA), viscosity-reducing agents (such as dextran and
Denhardt’s solution), and denaturing agents (like formamide).
Successful miRNA ISH using LNA™ probes has been reported
with various concentrations (25-70%) of formamide (3, 10, 13).
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Process* w Equipment Time /accumulated Temperature
Deparaffination o Coplin Jars 40 min. / Room Temperature
Proteinase-K o Hybridizer 10 min. / 37rc
Dehydration ° Coplin Jars 20 min. / Room Temperature
In Situ hybridization e Hybridizer 40 min. / 3 hours 55°C
Stringent washes o Water bath 30 min. /[ 55°C
Blocking o 15 min. /
IHC staining racks Room Temperature
Anti-DIG/AP e 60 min. /
AP reaction @ IHC staining racks in Oven 120 min. / 30°C
Counter stain e IHC staining racks 10 min. / 6% hours
Dehydration ° Coplin Jars 10 min. / Room Temperature
Mounting e 5 min. / 7 hours

Fig. 1. Outline of the microRNA in situ hybridization protocol. Sequence of required steps in the miRNA in situ hybridization
protocol on FFPE tissue section. Asterisk: Some of the washing and handling steps are not included.

For the use of LNA™ probes and to avoid the use of potentially
harmful formamide, a formamide-free hybridization buffer that
allows detection of miRNAs at high signal-to-noise ratio has been
developed (2). To obtain a stable medium during hybridization,
where the buffer does not dry out, the probe solution applied to
the tissue is protected with a cover glass and then sealed with rub-
ber cement (see protocol below). With this approach, there is no
need to establish humidifying conditions like using humidifying
chambers. Sufficiently stable hybridization conditions are also
obtained in flow-through chambers using a Tecan Genepaint sys-
tem (14). A constant and precise hybridization temperature is
essential for optimal and specific hybridization. Optimizing the
T for a given probe, therefore, adds some requirements to the
laboratory equipment, and hybridization in an ordinary hybridiza-
tion oven may not provide sufficiently reproducible data.

The protocol below is prepared for the detection of miR-126
(as the example in Fig. 3¢) in clinical routinely processed formalin-
fixed and paraffin-embedded tissue samples. The miR-126 probe
can be replaced by other double-digoxigenin (DIG)-labeled LNA™
detection probes (Exiqon), which may involve optimization of
the probe concentration and 7, . Other probe labels alternative
to DIG are possible (see Note 2), but are not supported by the
current protocol.



70 B.S. Nielsen

2. Materials

2.1. Tissue Samples

2.2. Commercial
Reagents

2.3. Buffers and
Reagent Solutions

Human formalin-fixed and paraffin-embedded (FFPE) tissue specimens
from pathology departments or equivalent mouse tissue samples
can be used. Tissue fixation is an important parameter to consider
for ISH analyses and the performance of individual blocks can vary
accordingly (see Note 3).

1.

O 0 N N U R W

— =
NV S =)

15.

16.
17.
18.

Double-DIG-labeled LNA™ miR-126 probe: ISH Optimization
Kit 5 (Exiqon); this Kit also contains a Double-DIG-labeled
LNA™ 22-mer negative control probe (with a random scrambled
sequence with no complementary sequences among human
and mouse transcripts), a probe specific for U6 snRNA as an
assay optimization and control probe, hybridization buffer, and
proteinase-K.

. Xylene and ethanol for deparaffination and dehydration.
. PBS, sterile.

. Tween-20.

. 20x SSC bulfter, ultrapure.

. Dig Wash and Blocking reagent (Roche).

. Sheep anti-DIG-AP (Roche).

. Sheep serum.

. NBT/BCIP ready-to-use tablets (Roche).

. Levamisole.

. Rubber cement, such as Fixogum (MP Biomedicals).

. Nuclear Fast Red (Vector Laboratories).

. Eukitt.

. Hybridizer: Dako Hybridizer, Vysis’ ThermoBrite, or

Invitrogen’s Spotlight Hybridizer. These have a temperature
and time adjustable and programmable heating plate. Other
ISH platforms can be used, including simple hybridization
ovens (see Note 4) and automated systems (see Note 5).

Humidifying chambers: Shandon Sequenza® slide racks
(Thermo Scientific) or equivalent for immunohistochemical
detection.

RNase-depleted Milli-Q water (Millipore).
RNase ZAP (Ambion).
SuperFrost®Plus (Thermo Fisher Scientific).

. Proteinase-K buffer: 1 L of Proteinase-K buffer: To 900 ml

milli-Q water, add 5 ml of 1 M Tris—-HCI (pH 7.4),2 ml 0.5 M
EDTA, and 0.2 ml 5 M NaCl. Adjust volume to 1,000 ml.
Autoclave.
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2. Proteinase-K reagent: Proteinase-K reagent: For 10 ml proteinase-
Kreagent with a concentration 15 pg/ml (range 5-20 pg,/ml):
To 10 ml proteinase-K bufter, add 7.5 ul proteinase-K stock of
20 mg/ml.

3. 88C buffers: 1 L of 5x SSC: To 750 ml Milli-Q water, add
250 ml 2x SSC. One liter of 1x SSC: To 950 ml Milli-Q water,
add 50 ml 20x SSC. One liter of 0.2x SSC: To 990 ml Milli-Q
water, add 10 ml 20x SSC. All SSC buffers should be

autoclaved.

4. PBS-T: 1 Lof PBS-T: To 1 L of PBS (pH 7.4),add 1 ml 0.1%
Tween-20.

5. KTBT: 50 mM Tris-HCI, 150 mM NaCl, 10 mM KCI. One
liter of KI'BT buffer: To 900 ml Milli-Q water, add 7.9 g Tris-HCI,
8.7 g NaCl, and 0.75 g KCI. Adjust volume to 1,000 ml. Do
not adjust pH. Autoclave.

6. Levamisol stock: 100 mM. Prepare 100 mM stock by adding
10 ml milli-Q water to 250 mg Levamisole.

3. Methods

3.1. Glassware

3.2. Tissue Sectioning

3.3. microRNA In Situ
Hybridization on
Human FFPE Samples

All glassware, including coplin jars, glass-staining racks, and stacks
of cover glass and bottles for buffers, should be heat treated in an
oven at 180°C for 8 h. The items can be covered by aluminum foil
before being placed in the oven in order to prevent contamination
when removing the items afterward.

Prevent RNase contamination by wearing gloves and using RNase-
depleted water. Clean the sectioning workstation (bench top,
microtome, blade holder, brushes, tweezers, cooling plate, water
bath, etc.) with RNase ZAP. Place the FFPE blocks on a cooling
plate at approximately -15°C. Prepare a water bath with room-
temperature RNase-free water and a warm water bath with RNase-
free water to 40-50°C. Trim blocks and discard the first couple of
sections, and then collect 6-pum sections (not thinner) in the room-
temperature water bath for manual unfolding. Transfer sections
to the heated water bath to briefly allow tissue stretching. Mount
sections immediately on SuperFrost®Plus slides obtained from a
noncontaminated package. Air dry the paraffin sections for 1-2 h
at room temperature (RT). Paraffin sections can be stored as such
at 4°C for at least 2 weeks. Melt paraffin sections in an oven at
60°C for 45 min the day prior to the ISH experiment and store
overnight at 4°C.

1. Deparaffinize slides in xylene and ethanol solutions in coplin
jars ending up in PBS. In parallel, prepare a water bath and
SSC bufters to be heated to 55°C (or the hybridization
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10.

temperature). Deparaffination: Place slides in Xylene for
15 min (through 2-3 coplin jars) and then hydrate through
ethanol solutions 99% (three coplin jars), 96% (two coplin
jars), and 70% (two coplin jars) to PBS (two coplin jars). Each
solution should include one 5-min incubation.

. Apply 300 pl/slide proteinase-K reagent at 15 pug/ml (see

Note 6) directly on the slide over the tissue and incubate for
10 min at 37°C in the Dako hybridizer or equivalent.

. Discard the proteinase-K reagent and wash twice with PBS.
. Dehydrate slides through ethanol solutions 70% (two coplin

jars), 96% (two coplin jars), and 99% (two coplin jars). Keep
the dehydration short by one immersion and a 1-min incuba-
tion in the two coplin jars at each step. Air dry the slides on
clean paper towels for approximately 15 min. In parallel, denature
LNA™ probe and dilute the probe in Exiqon ISH buffer.
Example for 2 ml hybridization mix containing 50 nM double-
DIG-labeled miR-126 LNA™ probe: From 25 uM probe
stock, transfer 4 pl into the bottom of a 2-ml nonstick RNase-
free tube and place the tube at 90°C for 4 min. Spin down
shortly using a tabletop centrifuge, and immediately add 2 ml
ISH bufter into the tube. LNA™ probes for other miRNAs
may require optimization of the concentration (see Note 7).

. Then, apply 25 pl hybridization mix containing the double-

DIG-labeled LNA™ probe (now at 50 nM) on each tissue section.
Gently cover with heat-treated cover glass and seal with
Fixogum. Place the slides in the hybridizer and start a program
hybridizing for 1 h at 55°C (see Note 8). The hybridization
step should not exceed 2 h.

. Remove Fixogum using a tweezers and carefully detach cover

glass and place the slides into 5x SSC at RT. Place slides in a
staining rack.

. The stringent washing steps are performed by placing the stain-

ing racks with slides in coplin jars containing 5x SSC (1 x 5 min),
1x SSC (2 x5 min), and 0.2x SSC (2 x5 min) at the hybridiza-
tion temperature (55°C) and 0.2x SSC (1 x5 min) at RT.

. Transfer slides to PBS-T and mount into Shandon Sequenza®

slide racks. Avoid air bubbles during mounting.

. Incubate with 200 pl blocking solution for 15 min at RT.

Blocking solution: Prepare blocking solution according to the
manufacturer’s recommendations. For 1,600 ul blocking
reagent, add 32 pl sheep serum (final concentration 2%).

Apply sheep anti-DIG-AP at 1:800 diluted in blocking solution
containing 2% sheep serum and incubate for 60 min at RT
(preferably two times for 30 min). Anti-DIG reagent: Example:
for 1,600 pl anti-DIG reagent with a dilution of 1:800: To
1,600 pl blocking solution, add 2 pl sheep-anti-DIG AP
conjugated.
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. Wash each slide with 300 pl PBS-T two times for 3 min.
12.

Incubate freshly prepared NBT /BCIP substrate reagent con-
taining 0.2 mM Levamisole and incubate 300 pl for 2 h at
30°C in the incubation racks. Protect from light during devel-
opment. For 10 ml AP substrate: In 10 ml Milli-Q water, add
one NBT-BCIP tablet according to the manufacturer’s
recommendations. Add 20 ul Levamisol stock to a final con-
centration of 0.2 mM. Keep protected from light.

Incubate slides with 300 ul KITBT buffer two times for 5 min.
Wash with water two times for 1 min.

Counter stain with Nuclear Fast Red for 1 min (optional step).
Shake bottle with Nuclear Fast Red gently before use. Draw
the expected volume and optionally lead through filter paper
to remove undissolved precipitates. Immediately incubate
200-300 pl per slide.

Remove slides from the Shandon racks, place in staining racks,
and rinse in tap water for 10 min.

Dehydrate with ethanol solutions through ethanol solutions
70% (two coplin jars), 96% (two coplin jars), and 99% (two coplin
jars). Keep the dehydration short by one immersion and a 1-min
incubation in the two coplin jars at each step. An optional xylene
step may be included before mounting.

Mount slides directly with Eukitt. Avoid air drying sections at
this step.

Allow overnight settlement of the precipitate and analyze
results by light microscopy the subsequent day.

During light microscopy evaluation, the miR-126 signal is
prevalent in endothelial cells. Certain diseased or activated tis-
sues may divert from this expression pattern. The evaluation of
miRNA ISH results requires considerations on the specificity
of the signal. Specificity control analysis is an inherent part of
molecular histology in general. For miRNA ISH analyses, there
are several ways to resolve such questions (see Note 9).

Having settled a miRNA ISH protocol with good signal-to-noise
ratio, a number of questions evolve, for example: Can the miRNA-
positive cells be better characterized in terms of specific cell mark-
ers? Is it possible to detect the expression of potential mRNA
targets and compare directly with the miRNA ISH signal at the
cellular level? Can the subcellular localization of the miRNA be
better described? Is it possible to make quantitative estimates of
the ISH signal for diagnostic or prognostic studies? Also, although
the abundant expression of miR-143 and miR-145 in smooth mus-
cle cells in normal tissues is evident (Fig. 4), it may be important to
know how their expression is affected in diseased tissues.
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In terms of characterizing the miRNA-expressing cell population
by combining ISH with immunohistochemistry, different appro-
aches have been taken, including double immunofluorescence and
combined chromogenic ISH and immunohistochemical fluores-
cence detection (3, 15-18). Such studies would preferably be done
on cryostat sections, where autofluorescence often is a minor
problem. Advanced fluorescence microscopy (3) or laser scanning
microscopy combined with emission fingerprinting (19) may
facilitate fluorescence studies in FFPE sections. Identification of
specific miRNA targets by superimposing expression of the miRNA
and its putative target mRINA /protein is probably possible only
through ISH analyses (3, 4, 20-24).

The ISH technology is merely a qualitative assay rather than a
quantitative assay. Particularly, in the light of variation in tissue
samples caused by tissue processing and fixation (see Note 3), it
may seem obscure to even think of performing quantitative ISH
especially in archival samples. However, it is appealing to obtain
semiquantitative estimates from molecular histology analyses
similar to the well-known semiquantitative scoring in immunohis-
tochemistry. To justify semiquantitative estimates in molecular
histology, a certain level of assay reproducibility is required. One
simple parameter that, for example, may influence the score is the
section thickness. Tissue sections are cut manually on microtomes
and even the micrometer is set, the final thickness is affected by
parameters, such as the type of paraffin, the temperature of the
block during sectioning, time span, and temperature in the recov-
ery water bath. Therefore, when preparing a semiquantitative study
in ISH or immunohistochemistry, all manual steps must be con-
trolled to the best possible standard. Introducing an automated
slide processor, such as the Tecan Genepaint system, strongly
reduces the variability otherwise caused by manual handling dur-
ing the ISH protocol. Image analysis employed to obtain quantita-
tive estimates of relative expression levels has been a long-existing
technology in molecular histology, which however never has
reached a level confidence partly due to the lack of strong normal-
ization parameters. Indeed, relative estimates are to be obtained
particularly when automated ISH is combined with systematic
random acquisition of image fields using a Visiopharm system (14).
A robust ISH platform may enable miRNA ISH on tissue microar-
rays (25) and thereby provide comprehensive localization and
expression data in clinical FEPE samples.

The fast-growing knowledge on miRNA expression from array
and qPCR profiling studies needs to be supplemented by solid,
reliable, and sensitive ISH platforms and protocols. In this report,
an overview of the challenges in the technology and of the current
technology platforms is presented. The technology may need to
reach a higher sensitivity level in order to allow robust detection of
low-expressed miRNAs, and thereby address subtle questions
linked to the specific molecular functions of individual miRNAs.
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4, Notes

1. LNA ISH probes: 1SH is performed with sequence-specific

antisense probes. Because of the small size of miRNAs compared
to mRNAs, miRNA ISH is limited to the use of small-size
probes. The use of LNA:DNA chimeric probes has significantly
improved specific miRNA detection. In locked nucleic acid,
the ribose ring is locked into a C3'-endo conformation by
a 2'-0, 4'-C methylene bridge (26, 27). Replacing DNAs
(or RNAs) with LNAs in certain nucleotide positions increases
the binding affinity of the antisense oligo as measured by UV
melting analyses (12). The binding efficiency or the hybridiza-
tion affinity of oligonucleotides is, thus, measured in melting
temperature 7, which is defined as the temperature, where
50% of the oligo is bound to its complementary sequence. In
practice, the T’ is dependent of the solution’s physicochemical
properties, like pH, salt content, and denaturing agents. The
T of LNA™ probes can be measured against a synthetic com-
plementary DNA or RNA oligo or estimated using 7| predic-
tion algorithms, and gives rise to RNA-T or DNA-T  values.
Replacing a single DNA with an LNA increases the 7, 2-8
(~5)°C depending on the nucleic acid being an A, T, C, or G
(27). This means that for a 22-mer DNA probe the T increases
20-40°C by replacing 5-8 of the DNAs with LNAs. The specific
and high affinity binding facilitates fast and specific binding of
the probe within a complex tissue compartment, and the
superior performance of LNA™ probes compared to DNA and
RNA probes in ISH analyses has been demonstrated in whole-
mount specimens (8). Typically, a 22-mer oligonucleotide with
50% GC content has RNA-T of 50°C, whereas the same oligo
with a content of 20-40% LNA would have a T _in the range
of 80-90°C. In addition to the high affinity binding, a signifi-
cant advantage of using the LNA-modified oligos is the
increased mismatch discrimination (12, 28, 29). Two to three
mismatches reduce the T with up to 20°C (8), which may
enable discrimination of highly similar sequences, such as the
miRNA family members in the Let7 or miR-200 families.

. For most of the miRNA ISH studies reported, LNA™-modified

antisense probes have been employed, whereas the use of tradi-
tional RNA antisense probes generated by 2z vitro transcription
have been used in only a few miRNA ISH studies (6, 30-33).
In such case, nonbound probe can be digested using RNase
before the stringent wash steps (6) to increase the signal-to-
noise ratio.

. Probe labeling: Oligonucleotides can be labeled with a variety

of molecules appropriate for their use. For ISH, the choice of
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Fig. 2. Chromogenic and fluorescence detection of miR-21 by in situ hybridization. /n situ hybridization for miR-21 in colon
cancer samples containing areas of normal colon. /n situ hybridization was performed following the steps in Fig. 1, but
submitted to a Tecan in situ hybridization system (14). The miR-21 probe was detected with alkaline phosphatase-conjugated
sheep-anti-DIG followed by NBT-BCIP substrate [blue stainin (a) and (b)] or peroxidase-conjugated sheep-anti-DIG followed
by TSA-FITC substrate [green stain in (¢) and (d)]. High miR-21 expression (examples indicated by arrows) is seen in the
colon cancer area in stromal cells (St) while cancer cells (Ca) are negative, and virtually no miR-21 signal is seen in the
normal colon. The fluorescence images were exposed in both the red and green filters to show the presence of autofluo-
rescence (yellow—orange stain). The FFPE samples were purchased from Proteogenex. Bars: (a-b) 20 um; (c—d) 10 pum.

label provides different detection approaches and subsequent
signal enhancement. Since direct ISH detection using
fluorescence-labeled probes may not be sufficiently sensitive
tor the detection of most miRNAs, labeling of LNA™ oligos
with hapten molecules is recommended and allows for subse-
quent antibody-based detection, amplification, and visualization.
Examples include DIG, carboxyfluorescein (6-FAM), bromo-
deoxyuridine (BrdU), and biotin. The subsequent visualization
can be either using chromogene or fluorescence (Fig. 2). A
preferred labeling of the oligos has been the use of DIG, a
steroid synthesized in a few members of the Digitalis plant
family. Different from DIG, using biotin as hapten can provide
potential cross-reaction with endogenous biotin if binding to
the endogenous biotin is not prevented using appropriate
biotin-blocking reagents. 6-FAM can work both as a direct
fluorophore and as a hapten and is like DIG nonexisting in
animals. It should be noted that not all antibodies against
fluorescein may cross-react with similar affinity to 6-FAM. To
increase sensitivity in ISH, it is beneficial to add as many
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haptens on the detecting probe as possible. A critical balance
would be that the haptens do not prevent probe mobility or
cause unspecific adherence to the tissue matrix. It has been
reported that double-hapten-labeled LNA™ probes produce
significantly higher signal than single-DIG-labeled probes
(3, 34). In the excellent study by Sempere et al. (3), several
probe labeling strategies were tested.

. Tissue qualification for ISH: MiRNA ISH is applicable to
whole-mount animal tissues (8,9, 13,22, 35-39), plant material
(33,40, 41), and cells (1, 10, 17, 42). Different from clinical
tissue samples, fixation and processing of these samples can be
specifically optimized for the miRNA ISH analysis. In contrast,
ISH on patient samples or other clinical samples most often
need to adjust to the quality of the samples in tissue banks.
MiRNA ISH can be performed in routinely processed and
archived clinical samples (1-3), which to a wide extent are
formalin-fixed tissue specimens embedded in paraffin also
known as FFPE samples. Fortunately, miRNAs can be demasked
and detected in the standard FFPE samples if the tissue speci-
mens have been fixed properly. For a standard-sized tissue
specimen measuring 4 x 10 x 10 mm, a window of 1-3 days in
standard formalin would be adequate. Processing of the tissue
specimens often follows standard formalin fixation and paraffin
embedding — that is, overnight fixation in neutral-buffered
formalin followed by overnight embedding into paraffin, a step
that involves heating the tissue specimens for a couple of hours
in 60°C liquid paraffin.

Despite the hospitals’ standard procedures, the clinical
tissue material is a heterogeneous collection of individually
processed tissue specimens. Factors that may influence the final
ISH result in clinical FFPE samples include (a) surgery method
and time, (b) time and storage temperature after resection until
processing into formalin, (¢) formalin fixation time and tem-
perature, and (d) storage of paraffin samples. Taking these
steps and factors into consideration, it should not be surprising
that samples may perform ditferently in ISH studies. Therefore,
it is recommended always to test several samples when opti-
mizing conditions for miRNA ISH. It may be advantageous to
screen a series of blocks for best retained RNA. In order to do
this, different RNA targets can be considered: U6 snRNA, T
oligo, B-actin, miR-223, and miR-126.

U6 small nuclear RNA (snRNA) is a noncoding RNA
transcript used in pre-mRNA splicing and as such U6 is
expressed in all cells. ISH for U6 reveals an intense ISH signal
in nuclei (Fig. 3a), and diluting the probe concentration to the
level of sensitivity may facilitate qualification of individual
FFPE samples (2). An oligo consisting of T’s only, detects the
poly-A tail of all RNA transcripts. Similarly, as for the U6
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Fig. 3. In situ hybridization probes for qualification of FFPE tissue samples. (a) Nuclear localization of U6 snRNA in virtually
all cells in the area of muscularis externa from a human colon. (b) /n situ hybridization signal for human B-actin mRNA in
a human esophagus cancer using an LNA probe (designed by Niels Tolstrup, Exiqon). (¢) miR-126 expression in vessels
located in the area of muscularis externa from a human colon [adjacent to section in (a)]. (d) miR-223 expression in granulocytes
located in a vessel and in the surrounding inflamed tissue. The FFPE samples were purchased from Proteogenex. Bars:
(@) and (¢) 60 um; (b) 40 um, and (d) 20 pum.

probe, dilution of such probe to the level of sensitivity may
allow qualification of individual FFPE samples. More sensitive
may be a specific mnRNA probe to a household protein, such as
B-actin. B-actin is a non-muscle actin that takes part in the
formation of filaments comprising a major component of
the cytoskeleton, and due to its general and widespread expres-
sion B-actin expression is often used for normalization in
Northern and Western blotting. The number of specific bind-
ing sites to B-actin mRNA would be far below that of the U6
and T-oligo probes. Applying a 22 bp LNA™ probe specific to
B-actin in a cancer sample reveals a dynamic expression pattern
present in both cancer cells and cells in the stromal compart-
ment (Fig. 3b).

One miRNA, which is interesting in terms of tissue quali-
fication, is miR-223. miR-223 is expressed in granulocytes (43,
44) in all humans and the sequence is conserved in many spe-
cies. Circulating granulocytes are loaded with miR-223 and are
casily detected using the 1-day ISH protocol presented here;
see Fig. 3d. Granulocytes are recruited to inflamed tissues and
therefore abundant in, e.g., cancers. Assuming that the con-
tent of miR-223 is similar in different individuals, the presence
of miR-223 in paraffin samples may be a parameter to qualify
(or disquality) FEPE samples for further studies. miR-126 is
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another attractive miRNA candidate (Fig. 3c), which, in con-
trast to miR-223, is detectable in most normal tissues; however,
since miR-126 expression in endothelium is sensitive to envi-
ronmental factors (45), it is more likely to be differentially
expressed among individuals. Thus, having access to a larger
series of heterogeneous group of FFPE samples, it may be an
advantage to select samples based on their overall performance
with one or more of these well-known RNA transcripts.

. Hybridization oven: In case you need to use a hybridization
oven during the hybridization step, then seal cover slides with
Fixogum as specified in step 5. The slides can be placed as such
in the hybridization oven without humidifying conditions. In
order to establish a more stable hybridization temperature, it is
suggested to place a metallic plate, e.g., the inserts from a
multiblock heater, in the oven. Place the slides on the plate and
hybridize for 1-2 h.

. ISH platforms: The actual hybridization step in the ISH protocol
does not require any specific hybridization equipment. All
from simple hybridization ovens to advanced automated
hybridizers can be used, most critical being the precision of the
hybridization temperature as mentioned earlier. A simple
platform is based on a regular programmable heating plate
system, such as the hybridizers from Dako, Invitrogen, and
Vysis, which allow high precision temperature settings. For
such a manual setup, most other steps can be performed using
ordinary water bath-based heat-controlled stringent washes
and immunohistochemistry incubation racks.

Among automated systems are Tecan’s Genepaint system,
Ventana’s Discovery system, and Intavis’ InsituPro system. Tecan’s
Genepaint system is a high-throughput ISH platform based on
vertical flow-through chambers. It has been used to systematically
study mRNA and miRNA expression in mouse tissues (46, 47),
and miRNA in a large prognostic study (14). Ventana’s
Discovery platform uses horizontal incubations and has been
used in multiple applications, including immunohistochemistry,
ISH, and FISH (48-50). Intavis’ application has major advantages
in whole-mount ISH (9, 51), but also provides applications for
tissue sections.

. Enzymatic predigestion: The degree of proteolytic digestion
needed is partly related to the degree of fixation. In general
terms, weak fixation needs low proteolytic treatment and
strong fixation needs high proteolytic treatment. However,
proteolytic digestion leads to partial loss of miRNAs at least in
frozen sections (7) and excess digestion leads to tissue damage.
In addition, tissue specimens may not be sufficiently fixed or
become overfixed indicating some degree of fixation restrictions
tor ISH analyses. Routinely fixed and paratfin-embedded tissue
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10.

samples may not all be optimal for ISH (see Note 3). For most
human archival samples, the optimal proteinase-K concentration
is in the range of 10-20 pg/ml when incubated for 10 min
at 37°C.

. Probe concentration: The probe concentration should be kept

in the range of 20-80 nM depending on the sensitivity of the
assay. Too low concentration prevents detection, and too high
concentration may allow cross hybridization and detection of
highly similar and abundant sequences.

. Hybridization temperature: The optimal T|  is linked to the
Y

1., of the probe. The hybridization temperature, 7, , should
be kept in the range of 50-60°C using the Exiqon ISH buffer
or as a rule of thumb approximately 30°C below RNA-T . If
the T, is set too low, it will facilitate binding to highly similar
sequences present in other miRNAs, cross hybridization to
family members or mRNAs. At too high 7] , the amount of
specifically bound probe is reduced. Therefore, the optimal
range of T, = for a given LNA™ probe is always essential to
establish.

Specificity analyses in ISH: An inevitable and challenging aspect
of miRNA ISH is a firm and conclusive specificity analysis. In
ISH reports, we would like to address questions like: What is
the evidence that the probe recognizes the target sequence?
Or, can it be proved that the ISH signal observed really represents
the miRNA probed for? In mRNA ISH, the use of RNA probes
obtained from #z vitro transcription specific for different parts
of the mRNA has been used to verify the origin of the ISH
signal. In parallel, sense probes are applied to neighboring
sections and used as negative controls. Due to the restricted
size of the mature miRNA sequence, microRNA ISH requires
other approaches to verity the origin of the ISH signal. Positive-
control probes that can be used include alternative probe
designs with varying LNA patterns and lengths (8, 14). Some
miRNAs are expressed in clusters of two or more hairpins, such
as the miR-143 /145 cluster and the miR-17-92 cluster. Probes
specific for the individual miRNAs in the same transcript would
work as positive controls linked to the fact that they recognize
different sequences on the same transcript. For miR-143 and
miR-145, this is indeed observed. Both miRNAs are expressed
in smooth muscle cells, including muscularis mucosa (Fig. 4)
and vascular smooth muscle cells, which are a cellular compo-
nent of arteries. The use of a scrambled probe (labeled identi-
cal to the miRNA probe) is an essential negative control in any
ISH study. Together with a no-probe control (incubating
hybridization buffer only), the ISH assay setup identifies any
problematic unspecific probe binding and endogenous activ-
ity, particularly of alkaline phosphatase (or peroxidase).
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Fig. 4. In situhybridization for the two miRNAs in the miR-143/145 cluster. In situ hybridization
using probes for miR-143 (a) and miR-145 (b) in normal human colon is showing the
expression in smooth muscle cells in the lamina muscularis and the vascular smooth
muscle cells in arteries located in submucosa. An identical in situ hybridization staining
pattern is obtained with the two probes recognizing the two miRNA neighbors. Expression
of the miR-143/145 cluster in smooth muscle is well-described by others (54, 55). The
FFPE samples were purchased from Proteogenex. Bars: (@) 80 um; (b) 40 pm.

Unspecific staining may also be caused by the detection system
employed and is tested by omitting the detecting antibody,
where any stain obtained is related to endogenous activity. For
example, encountering endogenous alkaline phosphatase activ-
ity, it may be useful to change to alternative detection approaches,
such as peroxidase staining or fluorescence detection. Among
other specificity control probes are mismatch probes (5, 8, 14,
30). Introducing three mismatches at non-LNA positions in the
probe sequence was found to be sufficient to prevent binding of
the miR-21 LNA™ probe (14). Also competition experiments
are interesting in specificity analysis. Prehybridizing nonla-
beled oligos having an identical LNA pattern as a labeled probe
would prevent subsequent binding of a labeled probe. Finally,
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mix-incubating the nonlabeled oligo with the labeled probe
would prevent binding of the labeled probe dependent on the
concentration balance between the oligo and the probe (14,
52). It is also noteworthy that the availability of highly sensi-
tive miRNA qPCR assays (53) enables miRNA detection in
laser capture microdissected tissue areas — even obtained
from paraffin sections. In our study of miR-21 in colorectal
cancers, where miR-21 is predominantly expressed in the
stromal compartment, laser capture microdissection data were
in agreement with our observations in the ISH analyses; thus,
we measured a much higher miR-21 expression level in micro-

dissected stromal tissue than in microdissected cancer cells (14).
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Chapter 6

Agilent MicroRNA Microarray Profiling System

Petula N. D’Andrade and Stephanie Fulmer-Smentek

Abstract

MicroRNA (miRNA) profiling is of great interest because of the significant roles these short noncoding
RNA molecules play in cellular regulation. Signature profiles, usually involving several miRNAs, have also
been associated with dysfunctional cellular regulation such as in cancer. Profiling miRNAs can be done
using the Agilent Technologies miRNA profiling system, which is a sensitive and accurate miRNA microar-
ray assay. The assay is based on a highly efficient labeling method linked to a novel probe design strategy.
The labeling method uses a simple, single-vial approach where 100 ng of nonfractionated total RNA is
directly labeled by ligation of a Cy3 labeled pCp molecule to the 3" end of the RNA. The labeled cytosine
interacts with the guanidine at the 5’ end of the probe which adds stability to the hybridization complex.
In addition, the probes have been designed to provide both sequence and size discrimination, generally
resulting in highly specific detection of closely related mature miRNAs. The labeling and probe design
strategies allow for a precise and accurate measurement that spans a linear dynamic range of greater than
four orders of magnitude from at least 0.2 amol to 2 fmol of miRNA and a detection limit of less than
0.1 amol. The assay works over a wide range of sample types including FFPE samples. Agilent’s microarray
technology is a flexible design platform allowing quick array design iterations and incorporation of the
latest miRBase content.

Key words: Agilent, microRNA, miRNA, Microarray, Mature microRNA, miRNA profiling, Probe
design and RNA labeling

1. Introduction

MicroRNAs regulate messenger RNAs (mRNAs) in a highly
complex manner where an individual microRNA can regulate
many mRNAs and a single mRNA can be regulated by many
microRNAs. This regulation is achieved by either degrading the
mRNAs or by repressing translation. The fate of the mRNA is
determined by the homology of the microRNA to the 3’ untrans-
lated region of the targeted mRNA. When there is extensive
pairing of the microRNA to its targeted mRNA, a cut of a single

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_6, © Springer Science+Business Media, LLC 2012
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phosphodiester bond is made, triggering the destruction of the
mRNA. Partial pairing between the targeted mRNA and the
microRNA does not allow the phosphodiester bond to be cut but
instead blocks translation of the protein (1). It is estimated that
approximately 60% of human genes are putative targets of one or
more microRNA (2).

The short, 22 nt length of mature microRNAs along with a
high degree of homology among ditferent microRINAs make this
class of RNAs challenging to measure in a multiplex assay. The
presence of precursor microRNAs, which are longer molecules
from which the mature microRNA are processed, also poses a
challenge for measurement of the mature microRNA. However,
with a highly efficient direct labeling method and a novel probe
design strategy, the Agilent microRNA microarray assay can mea-
sure hundreds of mature microRNAs simultaneously (3). The
labeling reaction requires a small quantity of total RNA and mini-
mizes sample biases, in part by minimizing sample manipulation
steps, such as fractionation and amplification. Labeling via ligation
of'a Cy3-labeled pCp molecule to the 3’ end of the RNA molecule
after heating in the presence of DMSO results in negligible
sequence bias. The probe design allows for both sequence and size
selection of mature microRNAs as much of the sequence variation
among related microRNAs occurs near the 3’ end. The probes are
Tm balanced by shortening the probe at the 5" end of the mature
microRNA. The probes also include a hairpin sequence at the 5’
end of the probe, which acts as a size discriminator (Fig. 1).
Overall, the assay is simple to perform and results in highly sensi-
tive accurate measurements which span greater than 10* linear
dynamic range.

Agilent’s microarray technology is flexible enough to allow
rapid array iterations to accommodate the increasing number of
microRNAs being discovered. The assay also utilizes labeling and
hybridization spike-ins as process controls. The use of the spike-ins
assists in determining the quality of the data and is especially ben-
eficial for samples with few expressed microRNAs. Comparison to
QRT-PCR has demonstrated that the two methodologies are
highly concordant (4, 5).

2. Materials

2.1. Spike-In Solution

1. MicroRNA Spike-In Kit (Agilent); store at -80°C for up to
12 months.

Kit components:

(a) Labeling Spike-In.
(b) Hyb Spike-In.

(c) Dilution Bufter.



2.2. Sample Labeling

and Hybridization
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Fig. 1. Agilent probe design strategy. An unmodified microarray probe (black) is a synthe-
sized sequence that hybridizes to the target microRNA (red). Probes are anchored to the
slide surface by a stilt (brown). (a) Inclusion of a G residue (black) to the 5’ end of the
hybridization sequence complements the 3’ end C residue (yellow) introduced in labeling.
This additional G-C pair in the probe—target interaction region stabilizes targeted miRNAs
relative to homologous RNAs. In addition, all probes contain a 5" hairpin (blue), abutting
the probe—target region, to stabilize binding and increase size specificity. (b) T_ reduction
of a probe to T match all probes on the microarray. For probes requiring T reduction,
truncation is achieved through sequential elimination of bases to the appropriate length
from the 3’ end of the hybridization sequence such that the probe—target interaction
region is 9-20 nts long.

2. This kit should be supplemented with DNase- and RNase-free
water that has not been treated with DEPC. Prepare the work-
ing solution by performing a dilution series just prior to each
use (see Note 1).

1. miRNA Complete Labeling and Hyb Kit (Agilent).

(a) Labeling Kit components should be stored at -20°C until
the expiration date.

e Nuclease-free water.
e Calf Intestinal Phosphatase.
e 10x CIP Buffer.

e DMSO (Dimethly sulfoxide); harmful by inhalation,
ingestion, and skin absorption.

e T4 RNA Ligase.
e 10x T4 RNA Ligase Buffer.
e Cyanine-3 pCp Dye; light sensitive: store in the dark.
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2.3. Microarray Wash

2.4. Scanning and
Feature Extraction

2.5. Characterization
of Total RNA (Optional)

(b) Hyb Kit components should be stored at room temperature
until the expiration date.

e 2x Hi-RPM Buffer; considered hazardous by OSHA
Harzard Communication Standard.

e 10x Blocking Agent; once re-suspended should be
stored at —20°C for up to 2 months.

. MicroBioSpin 6 Columns (Bio-Rad); store at 4°C. This com-

ponent is optional.

. Hybridization Chamber, stainless (Agilent); store at room

temperature.

. Hybridization Chamber gasket slides 8 microarrays/slide,

5 slides/box (Agilent); store in original packaging at room
temperature for up to 3 months.

. Hybridization Oven: 20 rpm and 55°C capability (Agilent).
6. Hybridization Oven Rotator for Agilent Microarray

Hybridization Chambers (Agilent).

. Gene Expression Wash Buffer Kit (Agilent); store at room

temperature for up to 12 months.
(a) Gene Expression Wash Bufter 1.
(b) Gene Expression Wash Buffer 2.

. Slide-staining dish, with slide rack (x3) (Thermo Shandon).

(a) First slide-staining dish is the “Disassembly dish.”
(b) Second slide-staining dish is the “Wash 1 dish.”
(c) Third slide-staining dish is the “Wash 2 dish.”

. 1.5 L Glass dish in which the “Wash 2 dish” should fit.
4. Nitrogen purge or desiccator box (see Note 2).

. Dye filter (Sigma). This component is optional.

. Ozone-Barrier Slide Cover Kit (Agilent).

. Microarray Scanner (Agilent) with Scan Control software,

version A. 8.0 or later.

. Feature Extraction software 10.7.3 or later (Agilent).

. 2100 Bioanalyzer (Agilent).

(a) RNA 6000 Nano Kit (Agilent) or
(b) RNA 6000 Pico Kit (Agilent).
(c) Small RNA Kit (Agilent).
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3. Method

3.1. Spike-In Solution
Preparation

3.1.1. First Dilution
of Serial Dilution

3.1.2. Second and Third
Dilutions of Serial Dilution

3.2. Sample Labeling

3.2.1. Dephosphorylation

Table 1
CIP master mix

1. Just prior to use, thaw the provided spike-in stock on ice.

2. Prepare tubes for the first dilution by adding 198 pL of Dilution
Buffer (provided in the kit) to each.

3. Add 2 pL of the spike-in stock to the prepared tube and mix
well (see Note 1).

1. Prepare tubes for the second and third dilution by adding
198 uL of nuclease-free water (not provided in the kit) to each.

2. For the second dilution, add 2 pL of the first dilution to the
prepared tube and mix well.

3. For the third dilution, add 2 pL of the second dilution to the
prepared tube and mix well. This dilution is to be used in the
following step and should be discarded after use (see Note 1).

The sample labeling is dependent on the efficiency of the ligation
reaction; therefore, it is essential that the ligation reaction be per-
formed as described (see Note 3). Sample labeling is a simple, one
tube process with an optional purification step.

1. The quality and accurate quantification of total RNA is impor-
tant for generation of good results (see Note 4). The total
RNA sample should be diluted to 50 ng/uL in 1x TE pH 7.5
or DNase/RNase-free water. Add 2 pL of the diluted total
RNA to a microcentrifuge tube and maintain on ice until the
Calf Intestinal Alkaline Phosphatase Master Mix is added.

2. Prepare the Calf Intestinal Alkaline Phosphatase (CIP) Master
Mix immediately prior to use, in the order indicated in Table 1
and maintain on ice.

3. Add 2 pL of the CIP Master Mix to each tube containing the
total RNA for a total reaction volume of 4 pL and mix gently
by pipetting.

Components Volume (uL) per reaction  Volume (uL) per 9 reactions
10x Calf Intestinal Phosphatase Buffer 0.4 3.6
Labeling Spike-In (third dilution) 1.1 9.9
Calf Intestinal Phosphatase 0.5 45

Total volume

2.0 18.0
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3.2.2. Denaturation

3.2.3. Ligation

3.2.4. Purify the Labeled
RNA (Optional, see Note 6)

Micro Bio-Spin 6 Column
Preparation

4.

Dephosphorylate the sample by incubating the reaction at
37°C in a circulating water bath or heat block for 30 min.

. Add 2.8 pL of 100% DMSO to each sample and incubate at

100°C in a circulating water bath or heat block for 5-10 min.
The length of this incubation period is critical for the labeling
efficiency.

. Immediately transfer to an ice-water bath (see Note 5).

. Warm the 10x T4 RNA Ligase Buffer at 37°C and vortex until

all precipitate has dissolved. Ensure that the 10x T4 RNA
Ligase Buffer has cooled to room temperature before adding it
to the Ligation Master Mix; failure to do so will impact the T4
RNA Ligase activity and thus the labeling efficiency.

. Immediately prior to use, prepare the Ligation Master Mix by

gently mixing the components listed in Table 2 and maintain
on ice. Within 15 min of mixing all the components together,
add 4.5 pL to each sample tube, gently mix by pipetting and
briefly centrifuge. The total reaction volume should now be
11.3 pL.

. Incubate at 16°C in a light eliminating circulating water bath

or cool block for 2 h.

. Invert the column sharply several times to resuspend the settled

gel and to remove any air bubbles. Once the gel has been re-
suspended, snap oft the tip at the base of the column and place
the column into a 2 mL microcentrifuge tube supplied with
the columns from Bio-Rad.

. Remove the green cap from the column which should initiate

the gravitational dripping of the buffer. If the buffer does not
start to drip into the 2 mL microcentrifuge tube, press the
green cap back onto the column and remove it again. Allow
the buffer to drain for approximately 2 min. Discard the drained
buffer from the 2 mL microcentrifuge tube and then place the
column back into the tube.

Table 2

Ligation master mix for T4 RNA Ligase

Components Volume (uL) per reaction Volume (uL) per 9 reactions
10x T4 RNA Ligase Buffer 1.0 9.0

Cyanine3-pCp 3.0 27.0

T4 RNA Ligase 0.5 45

Total volume 4.5 40.5




Sample Purification
(see Note 6)

3.2.5. Dry the Sample

3.3. Sample
Hybridization

3.3.1. Prepare the
10x Blocking Agent

3.3.2. Prepare Sample
for Hybridization
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. Spin the microcentrifuge tube containing the column for 2 min

at 1,000 x4 in a centrifuge (see Note 6). Transfer the column
from the 2 mL microcentrifuge tube to a clean 1.5 mL micro-
centrifuge tube and discard the 2 mL microcentrifuge tube.

. Add 38.7 pL of RNase-Free Water or 1x TE, pH 7.5, to the

labeled sample from the Ligation step (Subheading 3.2 step 3)
for a total volume of 50 pL. Without disturbing the gel bed,
pipette the 50 puL of sample onto the gel bed of the Micro Bio-
Spin 6 prepared column.

. Elute the purified sample by spinning the microcentrifuge

tubes containing the columns for 4 min at 1,000 x4 in a cen-
trifuge (see Note 7). Discard the columns and keep the miRNA
sample-containing flow-through on ice.

. Check that the final flow-through is slightly pink, does not con-

tain any gel material, and has a volume of approximately 50 pL.

. After the 16°C labeling reaction or optional sample purifica-

tion, completely dry the samples using a vacuum concentrator
at 45-55°C or on the medium heat setting. Depending on the
vacuum concentrator model, this step may take up to 1 h after
column purification or up to 3 h without column purification.

. Ensure that the samples are completely dry by flicking each tube

to check that the pellets do not move or spread (see Note 8).

. Add 125 pL of nuclease-free water to the vial containing lyo-

philized 10x GE Blocking Agent supplied with the Agilent
miRNA Complete Labeling and Hyb Kit. Gently vortex to resus-
pend and dissolve the pellet. If the pellet does not go into solu-
tion completely after vortexing, heat the solution for 4-5 min at
37°C. After heating, drive down any materials adhering to the
tube walls or cap by briefly centrifuging and return the 10x
Blocking Agent to room temperature. After use, store at —20°C.

. Sample preparation (Table 3).

(a) Resuspend the dried sample in 17 pl. of nuclease-free
water.

(b) Add 1.0 pL of the Hyb Spike-In solution (third dilution)
to each sample.

(c) Add 4.5 pL of the reconstituted 10x GE Blocking Agent
to each sample.

(d) Add 22.5 pL of 2x Hi-RPM Hybridization Buffer to each
sample for a total of 45 pL and carefully mix by gently
vortexing.

. Ensure that the SureHyb chamber, gasket slides, and microarray

slides are easily available to prepare the hybridization assembly.
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Table 3

Hybridization mix for miRNA microarrays

Components Volume (uL) per reaction
Labeled miRNA sample 17

Hyb Spike-In 1

10x Blocking Agent 4.5

2x Hi-RPM Hybridization Buffer 22.5

Total volume 45

Incubate the samples at 100°C for 5 min. Immediately transfer
to an ice-water bath for 5 min (see Note 5).

3. Quickly spin in a centrifuge to collect any condensation at the
bottom of the tube and immediately proceed to “Prepare the
hybridization assembly.” Do not leave the samples in the ice-
water bath for more than 15 min as longer incubations may
adversely affect the hybridization results.

3.3.3. Prepare the 1. Place a clean gasket slide with the label facing up into the
Hybridization Assembly Agilent SureHyb chamber base, and ensure that the gasket
slide is flush with the chamber base and not ajar.

2. Slowly dispense the entire hybridization sample into the gasket
well in a “drag and dispense” manner. The final sample volume
will vary between 40 and 45 pL due to heating and cooling the
sample (see Notes 9 and 10).

3. Apply the microarray by slowly placing the microarray slide
“active side” down onto the SureHyb gasket slide, so that the
“Agilent”-labeled barcode is facing down and the numeric bar-
code is facing up and ensure that the sandwich-pair is properly
aligned (see Note 11).

4. Place the SureHyb chamber cover onto the sandwiched slides and
position the clamp assembly onto both pieces. Hand-tighten the
clamp and rotate the assembled chamber to ensure the bubbles
move freely. If necessary, tap the assembly to free stationary bub-
bles. Then place the assembled slide chamber in the hybridization
oven rotisserie at 55°C. Set the hybridization rotator to 20 rpm
(see Note 12). Hybridize at 55°C for 20 h (see Note 13).

3.4. Microarray Wash Perform this step to unopened containers of both Gene Expression

) Wash Buffer 1 and 2 before use.
3.4.1. Add Triton X-102

to Gene Expression Wash 1. Open the cardboard box containing the cubitainer of wash
Buffers bufter and carefully remove the outer and inner caps from the
cubitainer. Then add 2 mL of the provided 10% Triton X-102



3.4.2. Pre-warm Gene
Expression Wash Buffer 2

3.4.3. Prepare
the Equipment

3.4.4. Wash the Microarray
Slides
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into the wash buffer solution. Replace the original inner and
outer caps and mix the buffer thoroughly by inverting the con-
tainer 5-6 times. Carefully remove the caps and install the
spigot provided. Prominently label the wash buffer box to
indicate that Triton X-102 has been added and indicate the
date of addition.

The Gene Expression Wash Buffer must be at 37°C for optimal
performance.

Warm the Gene Expression Wash Buffer 2 to 37°C as follows:

. Dispense sufficient Gene Expression Wash Buffer 2 directly into

sterile 1,000 mL bottles. Place the 1,000 mL bottles in a 37°C
water bath at least 12 h prior to washing arrays. Alternatively,
remove the plastic cubitainer from the box and place it in a
37°C water bath at least 12 h before washing the arrays.

. Prepare the “Wash 2 dish” by placing it into a 37°C oven or

incubator set to 37°C (see Note 14).

. Also pre-warm water at 37°C for use in the 1.5 L glass dish

which is used as secondary containment for the “Wash 2 dish.”

. It is critical that the dishes be clean when washing the microar-

ray slides. To ensure that the wash dishes are clean, run copious
amounts of Milli-Q water through the dish. Be sure to also
wash the slide racks and the stir bars with copious amounts of
Milli-Q water. Then empty the water and repeat several times to
remove any traces of contaminating materials (see Note 15).

. The dish in which the microarray-gasket slides will be disas-

sembled (“Disassembly dish”) should be completely filled with
Gene Expression Wash Buffer 1 at room temperature. The
slide rack should be placed into a second staining dish filled
with Gene Expression Wash Buffer 1 (“Wash 1 dish”) at room
temperature. A magnetic stir bar should be added to the “Wash
1 dish” and the dish placed on a magnetic stir plate.

. On a second magnetic stir plate with a heating element, place

the pre-warmed 1.5 L glass dish. Place the “Wash 2 dish” into
the 1.5 L glass dish. Fill the 1.5 L glass dish, but not “Wash 2
dish,” with 37°C water. Fill the “Wash 2 dish” approximately
three-fourths full with Gene Expression Wash Buffer 2 (warmed
to 37°C). Turn on the magnetic stir plate heating element to

maintain the temperature of Gene Expression Wash Buffer 2 in
“Wash 2 dish” at 37°C.

. Remove one hybridization chamber from the incubator and

record the time. Record if bubbles formed during hybridiza-
tion and if all bubbles are rotating freely. Make note of any
significant loss of hybridization volume.
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3.5. Scanning and
Feature Extraction

3.5.1. Scan the Slides

4.

10.

11.

Disassemble the hybridization chamber assembly by turning
the thumbscrew counterclockwise, sliding the clamp off, and
removing the chamber cover. With gloved fingers, grip the
array-gasket sandwich from the ends and remove it from the
chamber base. Keep the microarray slide numeric barcode fac-
ing up as you quickly transfer the sandwich to the “Disassembly
dish.” Submerge the array-gasket sandwich into the
“Disassembly dish” containing Gene Expression Wash Buffer
1 and separate the two slides using forceps.

(a) Insert one of the blunt ends of the forceps between the
slides and gently turn the forceps to separate the slides.

(b) Allow the gasket slide to drop while removing the microar-
ray slide. Then place the slide into the slide rack in “Wash
1 dish” containing Gene Expression Wash Buffer 1 at
room temperature. Minimize exposure of the slide to air
and touch only the barcode portion or edges of the slide.

. Repeat steps 3 and 4 for up to five additional slides in the

group. For uniform washing, process a maximum of six
microarray slides in a group.

. When all slides in the group are placed in the slide rack in the

“Wash 1 dish,” stir using setting 4 (moderate speed) for 5 min.

. Transfer the slide rack to “Wash 2 dish” containing Gene

Expression Wash Buffer 2 at 37°C. Stir using setting 4 (moder-
ate speed) for 5 min. Maintain Wash 2 at 37°C for the duration
of the wash step; failure to do so may result in a change in
stringency of the wash, which can reduce the consistency of
experimental results.

. Slowly remove the slide rack, minimizing droplets on the slides.

It should take 5-10 s to remove the slide rack (see Note 16).

. Discard the used Gene Expression Wash Buffer 1 and Gene

Expression Wash Buffer 2 (see Note 17).

Repeat steps 1 through 11 for the next group of six slides using
fresh Gene Expression Wash Buffer 1 and Gene Expression
Wash Buffer 2 pre-warmed to 37°C.

Scan slides immediately to minimize the impact of environ-
mental oxidants on signal intensities. If necessary, store slides
in storage slide box in a nitrogen purged box, in the dark.

This section describes how to generate microarray images and how
to convert the image into signal data by using the Agilent scanner
and Feature Extraction software, respectively, from miRNA
microarrays (see Note 18).

1.

Assemble the slides into a slide holder. Place the slides into the
slide holder such that the numeric barcode side is visible when
the ozone barrier cover has been applied and the slide holder is
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Fig. 2. Image of a microRNA microarray slide with eight miRNA microarrays hybridized with different samples.

closed (not the “Agilent”-labeled barcode side). Place assem-
bled slide holders into a scanner carousel.

2. Select the appropriate profile from the drop down list, e.g.,

AgilentHD_miR NA in the Scan control software (see Note 19).
Ensure that the setting for the automatic file naming is selected.

3. Select the appropriate folder for the scanned images to be stored.

4. Verify that the Scanner status in the main window says Scanner
Ready before initialing the scanning of the slides.

5. Click Scan Slot m-n on the Scan Control main window where
the letter m represents the Start slot where the first slide is
located and the letter » represents the End slot where the last
slide is located.

6. After scanning, the scanned image will be found in the folder
selected (Fig. 2).

3.5.2. Extract Data Using Feature Extraction (FE) is the process by which pixel data is con-
Agilent Feature Extraction verted to signal data from microarray scan data, allowing research-
Software ers to measure miRNA expression in their experiments.

1. Open the Agilent Feature Extraction (FE) program, version
10.7.3 or later (see Note 19).

2. Add the images (.tif) to be extracted to the FE Project.

(a) Click Add New Extraction Sex(s) icon on the toolbar or
right-click the Project Explorer and select Add Extraction. ..

e Browse to the location of the tff files, select the tiff
file(s) and click Open. The FE program automatically
assigns a default grid template and protocol for each
extraction set when the default miRNA protocol has
been specified in the FE Grid Template properties. To
access the FE Grid Template properties, double-click
on the grid template in the Grid Template Browser.

3. Set FE Project Properties.
(a) Select the Project Properties tab.

(b) Inthe Gemneralsection, enter the user name in the Operator
text box.
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4. Check the Extraction Set Configuration.

(a) Select the Extraction Set configuration tab.

(b) Verify that the correct grid template is assigned to each
extraction set in the Grid Name columns. If a grid tem-
plate is not available to select from the pull down menu,
you must add it to the Grid Template Browser.

e To add a grid template, right-click inside the Grid
Template Browser, select Add. Browse for the design
file (.xml) and click Open to load grid template into
the FE database. To update to the latest grid templates
via Online Update, right-click Grid Template Browser
and select Online Update. You can also download
the latest grid templates from Agilent Web site at
http: //www.agilent.com/chem /downloaddesignfiles.
After downloading, you must add the grid templates
to the Grid Template Browser. After a new grid tem-
plate is added to the Grid Template Browser, remember
to specify the default protocol for the new grid template
if you want the Feature Extraction program to auto-
matically assign a FE protocol to an extraction set.

(c) Verify that the correct protocol is assigned to each extrac-
tion set in the Protocol Name column. For Agilent miRNA
microarrays, select miRNA_107_Sept09 or later version.

If a protocol is not available to select from the pull down menu,
you must import it to the FE Protocol Browser.

To import,
(a) Right-click FE Protocol Browser, select Import.

(b) Browse for the FE protocol (.xml) and click Open to load
the protocol into the FE database.

Visit the Agilent Web site at http:/www.agilent.
com/chem/feprotocols to download the latest protocols.

. Verify that the icons for the image files in the FE Project

Window no longer have a red X through them. If there is still
ared X, reselect the extraction protocol for that image file.

. Save the FE Project (.fep) by selecting File > Save Asand browse

to the desired location.

. Select Project> Start Extracting to initiate the data extraction

process.

. After the extraction is completed successfully, view the QC

report for each extraction set by double-clicking the QC
Report link in the Summary Report tab (Fig. 3). Review the
QC metric table to evaluate the gridding and the data quality.
A QC Chart is also generated which displays the values of each
metric for all extractions in a given FE Project (Fig. 4).

. Feature Extracted array data is now available for downstream

analysis (see Note 20).
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4, Notes

. The first dilution can be stored at -80°C for reuse with up to

two freeze—thaw cycles. To avoid more than two freeze—thaw
cycles, the original and first dilution Spike-In solution should
be aliquoted and stored in volumes appropriate for the studies
being performed. The second and third spike-in dilutions
should be discarded after use because they are not sufficiently
concentrated to be effectively stored for reuse.

. A nitrogen purge or desiccator box is used to store the microar-

ray slides prior to hybridization and posthybridization before
scanning if necessary to preserve the microarray and maintain
signal intensities.

. Processing the samples and washing the microarrays for

Agilent’s miRNA platform must be done in environments
where ozone levels are 50 ppb or less.

. Recommended RNA extraction methods. These extraction

methods have worked successfully with Agilent’s miRNA
microarray system:

(a) Absolutely RNA miRNA Kit — Agilent

(b) miRNeasy Mini Kit — Qiagen

(¢) mirVana RNA Isolation Kit — Applied Biosystem
(d) TRIzol Reagent (100 mL) — Invitrogen

When using these kits, use the total RNA isolation protocol.
Do not use the size fractionation or small RNA enrichment
protocol because the assay has been optimized for the use of
100 ng total RNA. Use the same total RNA extraction method
to obtain consistent results for comparative experiments since
different total RNA extraction methods may result in slightly
different miRNA profiles. Check the absorption spectrum from
220 nm to about 300 nm to detect possible contaminants. In
the absorption spectra, there should only be one peak with an
absorption maximum at 260 nm. You may also see a shoulder
of'an additional peak at <220 nm that overlaps with and inflates
the absorption at 260 nm. Calculate the ratio of absorbance at
260,/230 nm to estimate the level of contamination. This ratio
should be greater than 1.8. If the ratio is less than 1.8, then
you need to purify the sample further by doing additional
extractions with chloroform, followed by an ethanol precipita-
tion. Absorption spectra cannot differentiate between RNA
and DNA. Contamination with DNA can result in an overesti-
mation of total RNA amount and may lead to decreased sensi-
tivity on the miRNA assay as less RNA than intended may be
used in the assay.
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10.

11.

It is strongly recommended that the total RNA be characterized
for sample integrity and possible presence of contaminants.
Characterization of the input total RNA using the Agilent
2100 bioanalyzer provides information on the sample quality
prior to labeling and hybridization. You can use the RNA 6000
Nano or Pico kit to analyze total RNA. The small RNA assay
characterizes the total RNA sample with an emphasis on the
small RNA content of which a fraction is miRNA.

. An ice-water bath must be used to ensure that the samples

remain properly denatured. When using a thermocycler, the
PCR plate must be transferred to an ice-water bath immedi-
ately after incubation at 100°C to prevent the RNA from re-
annealing. Thermocyclers do not cool as quickly as necessary
for this step.

. The column purification step is an optional step that removes

DMSO and much of the unincorporated Cy3-pCp from the
labeling reaction. Inclusion of this optional step reduces the
time needed for drying down the sample after labeling. In addi-
tion, this step reduces the amount of unincorporated dye in the
hybridization sample. If disposal of unincorporated Cy3 dye is
an issue at your institution, you may want to consider including
this optional step. Use of the column purification does increase
the hands on time required for the protocol and may be omit-
ted, but speed vac times will be increased (see Note 8).

. Optional step: The speed of the microcentrifuge must be accu-

rately set (e.g., 1,000x 4, not 1,000 rpm). If the spin speed is
too low, sample can be lost. If the spin speed is too high, desalt-
ing may be ineffective and the column may break down.

. The sample must be completely dried after labeling because

residual DMSO in the sample will impact the hybridization
efficiency and adversely affect the hybridization results. The
type and age of the speed vac influences the length of time the
sample requires to dry to completion.

. Adjust your pipette to the sample final volume to avoid the

introduction of air bubbles during application to the gasket
well. This step will minimize sample leakage during the assem-
bly and hybridization period.

When dispensing the hybridization solution do not to allow
the pipette tip or the hybridization solution to touch the gas-
ket as this can result in leakage of the hybridization solution
during the hybridization.

The microarray slide should be placed on the gasket solution
as parallel as possible to the gasket slide to avoid leaking of
the hybridization solution. If you are not processing all of the
arrays on a slide, apply the hybridization solution to the gasket
well closest to the barcode. In the unused wells, pipette 45 pL
of 1x Hybridization Buffer.
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Refer to the Agilent Microarray Hybridization Chamber User
Guide for in-depth instructions on how to assemble the arrays.
This user guide is available with the Agilent Microarray
Hybridization Chamber Kit and can also be downloaded from
the Agilent Web site at http://www.agilent.com/chem/
dnamanuals-protocols.

Be sure to balance the hybridization chambers on the oven
rack so that there are an equal number of empty positions on
each of the four rows of the hybridization rack.

Arrays should be hybridized for at least 20 h. Hybridization
can occur for longer than 20 h but the actual hybridization
time should be consistent if the results are to be compared.
Failure to maintain consistent hybridization times may adversely
affect the reproducibility of your data.

If the temperature of the laboratory in which this work is being
performed is less than 25°C it may be necessary to heat the
“Wash 2 dish” at a higher temperature to ensure that the dish
does not cool too rapidly.

Some dish detergents may leave fluorescent residue on the
dishes. Do not use any detergent (usually used for washing
dishes) to wash the staining dishes since most detergents fluo-
resce and can impact the data quality if dried on the arrays. If
detergent is used, all traces must be removed by copious rins-
ing with Milli-Q water.

Removing the slide rack with the microarray slides at an angle
helps minimize residual droplets and encourages the wash buf-
fer to sheet off the array surface more evenly.

The wash buffer in the “Disassembly dish” may appear pink
due to the presence of unincorporated Cy3 dye, especially if
the optional column purification step was not employed.
Discard the used wash buffer according to appropriate institu-
tional guidelines. Activated charcoal may be used to absorb the
unincorporated Cy3 dye from the used wash buftfer, if neces-
sary. Extractors from Sigma can be used for this purpose.

Refer to the Agilent Microarray Scanner User Guide for more
information on how to use the scanner. The User Guides can
be found at http://www.agilent.com/chem /scanner. The
Download Software tab at this site has information related to
the Scan Control software and the Related Literature tab at
this site has the related user guides.

Refer to the Agilent Feature Extraction Software User Guide or
Reference Guide for more information to use the software. To
get the most recent Feature Extraction software for miRNA
expression, go to the Agilent Web site at http: //www.agilent.
com/chem/fe. To get the most recent Feature Extraction
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protocols for miRNA, go to the Agilent Web site at http://
www.agilent.com/chem /feprotocols. FE version 10.7.3 gives
you the option to automatically download new grid templates,
protocols, and QC metrics (QCM or QCMT) via eArray, and
supports analysis of the miRNA spike-ins. Feature Extraction
generates text data files in two different formats for analysis in
downstream software. The “full text” file (e.g., file name
US22502705_2519118100103_S01_miRNA_107_
Sept09_1_1.txt) contains many data columns, array statistics,
and feature extraction parameters, and is appropriate for down-
stream analysis in Agilent GeneSpring GX 10 or later. See the
FE reference guide for a full description of data included in the
full text file which could be found at http: //www.agilent.com/
chem /fe. An additional text file is also provided which includes
a simplified view of the data. This “Gene View” file contains
signal, error, and flag data at the miRNA level, and is suitable
for analysis in Microsoft Excel or other spreadsheet
applications.

20. GeneSpringGX version 11.5.1 or later can be used to profile
the microRNAs expressed in a given sample and across samples
by importing the Feature Extracted files. The microRNAs of
interest can be selected and the potential mRNAs targeted can
be determined by using the TargetScan function along with
other ways of analyzing the data in GeneSpringGX.
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Chapter 7

miRNA Expression Profiling Using lllumina
Universal BeadChips

Jing Chen, Craig S. April, and Jian-Bing Fan

Abstract

We have developed a highly sensitive, specific, and reproducible method for microRNA (miRNA) expression
profiling, using BeadArray technology. This method incorporates an enzyme-assisted specificity step, a
solid-phase primer extension to distinguish between members of miRNA families. In addition, a universal
PCR is used to amplify all targets prior to array hybridization. Using this method, highly reproducible
miRNA expression profiles were generated with 100-200 ng total RNA input. The method has a 3.54
log (10°-10° molecules) dynamic range and is able to detect 1.2- to 1.3-fold differences between samples.
Expression profiles generated by this method are highly comparable to those obtained with RT-PCR
(R*=0.85-0.90) and direct sequencing (R=0.87-0.89). This method should prove useful for high-
throughput expression profiling of miRNAs in large numbers of tissue samples.

Key words: miRNA, Gene expression analysis, Microarray, BeadArray, DASL assay

1. Introduction

The Ilumina® MicroRNA Expression Profiling Assay is an efficient
and cost-etfective system for high-throughput, multiplexed miRNA
expression profiling (1). The MicroRNA assay is an adaptation of
the DASL® (¢ DNA-mediated Annealing, Selection, Extension, and
Ligation) assay (2), incorporating its unique methodologies to
make measurements of miRNAs. The system combines a novel,
highly multiplexed expression assay, Universal BeadChips, and a
precise confocal scanning system (the Illumina iScan™ System or
the Illumina BeadArray™ Reader) to deliver unparalleled data
quality and sample throughput.

1.1. BeadArray The BeadChip platform is composed of individual arrays manufac-
Technology tured on a microscope slide-shaped substrate (3). Each individual
array on the BeadChip contains the same 1,536 IllumiCode

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_7, © Springer Science+Business Media, LLC 2012
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1.2. miRNA Expression
Profiling

1.3. GenomeStudio
Integrated Informatics
Platform

sequences attached to 3-pm beads. The beads are assembled into
microwells etched into the slide. The BeadChip arrays feature mul-
tiple copies of each bead type. This built-in redundancy improves
robustness and measurement precision. The BeadChip manufac-
turing process includes hybridization-based quality control for
each array feature, allowing consistent production of high-quality,
reproducible arrays. Each BeadChip has its own CD that contains
a decode map (*.dmap) file for each array, which is necessary for
analyzing the data.

Illumina has created standard panels of miRNA assays for human
and mouse. The Human v2 and Mouse v2 panels contain 1,146
and 656 probes, respectively. This version updates the coverage of
both products to greater than 95% of miRBasel v12.0, to repre-
sent the majority of known miRNAs. The Human vl miRNA panel
contains 735 assay probes, corresponding to 470 well-annotated
human microRNA sequences, and 265 potential microRNAs that
were identified recently (4, 5). The Mouse miRNA vl panel con-
tains 380 assays for miRNAs.

GenomeStudio, Illumina’s new integrated data analysis software
platform, provides a common environment for analyzing data
obtained from microarray and sequencing technologies. Within
this common environment, or framework, the GenomeStudio soft-
ware modules allow one to perform application-specific analyses.
The GenomeStudio Gene Expression Module, included with the
Illumina MicroRNA Expression Profiling Assay, is an application
for analyzing miRNA expression data from scanned microarray
images collected from systems, such as the Illumina iScan System
or BeadArray Reader. Experiment performance is based on
built-in controls that accompany each experiment. Resulting
GenomeStudio expression results can be exported and analyzed by
most standard gene expression analysis programs. One can perform
these analyses on individual arrays or on groups of arrays treated as
replicates. For feature descriptions and instructions on using the
GenomeStudio platform to visualize and analyze miRNA data, see
the GenomeStudio Framework User Guide and the GenomeStudio
Gene Expression Module User Guide.

2. Materials

Subheadings 2 and 3 assume that the user has access to either an
IlluminaiScan System or BeadArray Reader and either the Universal
Starter Kit or both the GoldenGate and Gene Expression Option
kits and associated reagents and equipment.



2.1. Recommended Kit
for miRNA Enrichment

2.2. lllumina-Supplied
Reagents for miRNA
Assay

2.3. Other Reagents
Required for the Assay
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Although miRNA enrichment is an optional step in miRNA expression
profiling assay, we recommend the PureLink™ miRNA Isolation
Kit from Invitrogen for miRNA enrichment.

1.

PAS (Polyadenylation Single), reagent for 3’ Poly-A tail
addition.

2. CSS (¢DNA Synthesis Single), reagent for cDNA synthesis

10.

11.

12.

13.

14.

15.

. MAP (MicroRNA Assay Pool), mixture of oligonucleotides

designed to query cDNA target sequences.

. OBl (Oligo-tinding bufter I), oligo-annealing buffer which

also contains paramagnetic particles to optimize washing,
extension, and ligation steps of assay.

. AM1 (Add MEL bufter 1), wash buffer used to remove excess

mis- or unhybridized query oligonucleotides.

. UBI1 (Universal wash Buffer 1), wash buffer for several pre-

PCR steps.

. MEL (Master mix for Extension and Ligation), optimized mix-

ture of enzymes for extension/ligation step.

. SCM (Single Color Master mix), PCR master mix which con-

tains fluorescent and biotinylated common primers for multi-
plexed ligated oligonucleotide templates.

. IP1 (Inoculate PCR buffer 1), elution buffer for inoculating

PCR reaction with ligated templates.

MPB (Magnetic Particle buffer B), suspension of paramagnetic
particles used to bind PCR products.

UB2 ( Universal wash Buffer 2), wash buffer used in post-PCR
process.

MHI1 (Make Hyb butffer 1), buffer used to neutralize and pre-
pare single-stranded sample for hybridization to BeadChip.
CHB (Chamber Humidification Buffer), buffer used to main-
tain humid environment in Hybridization (Hyb) Chamber.
PB1 (Prepare BeadChips solution 1), buffer used during stain-
ing process.

XC4 (XStain BeadChip solution 4), solution used to coat
BeadChips.

Please refer to Table 1 for reagent storage conditions.

1.
2.

3.
4.
5.

0.1N NaOH (Sigma-Aldrich).

TE buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8.0. (General
lab supplier).

DNA polymerase (Clontech).
Uracil DNA glycosylase (UDG), 1 U/uL (Invitrogen).
Quant-iT RiboGreen RNA Assay Kit (Invitrogen).
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Table 1

Reagent storage conditions

Reagent Storage conditions Shelf life Comments

PAS -25°C to -15°C 1 Year Aliquot to refreeze

CSS -25°C to -15°C 1 Year Aliquot to refreeze

MAP -25°C to -15°C 2 Years Can be stored at 2-8°C up to
2 weeks

OB1 -25°C to -15°C 1 Year Does not completely freeze

AM1 2-8°C 1 Year

UBI1 2-8°C 1 Year

MEL -25°C to -15°C 1 Year Aliquot to refreeze

SCM -25°C to -15°C 1 Year Aliquot to refreeze after adding
DNA polymerase

IP1 -25°C to -15°C 1 Year

MPB 2-8°C 1 Year Do not freeze

UB2 RT 1 Year

MHI1 RT 1 Year Keep away from light

CHB RT 1 Year

PB1 RT 1 Year

XC4 RT 1 Year

6. Serological pipettes (10, 25, and 50 mL) (General lab

10.
11.

12.
13.
14.

15.

supplier).

. 96-Well, 0.2-mL skirted microtiter plates (Bio-Rad).
. 96-Well, black, flat-bottom Fluotrac 200 plates (Greiner Bio

One).

. 96-Well cap mats, sealing mats, round cap, pierceable, nonau-

toclavable (ABgene).
Heat sealing foil sheets, thermo seal (ABgene).

Microtiter plate clear adhesive film, 2mil Sealplate Adhesive
Film, Nonsterile (Phenix Research Products, LMT-
SEAL-EX).

Microseal “A” Film, PCR plate sealing film (Bio-Rad).
Microseal “E” Film, aluminum adhesive film (Bio-Rad).

96-Well V-bottom plates, Corning Costar Polypropylene
(Fisher Scientific or VWR).

Multiscreen Filter plates, 0.45 pm, clear, Styrene (Millipore).
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16. Multiscreen centrifuge alignment frames (Millipore).
17. Nonsterile solution basins (Labcor Products Inc or VWR).
18. Tweezers (General lab supplier).

2.4. Universal The manufacture of Illumina microarrays has been described else-
BeadChip where (2). Briefly, the miRNA Assay uses a multisample Universal-12
BeadChip as a readout, which is composed of 12 individual arrays
manufactured on a single microscope slide-shaped silicon substrate.

2.5. Bead Array The Illumina iScan System or BeadArray Reader is required for

Imaging array imaging. Loading and unloading of BeadChips into the iScan
System or BeadArray Reader can be automated with the optional
AutoLoader2 or AutoLoader, respectively. Both AutoLoaders sup-
port unattended processing by placing BeadChips carriers in the
imaging system’s tray, so that it can scan the BeadChips. Both
scanners use a laser to excite the fluor of the hybridized single-
stranded product on the beads of the BeadChip sections. Light
emissions from these fluors are then recorded in high-resolution
images of the BeadChip sections. Data from these images are ana-
lyzed using Illumina’s GenomeStudio Gene Expression Module.
For Illumina iScan System or BeadArray Reader instructions, see
the respective User Guides (http: //www.illumina.com/support/
documentation.ilmn).

3. Methods

3.1. RNA Enrichment Please refer to the PureLink™ miRNA Isolation Kit protocol
(Invitrogen).

3.2. miRNA Assay These protocols are not intended to replace the miRNA Assay

Protocols Guide supplied with Illumina systems but rather give a detailed
overview of the process. Please consult the miRNA Assay Guide
(http: //www.illumina.com/support/documentation.ilmn) for the
latest protocol updates before performing any experiments.

3.3. Assay Probe The method is a modification of an assay that we developed previ-

Design ously for high-throughput gene expression profiling, the DASL

Assay (cDNA-mediated Annealing, Selection, extension and
Ligation) (2). The miRNA method similarly targets specific
sequences with sets of oligonucleotides that are extended, and then
labeled during PCR amplification (1). As shown in Fig. 1, miRNAs
are first polyadenylated using Poly-A Polymerase (PAP). The intro-
duced poly-A tail is then used as a priming site for cDNA synthesis.
The primer used for cDNA synthesis is biotinylated and contains a
universal PCR primer sequence that is used later in the assay.
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2. cDNA synthesis, using a biotin labeled oligo-dTprimer
(blue) with a universal sequence (red) at its 5'-end
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Fig. 1. miRNA assay scheme. (1) Polyadenylate RNA: add multiple A (>18 bases) to 3'-
ends of total RNA or purified short RNA species, including microRNAs. (2) cDNA synthesis
of microRNA: synthesize cDNA using a biotin-labeled oligo-dT primer with a universal
sequence at its 5’-end. (3) Hybridize assay oligos to cDNA: attach biotinylated cDNA to a
solid phase and hybridize with a pool of microRNA-specific oligos. (4) MicroRNA-specific
primer extension: extend primers using DNA polymerase. (5) Universal PCR: elute the
extended products and perform PCR with fluorescently labeled universal primers. Bind
double-stranded PCR products to a solid phase and prepare the labeled, single-stranded
PCR products for hybridization. (6) Hybridize ssDNA to arrays: hybridize PCR product to
capture probes on the universal arrays.

After cDNA synthesis, miRNAs are individually interrogated using
specific oligonucleotides. A single miRNA-specific oligo (MSO) is
designed against each mature well-annotated miRNA sequence,
which consists of three parts: the 5'-end contains another uni-
versal PCR priming site; the middle portion contains an address
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sequence used for capturing the product on the array; and the 3'-
end contains a miRNA-specific sequence. The second universal
PCR priming site is shared among all MSOs, and each address
sequence is associated uniquely with each of the miRNA targets.
Assay probes were designed witha T of 60 +8.6°C and a length of
17-21 nt (average 18 nt). To maximize assay specificity, candidate
probes were examined collectively to minimize sequence similarity
between probes, particularly at their 3" ends.

3.4. miRNA Assay 1. Preheat two heat blocks to 37°C and 70°C and allow tempera-
Protocol ture to stabilize. Thaw PAS reagent to room temperature and
vortex to fully mix tube contents.

3.4.1. The Make Poly-A

Polymerase Process for 3 2. Normalize intact RNA samples to 40-200 ng/uL with DEPC-
Poly-A Tail Addition treated H,O. We recommend using 200 ng of miRNA con-
taining total RNA for one assay (see Notes 1-5).
3. Add 5 pL of PAS to each well of microtiter plate labeled PAD.
Transfer 5 pL. of normalized RNA sample to each well of PAP
plate, heat seal with foil, and vortex at 2,300 rpm for 20 s.
Pulse-centrifuge sealed plate to 250 x 4 to prevent evaporation
from wells during incubation.

4. Incubate PAP plate at 37°C for 60 min in preheated heat block.

5. When incubation is complete, remove PAP plate from heat block
and pulse-centrifuge to 250 x g to collect any condensation.

6. Incubate PAP plate at 70°C for 10 min in preheated heat block.

3.4.2. The Make cDNA 1. Preheat heat block to 42°C and allow temperature to stabilize.
Synthesis Plate Process Leave the other heat block at 70°C. Thaw CSS to room tem-
for cDNA Synthesis perature and vortex to fully mix tube contents.

2. Add 8 pL CSS to each well of microtiter plate-labeled CSP,
transfer 8 puL polyadenylated RNA sample from each well of
the PAP plate to the corresponding well of the CSP plate. Heat
seal with foil, and vortex at 2,300 rpm for 20 s. Pulse-centrifuge
sealed plate to 250 x g to prevent evaporation from wells dur-
ing incubation.

3. Incubate CSP plate at 37°C for 60 min in preheated heat block.

4. When incubation is complete, remove CSP plate from heat block
and pulse-centrifuge to 250 x4 to collect any condensation.

5. Incubate CSP plate at 70°C for 10 min in preheated heat block.

3.4.3. The Make Assay- 1. Preheat heat block to 70°C and allow temperature to
Specific Extension Process stabilize.
for Annealing of Query 2. Remove MAP tube from freezer (if frozen, thaw, vortex, and

Oligonucleotides to cDNA then centrifuge). Thaw OB1 to room temperature and vortex.

Do not centrifuge OB1 tube.

3. Dispense 5 pL. of MAP to each well of a new, 96-well, 0.2 mL
skirted microtiter plate-labeled “ASE.”
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3.4.4. The Add Master Mix
for Extension and Ligation
Process for Assay
Oligonucleotide Extension
and Ligation

3.4.5. The Make PCR
and Inoculate PCR
Processes for Preparing
the PCR Mix and Setting
up the PCR Reaction

. Add 30 pL of well-resuspended OB1 to each well of Assay-

Specific Extension (ASE) plate.

. Centrifuge CSP plate to 250 x 4 to collect samples at bottom of

wells. Transfer 15 pL of biotinylated cDNA to ASE plate con-
taining MAP and OB1 to bring final volume to 50 pL. Heat
seal ASE plate and vortex briefly at 1,600 rpm to mix content
of wells. Place ASE plate in 70°C heat block and immediately
reduce temperature setting to 30°C. This will allow oligonu-
cleotide annealing to cDNA targets by ramping temperature
over approximately 2 h then holding at 30°C until next pro-
cessing step.

. Remove ASE plate from heat block, reset it to 45°C, and allow

temperature to stabilize. Thaw MEL reagent to room
temperature.

. Place ASE plate with oligonucleotides annealed to cDNA tem-

plates on Illumina-supplied magnetic plate for at least 2 min,
or until beads are completely captured. Washing beads removes
excess and mis-hybridized oligonucleotides.

. After paramagnetic particles are captured, remove heat seal

from plate and remove and discard all liquid (~50 pL) from
wells, retaining beads. Add 50 pL. Add MEL buffer (AM1) to
each well of assay plate. Seal plate with adhesive film and vortex
at 1,600 rpm for 20 s or until all beads are resuspended.

. Place ASE plate on magnet for at least 2 min, or until beads are

completely captured. Remove all AM1 from each well, leaving
beads in wells. Repeat addition of 50 pL. AM1, vortexing, and
removal of buffer.

. Remove ASE plate from magnet and add 50 pL. of UBI to

each well.

. Place ASE plate on magnet for at least 2 min, or until beads are

completely captured. Remove all UB1 from each well. Repeat
addition of 50 uL. UB1 and removal of buffer.

. Add 37 pL of MEL to each well of ASE plate. Seal plate with

adhesive film and vortex at 1,600 rpm for 1 min.

. Incubate ASE plate on preheated 45°C heat block for 15 min

(see Notes 6 and 7).

. Prepare PCR master mix by adding 64 pL of DNA poly-

merase and 50 pL UDG to tube of SCM PCR reagent.
Invert SCM tube several times to mix contents and aliquot
30 pL of mixture into each well of new 96-well 0.2 mL
microtiter (PCR) plate.

. Remove ASE plate from heat block after extension and ligation

step and reset heat block to 95°C.
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Hybridization
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—

Place ASE plate on magnet for at least 2 min, or until beads are
captured. Remove clear adhesive film from assay plate, and
remove and discard supernatant (~50 pL) from all wells of ASE
plate, leaving beads in wells. Leave ASE plate on magnet and
add 50 pLL UB1 to each well of plate.

. Allow ASE plate to rest on magnet for at least 2 min to collect

paramagnetic particles. Remove and discard all supernatant
(~50 uL) from all wells of ASE plate, leaving beads in wells.

. Add 35 pL of Inoculate (Inoc) PCR buffer 1 (IP1) to each

well of assay plate and seal it with adhesive film. Vortex plate at
1,800 rpm for 1 min, or until all beads are resuspended. Place
plate on 95°C heat block for 1 min.

. Remove ASE plate from heat block and place it on magnet for

at least 2 min, or until beads have been completely captured.
Transfer 30 uL of supernatant from first column of ASE plate
into first column of PCR plate. Repeat transfer for remaining
columns, using new pipette tips for each column.

. Seal PCR plate with Microseal “A” PCR plate sealing film.
. Pulse-centrifuge PCR plate to 250 x4 for 1 min. Immediately

transfer PCR plate to thermal cycler and run following cycling
program: 10 min at 37°C; 3 min at 95°C; 34 cycles (35 s at
95°C, 35 s at 56°C, 2 min at 72°C); 10 min at 72°C; and 4°C
for 5 min.

. Proceed immediately to preparation of single-stranded PCR

products for precipitation or seal and store PCR plate at -15°C
to -25°C.

. Vortex MPB reagent until beads are completely resuspended.
. Dispense 20 pL of resuspended MPB into each well of PCR

plate. Mix beads with PCR product by pipetting up and down,
and then transfer mixed solution to filter plate. Cover filter
plate with its cover and store at room temperature, protected
from light, for 60 min.

. Place filter plate containing bound PCR products onto new

96-well V-bottom waste plate using filter plate adapter.
Centrifuge at 1,000 x g for 5 min at 25°C.

. Remove filter plate lid. Add 50 pLL of UB2 to each well of filter

plate. Dispense slowly, so that beads are undisturbed. Replace
lid of filter plate and centrifuge at 1,000 x g for 5 min at 25°C.

. Prepare new 96-well, V-bottom plate and dispense 30 pl. of

MHI1 to all wells of new intermediate plate. Place filter
plate onto intermediate plate such that column Al of
filter plate matches column Al of intermediate plate.

. Dispense 30 pLL of 0.1N NaOH to all wells of filter plate.

Replace lid of filter plate and centrifuge immediately at 1,000 x g4
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3.5. Hybridization
to BeadChip and
PostHyb Wash

3.5.1. Hybridization
to BeadChip

3.5.2. Post-Hyb Wash

for 5 min at 25°C. Gently mix contents of intermediate plate
by moving it from side to side, without splashing. Proceed to
next step for Beadchip Hyb process.

. Preheat hybridization oven to 60°C and allow temperature to

equilibrate.

. Prepare hybridization (Hyb) Chambers by pipetting 200 pL

CHB into Hyb Chamber reservoirs, followed by sealing Hyb
Chambers as described in miRNA Assay Guide.

. Place multisample BeadChips into Hyb Chamber inserts.
4. Manually pipette 15 pL of sample into appropriate inlet ports

on multisample BeadChips.

. Place inserts with sample-laden BeadChips into Hyb Chamber,

seal, and hybridize samples. Place the Beadchip containing
Hyb Chamber into the preheated hybridization oven and incu-
bate at 60°C for 30 min.

. Change the temperature to 45°C. Hybridization then is con-

ducted under a temperature gradient program from 60°C to
45°C over approximately 12 h.

. Prepare XC4 reagent. Add 335 mL 100% EtOH to XC4

bottle. Re-cap bottle, shake vigorously for 15 s by hand, place
on rocker for 3040 min to ensure that XC4 is completely
resuspended. Each XC4 bottle contains enough to process up
to eight BeadChips.

. Remove Hyb Chamber from hybridization oven and place it

on lab bench. Disassemble Hyb Chamber.

. Using powder-free gloved hands, remove coverseal from first

BeadChip. Using tweezers or powder-free gloved hands trans-
ter BeadChip to slide rack submerged in dish containing
250 mL of PBI solution.

. Repeat steps 2 and 3 for all BeadChips from same Hyb

Chamber.

. Wash BeadChips in PB1 by moving slide rack up and down ten

times. Incubate at RT static for 5 min.

. Transfer the slide rack with BeadChips from PB1 dish to XC4

wash dish. Wash BeadChips in XC4 by moving slide rack up
and down ten times. Incubate at RT static for 5 min.

. Individually remove BeadChips from coating dish and place

barcode side up on tube rack making sure BeadChips are not
touching each other during drying step.

. Place tube rack with horizontal BeadChips into vacuum desic-

cator, turn on vacuum to ~508 mmHg, and dry for 50-55 min
at room temperature.
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on iScan System/
BeadArray Reader

3.7. Data Collection
and Analysis

3.8. Examples
of miRNA Assay
Applications
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The BeadChips are imaged using either the iScan System or the
BeadArray Reader. Image processing and intensity data extraction
are performed by the iScan Control Software (or BeadScan, for the
BeadArray Reader). The iScan System incorporates advanced optics
and sensors to support much higher throughput than the BeadArray
Reader, while providing equally high-quality data.

The GenomeStudio software package is included with the
miRNA Assay product and is used as a tool for analyzing gene
expression data from scanned microarray images collected from
either the iScan System or the BeadArray Reader. Alternatively,
GenomeStudio can be used to export the array intensity data for
processing by most standard gene expression analysis programs.
Specifically, GenomeStudio executes two types of data analysis:
Gene analysis, which is to quantify gene expression levels and dif-
ferential analysis, which is to determine whether gene expression
levels are different between two experimental groups. Analyses can
be performed on individual samples or groups of samples.
GenomeStudio reports experiment performance based on built-
in controls that accompany each experiment. In addition,
GenomeStudio provides plotting (line plots, box plots, scatter plots)
tools, able to generate dendrograms and heatmaps, and includes a
genome viewer and chromosome browser all of which facilitate
quick and visual means for exploratory analyses (see Note 8).

Illumina’s miRNA technology has been successfully used to profile
a variety of samples types, such as human cell lines and tissues
(1, 6-18), including human cord blood (19) and human fecal
matter (20), mouse (21) and baboon (22) tissues, as well as
formalin-fixed paraffin-embedded (FFPE) material (1).

4, Notes

1. Illumina does not recommend a specific RNA purification
product. However, any product that yields pure, intact RNA of
good quality that retains (at least) most of the small RNAs
should work well with our miRNA assay. We have generated
good data with RNAs extracted with several commercially
available kits. For any given study though, it is ideal to isolate
the RNAs using a single method.

2. Although we suggest starting inputs of 200 ng total RNA, we
have compared the profiles generated with lower amount of
starting material and have found that 200, 100, and 50 ng
were highly correlated (R?*>0.98). Quite reproducible data
were obtained in technically replicated experiments with as
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little as 2 ng input total RNA (R?>0.94), which makes it
possible to assay small tissue samples, including archival tissue
samples. Furthermore, about 90% of the miRNAs that were
detected (P<0.05) with 200 ng total RNA input were also
detected when 2 ng total RNA was used (data not shown).

. Excellent data have been generated using RNA extracted from

FFPE tissue samples. Technical reproducibility is highly similar
to intact RNA. In addition, Illumina has profiled artificially
degraded RNA samples (95°C for 30 min). Excellent repro-
ducibility was obtained with these samples. Further, the
profiles generated with these samples are comparable to those
generated with corresponding intact RNA samples.

. The purification of small RNA species prior to sample labeling

is unnecessary. This feature enables high-throughput miRNA
analysis in a clinical setting where only limited amounts of
biopsy material may be available. We obtained high concor-
dance (R*>0.97) between profiles generated with total RNA
and low molecular weight (LMW) RNA enriched with
Invitrogen’s PureLink™ miRNA Isolation Kit. This result sug-
gests that the assay is very specific, in which the presence of
total RNA including mRNAs and ribosomal RNAs (rRNAs)
background did not affect overall miRNA profiles.

. RNA quantitation is an important step to ensure that sufficient

material is used in the miRNA Assay to generate high-quality
data. We recommend the Quant-iT RiboGreen RNA Assay Kit
(Invitrogen) for quantitation of RNA samples. The RiboGreen
assay measures RNA directly and can quantitate small RNA
volumes. Other quantitation methods may be prone to mea-
suring contaminants, such as small molecules and proteins. We
also recommend using a fluorometer, as fluorometry provides
RNA-specific quantitation, whereas spectrophotometry may
be affected by DNA contamination, leading to artificially
inflated amounts.

. Specificity is achieved in the extension step (in the Add MEL

step) and cycling. The extension step favors mature miRNAs
because longer sequences will not achieve complete extension
to the PCR primer portion of the poly-dT primer to the same
degree as mature miRNAs.

. Discrimination between miRNAs and total RNAs are achieved

by a two-step process: (a) sequence hybridization — the speci-
ficity of the miRNA-specific probe which targets the pre and
mature miRNA species and (b) enzymatic primer extension —
to enhance the discrimination between members of miRNA
tamilies and between miRNAs and other similar sequences in
the total RNA (e.g., mRNA targets). Illumina has obtained
very similar expression profiles with total RNA and enriched
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small RNA species, suggesting that cross-hybridization (if any)
from the total RNA is minimal.

8. Another valuable approach to assessing data quality is to cluster
the samples using the dendrogram tool in GenomeStudio. If
there are replicate samples or known sample relationships, out-
lier samples can be readily identified by their failure to associate
with replicate or related samples by hierarchical clustering.
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Chapter 8

MicroRNA Expression Analysis
Using the Affymetrix Platform

Suzanne Dee and Robert C. Getts

Abstract

Microarrays have been used extensively for messenger RNA expression monitoring. Recently, microarrays
have been designed to interrogate expression levels of noncoding RNAs. Here, we describe methods for RNA
labeling and the use of a miRNA array to identify and measure microRNA present in RNA samples.

Key words: microRNA, snoRNA, scaRNA, Microarray, Gene expression, Dendrimer, Biotin,

Regulation

1. Introduction

Low molecular weight RNA molecules such as microRNA (miRNA)
have been shown to be involved in important biological processes
such as mRNA degradation, transcriptional gene silencing (TGS),
and translational repression (1-8). As a result, these noncoding
RNAs are gaining the interest of the scientific community as pos-
sible new drug targets and for use in diagnostics. Microarrays are a
useful tool for massively parallel assessment of messenger RNA
(mRNA) expression levels (9, 10). GeneChip® miRNA microarrays
provide comprehensive miRNA coverage, representing miRNA
sequences from all organisms present in miRBase (http://www.
mirbase.org) (11-13), as well as a number of homo sapiens small
nucleolar RNAs (snoRNA) and small Cajal body-specific (sca)
RNAs derived from snoRNABase (http:/www-snorna.biotoul.
fr/) (14) and Ensembl (http:/www.ensembl.org) (15). Because
miRNA sequences are very short (typically 21-23 nt), it is not
possible to interrogate each miRNA with multiple probes differing
in sequence. Instead, miRNA sequences are represented by probe

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_8, © Springer Science+Business Media, LLC 2012
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sets with identical probes complementary to the miRNA sequence
on the arry. Longer RNAs, such as homo sapiens snoRNAs, scaR-
NAs, and 5.8 s rRNA have 9-11 probes per set. Also included are
probe sets for hybridization controls and background subtraction,
binned by GC content.

The miRNA is labeled and detected by fluorescent emission.
Total RNA samples or total RNA samples enriched for low molec-
ular weight (LMW) RNA may be used as starting material for the
RNA labeling process. The Genisphere® FlashTag™ HSR labeling
kit is used for microRNA labeling using a short two-step process
that does not require any purification prior to array hybridization.
Briefly, the process begins with a poly(A) tailing reaction followed
by ligation of a biotinylated signal molecule to the target RNA
sample. The labeled RNA sample is then added to a hybridization
mix and hybridized to a miRNA microarray overnight, followed by
a procedure to wash, stain, and scan the microarray to acquire the
data. A free software tool (miRNA QC Tool) is available for data
normalization, summarization, and quality control assessment.

2. Materials

2.1. RNA Isolation

2.2. RNA Labeling

The kits listed below for purification of total RNA or LMW RNA
are compatible with FlashTag Biotin HSR. Elute or resuspend the
RNA in nuclease-free water. Ensure that the purification method
retains LMW species. Commercial products that have been tested
successfully with FlashTag Biotin HSR include:

1. Applied Biosystems: mirVana™ miRNA Isolation Kit.
. Qiagen: miRNeasy Mini Kit.
. OriGene: Vantage™ microRNA Purification Kit.
. Invitrogen: PureLink™ miRNA Isolation Kit.

[S2NN NIV I 8]

. Invitrogen: TRIzol® reagent (total RNA only) with additional
overnight -20°C precipitation step during isopropanol
precipitation.

When working with formalin fixed paraffin embedded (FFPE)
samples, the RecoverALL™ Total Nucleic Acid Isolation Kit for

FFPE (Applied Biosystems) is recommended to ensure complete

recovery of both mRNA and microRNA and has been successtully
used with FlashTag Biotin HSR and GeneChip miRNA Arrays.

1. Genisphere FlashTag Biotin HSR for Affymetrix miRNA
Arrays (Genisphere). Store all components at —20°C.

2. Instructions for handling kit contents:

Vials 1, 2, 5, 7,9, 11, and 12: Thaw at room temperature,
vortex, and briefly microfuge.
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Vials 3, 8, and 10: Thaw on ice, microfuge if necessary, and
keep on ice at all times.

Vials 4 and 6: Remove from freezer just prior to use, and briefly
microfuge. Keep on ice at all times. Do not vortex.

3. Kit components
Vial 1: 10x Reaction Buffer.
Vial 2: 25 mM MnClL,.
Vial 3: ATP Mix.
Vial 4: PAP Enzyme.
Vial 5: 5x FlashTag Biotin HSR Ligation Mix.
Vial 6: T4 DNA Ligase.
Vial 7: HSR Stop Solution.
Vial 8: RNA Spike Control Oligos.
Vial 9: Enzyme Linked Oligosorbent Assay (ELOSA) Spotting
Oligos.
Vial 10: ELOSA Positive Control.
Vial 11: Nuclease-Free Water.
Vial 12: 27.5% Formamide.
4. Nuclease-free water (Applied Biosystems cat. no. AM9932 or
equivalent).

5.1 mM Tris—=HCI. Transfer 50 mL nuclease-free water to a
50 mL conical tube. Remove and discard 50 puL water. Add
50 uL of 1 M Tris—-HCI, pH 8 (USB cat. no. 22638). After this
dilution is made, do not take a pH reading. Store at room tem-
perature for up to 3 months.

2.3. GeneChip miRNA 1. GeneChip miRNA Array (Affymetrix).
Array Processing 2. GeneChip Hybridization, Wash and Stain Kit (Affymetrix).
3. GeneChip Hybridization Control Kit (Affymetrix).
4. Laser Tough-Spots® (3/8 in. diameter; 1/2 in. diameter;
Diversified Biotech).
5. GeneChip Scanner 3000 7G System (Affymetrix).
3. Methods

Table 1 below describes general recommendations for RNA input.
The amount of microRNA relative to total RNA is less in cultured
cells than in tissues. Therefore, using more RNA isolated from
cultured cells is recommended.
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3.1. Poly(A) Tailing
of RNA Sample

3.2. FlashTagBiotin
HSR Ligation

Table 1

RNA input recommendations

RNA sample Input for FlashTag biotin HSR labeling

Total RNA containing 100-1,000 ng total RNA from tissues
LMW RNA 500-1,000 ng total RNA from cultured cells

Enriched LMW RNA, 100400 ng LMW RNA from tissues
quantitated 200400 ng LMW RNA from cultured cells

Enriched LMW RNA, Enriched from 100 to 1,000 ng total RNA

not quantitated

. Adjust the volume of RNA to 8 uL with Nuclease-Free Water

(Vial 11).

. Transfer the 8 uLL. RNA to ice. Add 2 uL. RNA Spike Control

Oligos (Vial 8) and return to ice.

. Dilute the ATP mix (Vial 3) in 1 mM Tris—HCl as follows:

(a) For total RNA samples, dilute the ATP Mix 1:500.

(b) For enriched, quantitated samples, calculate the dilution
factor according to the following formula: 5,000/ng input
LMW RNA (see Note 1).

(c) For enriched samples that are not quantitated, calculate
the dilution factor according to the following formula:
1,000/ug input total RNA (see Note 2).

. Add the following components to the 10 uL. RNA/Spike

Control Oligos, for a volume of 15 pL:

(d) 1.5 uL 10x Reaction Buffer (Vial 1).

(e) 1.5uL 25 mM MnCl, (Vial 2).

(f) 1.0 puL diluted ATP Mix (Vial 3 dilution from step 3).
(g) 1.0 uL PAP Enzyme (Vial 4) (see Note 3).

. Mix gently (do not vortex) and microfuge.

. Incubate in a 37°C heat block for 15 min. Discard any unused,

diluted ATP Mix from step 2.

. Briefly microfuge the 15 pL of tailed RNA and place on ice.

. Add 4 pL 5x FlashTag Biotin HSR Ligation Mix (Vial 5).

. Add 2 pL of T4 DNA Ligase (Vial 6).

. Mix gently (do not vortex) and microfuge.

. Incubate at 25°C (room temperature) for 30 min.

. Stop the reaction by adding 2.5 uL. HSR Stop Solution (Vial 7).

Mix and microfuge the 23.5 puL of ligated sample.
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7. Remove 2 pl of the biotin-labeled sample for use in the

ELOSA QC Assay. It is acceptable to store the 2 uL of biotin-
labeled sample on ice for up to 6 h or at -20°C for up to
2 weeks, and run the ELOSA QC Assay at a convenient time.

. The remaining 21.5 pL biotin-labeled sample may be stored

on ice for up to 6 h or at -20°C for up to 2 weeks, prior to
hybridization on Affymetrix GeneChip miRNA Arrays.

. Install the miRNA array library files. This requires Affymetrix

GeneChip® Command Console® (AGCC) software to be
installed on the instrument control workstation. To install
library files, download from the miRNA array product page on
the Aftymetrix Web site http: //www.atfymetrix.com. Use the
Library File Importer to import the downloaded zip file from
a local or network drive into AGCC (see AGCC Installation
Instructions User Guide).

. Set temperature of GeneChip Hybridization Oven 645 to

48°C. Set rotations per minute (rpm) to 60.

. Remove miRNA array pouches from refrigerated storage,

remove arrays from pouches, and allow to equilibrate to room
temperature (10-15 min).

. Bring the following reagents to room temperature. Completely

thaw the 20x Hybridization Controls, then heat to 65°C for
5 min.

(a) 2x Hybridization Mix (from Hybridization, Wash and
Stain Kit).

(b) 27.5% Formamide (Vial 12 from FlashTag Biotin HSR
Kit).

(c) DMSO (from Hybridization, Wash and Stain Kit).
(d) Control Oligo B2, 3 nM (from Hybridization Control Kit).

(e) 20x Hybridization Controls (from Hybridization Control
Kit).

. Register samples by selecting Register from the Samples menu

in AGCC (see AGCC User Manual). After populating the array,
barcode and attribute fields as desired for all arrays in the
experiment, click Save.

. Prepare hybridization mixes as follows, by adding each compo-

nent in the order listed to the 21.5 pL of biotin-labeled sample
for a total volume of 103.2 uLL. A master mix of hybridization
reagents may be prepared if multiple arrays will be processed.

(a) 50 uL 2x Hybridization Mix.
(b) 15 uL 27.5% Formamide (Vial 12).
(¢) 10 uL DMSO.
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3.4. miRNA Microarray
Wash/Stain/Scan

7.

10.

(d) 5 uL 20x Hybridization Controls.
(e) 1.7 uL Control Oligo B, 3 nM.

Heat the hybridization cocktail to 99°C for 5 min in a heat
block, then 45°C for 5 min.

. Each array has two septa. In order to fill the array with hybrid-

ization mix, first vent the array chamber by inserting a clean,
unused pipette tip (20 ul. or 200 pL unfiltered tips recom-
mended) into the upper right septum. Transfer 100 uL of the
hybridization mix that has been heated at 45°C, by inserting the
pipette tip of a micropipettor into the remaining septum to fill.

. Remove the pipette tip from the upper right septum. Cover

both septa with 1/2 in. Tough-Spots to prevent leaking and/
or minimize evaporation.

Place miRNA Arrays into the hybridization oven, arranging
them in a balanced configuration around the axis to avoid
stress to the motor. Hybridize at 48°C and 60 rpm for 16 h.

For more details around operation of the Fluidics Station 450
(FS450) and wash/stain protocols, see the user guides for the
Hybridization, Wash and Stain (HWS) Kit and AGCC. The FS450
should be primed before use according to the HWS Kit User
Guide. For more information regarding array scanning on the
GeneChip Scanner 3000 7G, please refer to the AGCC User
Manual (Chapter 6) or the GeneChip Expression Wash, Stain and
Scan User Manual for Cartridge Arrays (Chapter 3). Turn on the
GCS 3000 scanner and allow to warm up 10 min (when the green
light is solid, it indicates the scanner is ready to scan).

1.

Prior to the end of the 16 h hybridization, prepare the wash
and stain reagents. Remove Stain Cocktail 1, Stain Cocktail 2,
and Array Holding Bufter from the Stain Module, Box 1. Tap
bottles gently to mix. Stain Cocktail 1 is light sensitive. Use
amber microcentrifuge tubes and protect from light. For each
array to be washed and stained, aliquot:

(a) 600 puL of Stain Cocktail 1 into a 1.5-mL amber micro-
centrifuge vial.

(b) 600 pL of Stain Cocktail 2 into a 1.5-mL (clear) micro-
centrifuge vial.

(c) 800 uL of Array Holding Buffer into a 1.5-mL (clear)

microcentrifuge vial.

2. Briefly centrifuge all vials to remove air bubbles.

3.

After 16 h of hybridization, remove arrays from hybridization
oven and remove Tough-Spots from arrays. Vent the array as
described in Subheading 3.3, step 8 and extract the hybridiza-
tion mix from each array and transfer to a new tube or well of
a 96-well plate. Place at —-80°C for long-term storage.
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4. Fill each array completely with Array Holding Buffer. Allow
arrays to equilibrate to room temperature prior to starting wash /
stain procedure. Arrays containing Array Holding Buffer may
be stored at 4°C up to 3 h before the wash/stain procedure.

5. Start AGCC Fluidics Control Software on the instrument
workstation. Click the tab for the station to be used. In the
barcode box, either type the barcode or enter by scanning
arrays with a barcode scanner. Select appropriate fluidics script
and enter for all fluidics modules used. Click Ru#.

6. Insert probe arrays into the appropriate modules on the fluid-
ics station while cartridge lever is in the down or eject position.
Return lever to up or engaged position. Ensure wash bottles
and water reservoir have sufficient liquid for the run to complete
and that the waste container is empty.

7. Remove any vials from sample holders on the fluidics station.
Follow the LCD instructions on the fluidics station to place
the three vials prepared in step 1, above as follows:

(a) Place one vial containing 600 puL of Stain Cocktail 1 in
sample holder 1.

(b) Place one vial containing 600 pL of Stain Cocktail 2 in
sample holder 2.

(c) Place one vial containing 800 uL of Array Holding Buffer
in sample holder 3.

8. Press down on the needle lever to snap needles into position
and start the run. The LCD will indicate the run is complete
by displaying the message EJECT & INSPECT CARTRIDGE.
Press cartridge lever to eject position and remove arrays. If no
bubbles are visible in probe array window, proceed to scanning
on the GeneChip Scanner 3000 7G.

9. Remove Tough-Spots used during the wash and stain procedure.
Clean excess fluid from around the septa. Clean glass surface
with nonabrasive wipe and apply 3 /8 in. Tough-Spots to septa
to prevent leakage. Fill the Autoloader carousel with arrays
(maximum capacity, 48 arrays). Start the AGCC Scan Control
Software and click the Start button in the main tool bar.

3.5. Array Analysis Use the free miRNA QC Tool software found on the Affymetrix
Web site for data summarization, normalization, and quality control:
http: //www.atfymetrix.com.

1. Edit the workflow in miRNA QC Tool to that illustrated in
Fig. 1 below using the following steps:
(a) Open miRNA QC Tool software.

(b) Click Cancel in the Cel Files to process window (do not
load any CEL files).

(c) Select Tools — Workflow Editor.
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Current Workflow to Run
I MicroRMA Analysis Workflow :]

[=1- Detection
. " Background Detection
I;] Background Adjustrment
. RMA Global Background Correction
FJ Mormalization
© e Quantile
EJ Surnmarization
- Median Polish

Workflows I | Run I Cancel

Fig. 1. Edited microRNA QC workflow for data analysis.

(d) Select File — New.
(e) Type a name for the new workflow.

(f) Addtheprocedures for Detection, Background Adjustment,
Normalization, and Summarization (listed in Fig. 1) by
selecting them on the left, and clicking the middle “arrow”
button.

(g) Select File — Save.
(h) Click OK.
(i) Click Close to close the editor.

2. Ensure that library files match the CEL files being analyzed by
selecting Tools — Settings and Options... from the menu bar.
The Settings dialog box will appear. Click the Browse button to
point the tool to the location of the following library files:
CDF File, Annotation File, Background BGP File, List of
Probes File, and Quality Control QCC file. Click OK when file
locations have been entered.

3. To run an analysis with the settings described in step 1, select
File - Load CEL Files... from the menu bar. The Cel Files to
process window will open. Click the Add button to open a
Windows input dialog box which allows the user to browse to
the desired file location. Highlight the list of CEL files to be
analyzed and click Open. When the CEL files appear in the
window, click the Load button. When the loading is finished,
the selection window will close and Analysis will be enabled.
The Run Analysis dialog box will appear.
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3.6. Array Performance

3.6.1. Sensitivity
and Dynamic Range

Signal Intensity - Background

100000 -

10000 -

1000 -

100 -

10 -

4. In the Run Analysis box, select the desired workflow from

the Current Workflow to Run drop-down menu, then click the
Run button. A Data Table will appear when analysis is complete.
For each CEL file analyzed, three columns of data will be reported
per probe set: robust multiarray analysis (RMA) summarized
signal (log,), p-value for the detection call and Detection call
(TRUE/FALSE).

. To evaluate the success of the target labeling and array hybrid-

ization, use the miRNA QC Tool software to evaluate the
RNA Spike Control Oligos from Vial 8 in the list below. Select
Tables — Quality Control to open the Quality Control Table.
Each probe set should show >1,000 U (signal-background).
The Aftymetrix library file lists the following names for these
probe sets:

a) spike_in-control-2_st

b) spike_in-control-23_st

(
(
(c) spike_in-control-29_st
(d) spike_in-control-31_st
(

e¢) spike_in-control-36_st

Figure 2 summarizes the assessment of the sensitivity of the GeneChip
microRNA array combined with FlashTag HSR labeling.

—e—spike_in-control-36_st
—8-spike_in-control-34_st
—i—spike_in-control-31_st
—8—spike_in-control-29_st
—#—spike_in-control-23_st
-&—spike_in-control-2_st
——Liver total RNA (100ng)

1 10 100 1000 10000
miRNA (amole)

Fig. 2. Platform sensitivity: to determine sensitivity of the labeling and array, 0.5-7,400 amol of six synthetic RNA 22-mer
oligos, complementary to features present on the GeneChip miRNA Array, were titrated in a background of 100 ng human liver
total RNA (Ambion First Choice®), labeled with the FlashTag HSR kit and hybridized in duplicate. Average signal-background
intensities were plotted for each miRNA spike input. A linear concentration vs. signal response was observed for all spiked
RNAs for the concentration range tested. Less than 1 amol of each spike was detected significantly above background.
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3.6.2. Specificity

3.6.3. Reproducibility
and Data Validity

3.6.4. Data Validity

3.7. Labeling Reaction
ELOSA QC Assay

Figure 3 summarizes the specificity of the GeneChip microRNA
array combined with FlashTag HSR labeling to distinguish between
miRNA transcripts with sequence differences of one or two
nucleotides.

Figure 4 demonstrates the reproducibility of the GeneChip
microRNA array combined with FlashTag HSR labeling with
respect to coefficient of variation (CV) and Pearson correlation of
signal and fold change.

Cross platform validation of data is critical to reaching accurate
conclusions for any microarray experiment. Figure 5 demonstrates
the validation of experimental data observed on the GeneChip
microRNA array combined with FlashTag HSR labeling compared
to qPCR.

The FlashTag HSR labeling procedure includes quality assessment
procedure, ELOSA, designed to provide confirmation that the
FlashTag HSR Labeling Kit has performed appropriately as a
biotin labeling process. Specifically, the ELOSA is designed to
detect the RNA Spike Control Oligos (Vial 8) included in all
FlashTag HSR labeling reactions. Only 2 pL of the labeling
reaction is required for the ELOSA. Successtul biotin labeling is
verified via a simple colorimetric ELOSA through the hybridiza-
tion of the biotin-labeled RNA Spike Control Oligos (Vial 8) to
complementary ELOSA Spotting Oligos (Vial 9) immobilized
onto microtiter plate wells. This assay should be run prior to the
use of any labeling reaction on microarrays to assure the FlashTag

Let 7a

7a 100%
7b 2%
7c 8%
7d 9%
7e 1%
7f 1%
79 0%
7i 0%

FlashTag HSR

miRMNA Sequence
Labeled MicroRNA let-7a UGAGGUAGUAGGUUGUAUAGUU
Let7b Let7c Let7f | let-7b UGAGGUAGUAGGUUGUGUGGUU
43% 37% 4% let-7c UGAGGUAGUAGGUUGUAUGGUU
100% 9% 0% let-7d AGAGGUAGUAGGUUGCAUAGUU
26%  100% 0% let-7e UGAGGUAGGAGGUUGUAUAGUU
5% 5% 0% | |et-7f UGAGGUAGUAGAUUGUAUAGUU
1% 1% e let-7g UGAGGUAGUAGUUUGUACAGUU
2% 2%  100% = :
0% D% 0% let-7i UGAGGUAGUAGUUUGUGCUGUU
0% 0% 0%

Fig. 3. Platform specificity: to determine specificity, synthetic hsa-let7a, 7b, 7¢c, and 7f (0.02 ng each) were individually
labeled with the FlashTag HSR kit in a background of 20 different synthetic miRNAs (0.4 ng each) and hybridized. The 20
synthetic miRNAs are known to have no cross-reactivity with the let-7 family arrayed probes. For analysis, array signals
were normalized to the perfect match probe—target for each array. Some cross-hybridization was observed with base
changes near the end of the transcript (hsa-let 7b compared to hsa-let-7a and hsa-let-7c; hsa-let-7c compared to hsa-let-7a),
but the true target probes had the highest intensity compared to related RNAs.
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Fig. 4. Platform reproducibility: to determine reproducibility, 200 ng of Ambion Brain and Lung Total RNAs were labeled
with the FlashTag HSR kit and hybridized in duplicate at two different sites. The % coefficient of variation (CV) and Pearson
correlation coefficients were calculated using detected probe sets. (a) Signal correlation of Brain RNA test site 1 and 2.
(b) Signal correlation of Lung RNA between test site 1 and 2. (c) Folder change correlation between site 1 and 2. A high
level of correlation between test sites was observed for both signal (R>0.990) and fold change (R=0.980).
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Fig. 5. Data validation: Array: 200 ng human brain and lung total RNAs (Ambion FirstChoice®) were labeled with FlashTag
HSR in duplicate and hybridized to Affymetrix GeneChip miRNA Arrays. Replicate log, signal intensities were averaged. To
determine fold change, lung average log, signal was subtracted from brain average log, signal. gRT-PCR: Ct values were
downloaded from Ambion TechNotes 14(2) — May 2007: miRNA Expression in FirstChoice® Human Brain Reference RNA
(http://www.ambion.com/techlib/tn/142/5.html). To determine fold change, brain Ct values were subtracted from lung Ct
values. Brain/lung fold changes were plotted for 149 miRNAs in common to both data sets. Despite the RNAs coming from
different input total RNA, good correlation (R=0.892) for fold change was observed for arrays compared to gRT-PCR data.
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HSR labeling process worked appropriately with known controls.
This procedure is not quantitatively predictive of the performance
of any RNA sample on a microarray. To understand the validity of
this ELOSA method, appropriate controls should be included
in all ELOSAs. The ELOSA procedure includes the following general
steps and is available on line and as part of the FlashTag HSR
protocol. General steps for performing the ELOSA QC procedure:

(a) Coat an ELOSA plate with the ELOSA spotting oligos.

(b) Wash unbound oligos from the plate and block.

(¢) Bind a portion of the FlashTag HSR labeling reaction to the
spotted oligonucleotides on plate.

(d) After a brief wash, bind Streptavidin HRP to the bound biotin
probes.

(e) Detect the signal.

1. Example: If using 100 ng of enriched LMW RNA, the dilution
factor is 5,000+ 100 =50. Dilute the ATP Mix 1:50.

2. Example: If the sample was enriched from 500 ng total RNA,
the dilution factor is 1,000 +0.5=2,000. Dilute the ATP Mix

3. If at least five labeling reactions are simultaneously run, a master
mix may be prepared at this step. Prepare one extra reaction’s
worth of reagents. For example, when five samples are run,
prepare a master mix for six samples as shown below. Add 5 uL
of master mix to the 10 uL. RNA /Spike Control Oligos, for a

(a) 9 uL 10x Reaction Buffer (Vial 1).

(b) 9 uL 25 mM MnClI, (Vial 2).

(c) 6 pL diluted ATP Mix (Vial 3 dilution from step 3).
(d) 6 uL PAP Enzyme (Vial 4).

4. Notes
1:2,000.
volume of 15 uL.
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Chapter 9

Individualized miRNA Assay Panels
Using Optically Encoded Beads

Keld Sorensen

Abstract

This chapter describes how to create a multiplexed miRNA profiling assay using readily available technology
and reagents for midplex miRNA profiles (midplex used to denote mutliplexing up to about 100 miRNAs
per well). The assay described is a direct hybridization assay, i.c., it involves no amplification. Further, the
reagents are simple and an assay can be assembled in a few hours with simple design rules and very simple
execution. The assay execution takes less than 5 h and involves only liquid addition, which makes it
possible to create a multiplexed assay for a large number of miRNAs and run the entire profile for hundreds
of samples in a matter of a couple of days. In addition, the profiles can be created for any short RNAs, i.e.,
they are not tied to human or any other species database for miRNAs, and the described assay works for
both animal and plant miRNAs.

Key words: Bead-based assay, Encoded beads, miRNA, Nonamplified, Step-down hybridization,
Array, Panels, Flow cytometry, Labeling

1. Introduction

Measurement of miRNA is an important element of understanding
cell biology, in particular cancer — for a recent review, see Calin and
Croce (1). A number of commercial methods exist for measuring
levels of miRNA in a cell population. These methods can generally
be divided into amplified and nonamplified methods. The amplified
generally are based on PCR, whereas the nonamplified rely on
capturing the miRNA and generate a signal that is proportional to
the amount of miRNA present in the sample. Assay methods can
also be classified as either singleplex or multiplex, where the term
multiplex is used to denote assays where at least two results are
simultaneously obtained from a single “well” of a reaction.

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_9, © Springer Science+Business Media, LLC 2012
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Singleplex is used to denote the assay, where a single well renders a
single result. While the PCR-based methods have gained wide
popularity (2), the inherent variability of extensive amplification
has not been solved. This chapter describes a particular design of
an assay that is a multiplexed nonamplified method that in addition
has the advantage of not requiring labeling of the miRNA. The
method can be used both for bead-based technologies and printed
arrays. For sake of demonstration, the Luminex instrument is used
for reading the assay, although other encoded beads and instru-
ments can be utilized. Key elements in the assay are the optically
encoded beads which are magnetic beads which have unique zip
code sequences coupled to them. These sequences are universal
array sequences that are not cross hybridizing with each other or
with most known sequence in the biome, as established by BLAST
searching. Although commercial beads are available, the literature
describes how these can be made in the laboratory (3).

2. Materials

2.1. Chimeric Probes

To create a customized miRNA assay for a panel of miRNAs, the
following materials are needed.

Chimeric probes arve needed for each miRNA in the assay panel (see
Note 1). These are oligo probes that are ordered from an oligo
manufacturer or manufactured “in-house.” Note that the probes
are chimeric RNA-DNA probes (see Note 2) and are biotinylated.
The probes are designed by the researcher as follows.

1. Obtain miRNA sequence (5’ to 3').

2. Obtain zip-code sequence (5’ to 3'), for example, from
Luminex (see Table 1 for examples) or other source of such
universal array sequences (see Note 3).

3. Create reverse complement of miRNA sequence either manually
or using software, such as that offered by oligo vendors.

4. Create reverse complement of zip-code sequence (as in step 3).

5. Concatenate the two sequences (RNA-DNA 5’ to 3’) and add
biotin on the 5" end.

6. Order this oligo.
Design example

miRNA sequence of interest mmu-miR-34b-5p: AGGCAGU
GUAAUUAGCUGAUUGU.

Create reverse complement: ACAAUCAGCUAAUUACACU
GCCU (note that the sequence is RNA).

Zip-code sequence on bead: GTTGTAAATTGTAGTAAA
GAAGTA.
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2.2. Beads with DNA
Capture Probes (Zip
Codes)
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Table 1
This table demonstrates the first 14 zip-code entries in a list
of the Luminex collection

Bead region Sequence bound to each microsphere (zip code)
7 AAATTGTGAAAGATTGTTTGTGTA
8 TGTAAGTGAAATAGTGAGTTATTT
9 GAATTGTATAAAGTATTAGATGTG
12 AGTAGAAAGTTGAAATTGATTATG
13 AGTGAATGTAAGATTATGTATTTG
14 ATTGTGAAAGAAAGAGAAGAAATT
15 GTTGTAAATTGTAGTAAAGAAGTA
18 GTAATTGAATTGAAAGATAAGTGT
19 GTGTGTTATTTGTTTGTAAAGTAT
20 AAATTAGTTGAAAGTATGAGAAAG
21 ATTAAGTAAGAATTGAGAGTTTGA
22 GATTGATATTTGAATGTTTGTTTG
25 GTATGTTGTAATGTATTAAGAAAG
26 TTTGATTTAAGAGTGTTGAATGTA

Each sequence is unique and chemically attached to a bead “region” through
an NH2 group and a spacer. Bead regions are used to identify the bead in the
Luminex reader. For further information and complete list, please consult
http: //www.luminexcorp.com

Create reverse complement: TACTTCTTTACTACAA
TTTACAAC (note that the sequence is DNA).

Chimeric oligo to order (concatenate of the above, plus biotin)

Biotin - ACAAUCAGCUAAUUACACUGCCUTACTTC
TTTACTACAATTTACAAC.

Repeat this design process for each miRNA you wish to include
in the panel. Software to create reverse complements is readily
available at no cost or can casily be implemented in a spreadsheet.
Note that the probes MUST be designed to be a perfect match to
the miRNA under investigation, as the high specificity of the
method (see Notes 4 and 5) allows discrimination between closely
related miRNAs (see Fig. 1, for an example).

If the user wishes to use commercially available capture probes,
these can be purchased, although manufacture of these is simple. A
set of sequences obtained from one vendor is listed in Table 1.
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2.3. Miscellaneous
Reagents

— Chimeric Probe
Probes  Step . %
+ Down FOIA
Total RNA Hybridization

!

Misimatch

Hybridize Peifect Match {‘

To
MagPlex

No Match

Mismatch

Digest Perfect Match
&
Detect ! | I

No Match

Fig. 1. Process of assay. For each chimeric probe intended to capture a given miRNA, a
total of three situations may occur: a perfect match (signal is desired), a mismatch (signal
is not desired), and the absence of the target miRNA (signal should not be generated). The
assay utilizes a step-down hybridization protocol and an enzymatic treatment to remove
mismatches and “no matches,” i.e., chimeric probes that do not capture an miRNA target
are removed by the RNase One treatment. This ensures that signal is only generated when
the correct target is hybridized to the chimeric probe and captured on the beads. Unwanted
reactions are absent or minimized by the step-down protocol which favors perfect
matches and the enzymatic treatment which removes the unwanted reactions.

These describe the commercial bead sequences from Luminex. It is
recommended that the user verifies sequence information on
commercial products prior to design of the assay, as these sequences
may change.

1. RNase ONE (Promega).

2. Stock streptavidin—phycoerythrin conjugate (SAPE) — can be
ordered from a vendor, such as Moss Substrates. About
1 mg/mL stock solution.

3. Buffer: A single buffer is used for both wash and hybridization
buffer. The composition is 10 mM Tris, 200 mM sodium
acetate, 5 mM EDTA, and 0.05% Tween 20 — adjust pH to 7.7.
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4.

2.4. Instruments 1.

and Supplies Required

[\

O 0 N N U R W

10.

Instrument capable of reading beads. There are several models
on the market. If the beads are purchased from a vendor, these
vendors usually have recommendations for the hardware.

. Samples to be tested. The sample should be “total RNA” — it

is NOT recommended to purify miRNA or “small RNA” as
most purification methods to purify only miRNAs may intro-
duce unwanted bias by selectively purifying some species over
others, and often have losses that may be universal or specific.
Total RNA has the advantage that the RNA is the ideal “carrier”
for the miRNA as it is chemically identical. Traditional meth-
ods, such as phenol/chloroform, may be used or alternatively
bind and elute methods that are known to purify total RNA
including short RNA, such as miRNA. Some older bind and
elute methods are not suitable as they do not recover miRNAs.
Please verify that you are using a suitable method.

PCR cycler for “step-down” hybridization protocol.

. Luminex instrument for reading of the assay (Luminex 100,

200 or similar flow cytometric reader) (see Note 6).

. 96-Well PCR plate non-skirted (ThermoFisher).
. 8-Well flat cap strips, product (ThermoFisher).

. 1.5-mL tubes for mixing of reagents.

. Pipette tips (barrier type highly recommended).
. Bath sonicator.

. Vortex mixer.

. Magnetic separation plate, such as Dynal MPC 96 S or Luminex

equivalent.

Plate shaker for microwell plates. The shaker should ideally
accommodate a PCR plate and be able to form a visible vortex
in each well.

3. Methods

3.1. Preparation 1.

Pick the number of zip-code-carrying beads equal to the
number of miRNAs to be measured. This selection can be
done by simply starting at the top of a table, such as Table 1,
and simply take the number needed for the assay (number
of beads =number of miRNAs).

. Order the biotinylated chimeric DNA/RNA probes from an

oligo vendor.

. Program PCR cycler as follows:

a. Start with temperature 90°C for 3 min.

b. Drop temperature to 80°C for 6 min.
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¢. Drop temperature 1°C every 6 min until 60°C is achieved,
i.e., steps are 80°C for 6 min, then 79°C for 6 min, 78°C
for 6 min, etc. until 60°C is reached.

Drop temperature to 37°C and HOLD until user intervention.
Keep temperature at 37°C for 30 min after user intervention.

Drop temperature to 30°C and HOLD for user intervention.

®w oo oa

Keep temperature at 30°C for 30 min.
h. END of profile.

. Create chimeric probe mix: Each incoming chimeric probe is

dissolved to 100 uM in water or TE for plexes up to 100. If
higher plex numbers are needed, the concentration should be
proportionally higher. The probes can be aliquoted and stored
frozen at this point (as concentrates). To create an equimolar
mix of chimeric probes, calculate the amount of total probe
mix needed (1.25 pL for each sample), and then calculate the
total volume needed to create a 1:100 dilution of each probe.
Example: A 5-plex miRNA profile is to be analyzed on 96 samples.
The total number of samples require 96x1.25 plLL.=120 pL
total probe mix needed. To ensure overage for pipetting, etc.,
a slightly higher number is recommended, such as 150 pL.
Since each of the chimeric probes are at 100 uM and need to
be diluted 1:100, each probe should be added at 1.5 pL. — the
combined probe addition into an empty tube is, thus,
6x1.5=9 pL. Addition of 141 pL hybridization buffer creates
150 pL of probe mix, where each of the chimeric probes is
present at 1 uM.

. Create bead mix: The incoming MagPlex-Tag bead solution

should be adjusted to 50,000 beads/puL (dilute with hybrid-
ization bufter as required). Since each region should contribute
1,000 beads per reaction and since 4 nLL bead mix is added to
the reaction, a mixture consisting of each region is created
as follows: Multiply the number of samples by 4 L. If
100 samples are to be tested, this would be 400 puL. Add about
20% overage for a total of 480 pL. Since each region should
be diluted 200-fold to achieve 1,000 beads per region, 2.4 pL
of each region should be added to an empty tube and the
volume made up to 480 pl. with hybridization buffer. This
achieves a mix, where 4 plL delivers 1,000 beads per region to
each well. Shortly before use, vortex and sonicate the pre-
pared bead mix for 10-15 s. At the 37°C HOLD, resuspend
the bead mixture by vortexing and add 4 pL to each well.

. Prepare sample: Adjust the sample total RNA to the desired

input amount — 250-500 ng per sample is recommended. A
volume of 2.5 pL is recommended. Example: If the sample
RNA concentration is 1 mg/mL, then combine 0.5 pL. RNA
with 2.0 pL of hybridization buffer to achieve 500 ng in the
2.5 pL recommended sample volume (see Note 7).
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3.2. Execution
of Assay (Workflow)

3.3. Detailed Protocol
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1.

Biotinylated chimeric probes and samples are mixed and a
step-down protocol which allows target miRNAs to hybridize
to capture probes (2 h, step-down thermal cycler).

. Bead hybridization: The probes with their cargo of miRNAs

hybridize to beads (30 min, 37°C).

. Enzyme treatment: Any excess probes and nontarget RNA are

digested (30 min, 30°C).

. Wash to remove excess nontarget RNA, etc. (15 min).

. SAPE incubation (signal generation on the biotin) (30 min,

ambient).

. Wash to remove excess SAPE.

. Read on instrument.

. Create the master mix in nuclease-free PCR strips (96-

well format) — with caps. Add the reagents in the order
shown (multiply by number of samples plus a few extra).

Hybridization buffer 17.25 pL.
Chimeric probe mix 1.25 pL.
Total volume 18.50 uL.

To obtain the total volume of master mix needed, multiply
the above number by the total number of samples. If a total of
ten samples (as an example) are to be tested, multiply these
numbers with 10 and add at least 20% overage, i.c., make a
total of 12x18.5 pLL master mix. This allows for the pipetting
losses. Mix the master mix well.

. Pipette 18.5 pL of the master mix into each well. Make sure

that the reagent is in the tip of the well, not the walls.

. Pipette 2.5 pL of the total RNA sample into the bottom of

each well. The RNA sample should be “total RNA” and should
contain 250-500 ng total amount of RNA in the 2.5 pL.

. Close PCR plate/tubes. Vortex for 5 s. Flick to remove

bubbles.

. Quick spin the PCR plate /tubes to ensure that all reagents are

at the bottom of the well. 1-2 s is appropriate.

. Place samples in thermal cycler programmed with the step-

down profile described earlier.

. At the 37°C HOLD step, pause the thermal cycler and add

4 pL of the bead mix to each well. Mix well by pipetting up
and down or remove the resealed plate, vortex for 10-15 s,
and quick spin for 1-2 s.

. Resume step-down program (37°C for 30 min).

. Enzyme digestion: 5 min prior to the completion of the step-

down program, prepare a 1:500 dilution of the stock enzyme
using the hybridization buffer as the diluent. At the 30°C
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10.

11.

12.

13.

14

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

HOLD, pause the thermal cycler and add 2.5 pL of the diluted
enzyme to each well while the plate remains in the cycler. It is
important that the enzyme is pipetted into the bottom of the
tube, not onto the walls.

Remove the plate briefly from the thermal cycler, and mix the
content well, followed by a brief'spin (1-2 s) to bring the entire
content down into the tip of the tube.

Return plate to the thermal cycler for the final step of 30°C for
30 min.

Five minutes prior to the end of the 30°C step, prepare a 1:500
dilution of the fluorescent reporter (SAPE). Calculate the
volume by using 75 pL per well with an average of about
10-20%. If ten samples are tested, make 12 x75 pL of reporter
solution.

Remove the reaction supernatant prior to the addition of SAPE
as follows: Place the plate on a magnetic separator. Let the
magnetic beads migrate for 2 min.

. With a multichannel pipette, remove the fluid gently from the

wells without disturbing the bead pellet.

Add 200 pL of wash buffer to each well and resuspend the
beads by pipetting up and down three or four times.

Return the plate to the magnetic separator and again allow the
microspheres to migrate and form a pellet (if you are using a
low plex number, the pellet may not be readily visible).

Again, remove the supernatant gently and carefully.

Add 75 pL of the diluted SAPE solution. Cap tubes and mix
by vortexing.

Place plate on a plate shaker able to form a vortex in each well.
Remove plate from plate shaker and place it on the magnetic
separator, allowing the microspheres to migrate for 2 min.
Remove the SAPE solution by pipetting carefully and gently
without disturbing the pellet.

Add 200 pL of wash buffer to each well and resuspend the
beads by pipetting up and down 3—4 times.

Return the plate to the magnetic separator and allow beads to
migrate, and remove the supernatant.

Repeat the above two steps.

Add 100 pL wash buffer for the final resuspension of the beads
into this volume. The beads should be totally suspended in this
volume by pipetting up and down 3—4 times.

Read the plate in the Luminex instrument which has been
adjusted for the type of plate. If you prefer, you may transfer
the 100 pL of bead suspension to a standard ELISA plate if
your instrument is set up for that type of plate.
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27. Read the assay on a LUMINEX reader (flow cytometry) which
has been set up for the regions of beads you have chosen. See
instrument instruction manual.

List of tag sequences that are available from Luminex can be
viewed on the Luminex Web site http://www.luminexcorp.com;
other sequences can be used, but the user must couple them to
beads. Such sequences are generally known as zip-code sequences.

4. Notes

1. A key element in the assay is the chimeric probes which have
one RNA sequence, which is a 100% complement to the
miRNA to be measured, and one DNA moiety, which is 100%
complementary to the zip-code sequence on the bead selected
for that particular miRNA. It is imperative that each probe is
designed for a specific miRNA as the inherent specificity of the
assay does not allow for mismatches in the design.

2. The probes must be chimeric, i.e., RNA-DNA chimers, since
the enzyme treatment that affords the specificity is single-
strand RNA specific.

3. Zip-code sequences: The zip-code sequences can be obtained
in a number of places, including commercially. One such source
is Luminex which is using the trademark xTAG for these
sequences. The length of zip codes is commonly 24 bases and
usually the sets of zip codes are “isothermal,” i.e., they have a
similar Tm to each other within the set. Zip-code sequences
are also known as universal array sequences. End users may
design their own sets as long as these are not cross-reacting.
Different designs of zip codes may require a different tempera-
ture profile for the hybridization steps.

4. Sensitivity: The lowest amount of an miRNA that gives a signal
is the definition of the assay sensitivity. This may be different
for each miRNA under measurement. This is often measured
as the lower limit of detection (LOD), and can be estimated by
measuring the “background” signal (in the absence of a
miRNA), and from that BG measurement establish the mean
plus 3 SDs which with great certainty is the signal that can be
differentiated from the background “noise.” In other words,
any signal above background mean plus 3 SDs is a true signal.
Anything less must be considered noise. This signal can then
be related to the amount of miRNA that generates such a
signal and that concentration is the LLD. The sensitivity of
an miRNA assay is easily measured by creating a dilution
series of miRNA and measuring the signal from each sample.
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This should always be done when setting up an assay for the
first time. Note that each miRNA in a multiplex has its own
sensitivity (limit of detection).

5. Specificity: The ability to measure a given miRNA in the pres-
ence of other related miRNAs. In particular, “families” of
miRNAs should be investigated, since these families may differ
only by a few or even a single base. Depending on the nature
of the assay, it may be better at differentiating differences in
the middle of the molecule, toward the ends, or even at the
very end. It is important for the researcher to understand the
inherent technology used in an assay and how this affects spec-
ificity. The assay demonstrated here utilizes a dual approach to
enhance specificity, a step-down hybridization protocol, and an
enzymatic treatment of the captured duplex to remove mis-
matches. The specificity obtained with the assay described here
is demonstrated in Fig. 2.

7000

1000

18a input 18b input

Fig. 2. Specificity of assay shown with miR18a and miR18b at the same time to establish
specificity of the assay. At 1 fmol input of each in a mixture of total RNA, the signals plotted
in the figure were obtained. At this input level which is in the dynamic range of the method,
there is less than about 10% cross hybridization. It is noteworthy that hybridization events
are not symmetrical, i.e., the fact that one miRNA gives slightly higher cross hybridization
to a different target than the inverse. In the case demonstrated here, miR18a has a cross
hybridization to the miR18b capture probe of less than 2%, whereas the inverse cross
hybridization, i.e., miR18b cross hybridizing to the miR18a capture probe, is about 10%.
At lower input amounts, the cross hybridization is much lower.
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6. Flow cytometric readers, such as the Luminex instrument, have

limits of plexing, often in the range of 100, i.e., no more than
100 miRNAs can be measured in a single panel on the most
popular Luminex instrument.

. Itis highly recommended that novice users first create a sample

with synthetic miRNAs added to a complex RNA sample. This
allows the user to become comfortable with the method and to
establish performance characteristics, such as LOD, CV values,
etc. These performance characteristics are dependent on the
reagents and instruments used. These synthetic miRNAs can
be chosen either as mimics of known biological RNAs or as
designed short RNAs that have no relationship to biological
material.
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Chapter 10

Microfluidic Primer Extension Assay

Markus Beier and Valesca Boisguérin

Abstract

MicroRNAs (miRNAs) are a new class of biomarkers. They represent a group of small, noncoding RNAs
that regulate gene expression at the posttranslational level by degrading or blocking translation of
messenger RNA (mRNA) targets. miRNAs are important players when it comes to regulating cellular
functions and in several diseases, including cancer (Cancer Res 66:7390-7394, 2006; Nature 435:834—
838, 2005). So far, miRNAs have been extensively studied in tissue material. Only recently, it was found
that miRNAs also exist in a broad range of body fluids (Clin Chem 56:1733-1741, 2010). A major chal-
lenge still is the efficient and specific detection of miRNAs. The short length of miRNAs, with only 17-27
base pairs, comes with technical difficulties for analysis. Furthermore, individual miRNAs, especially mem-
bers of a miRNA family (e.g., the let-7 family), show high sequence homology, with sequences differing
by as little as a single base pair. Although miRNAs are abundant in higher copy numbers compared to
mRNAs, miRNAs lack a common feature like a poly-A tail that eases detection in a complex background
of other RNA species. Besides qPCR, in situ hybridization, and next-generation sequencing, microarrays
are versatile tools for high-throughput analysis of already known miRNAs (PLoS One 12:¢9685, 2010;
Nat Genet 38:52-S7, 2006; Nature Methods 50:298-301, 2010). Different assay formats have been
proposed for expression analysis of miRNAs on microarrays, of which most employed prelabeled RNA
molecules. As a modification, the so-called RAKE assay was developed that combined the use of unlabeled
RNA with on-chip enzymatic labeling by exonuclease cleavage and polymerase primer extension (RNA
12:187-191, 2006; Nature Methods 1:155-161, 2004; Genome Res 16:1289-1298, 2006).

Here, we describe a simple method for detection of miRNAs based on a combination of stringent
hybridization and enzymatic primer extension on a microfluidic microarray starting from total RNA mate-
rial, without the need for enrichment, amplification, or labeling of the native RNA samples (N Biotechnol
25:142-149, 2008). This assay can be used with starting material as low as 30 ng of total RNA. We have
used this technique extensively for identifying specific sets of miRNAs (miRNA signatures) for diagnosis of
cancer and cardiovascular or inflammatory diseases from blood samples of patients (Br J Cancer 103:693—
700, 2010; BMC Cancer 9:353, 2009; PLoS One 4:¢7440, 2009; BMC Cancer 10:262, 2010; Basic Res
Cardiol 106(1):13-23, 2011).

Key words: microRNA, Biomarker, Microarray, Hybridization, Primer extension, Klenow
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1. Introduction

MicroRNA (miRNA) expression analysis is a powerful tool for
biomarker development. Today, biomarkers play a key role in early
diagnosis, risk stratification, and therapeutic management of vari-
ous diseases. Disease-specific expression of miRNAs has been
reported in many human cancers employing tissue material as the
primary miRNA source. In this context, miRNAs’ expression pro-
files were found to be useful in identifying the tissue of origin for
cancers of unknown primary origin (11). Various miRNA biomark-
ers found in tissue material have been proposed to be correlated
with certain diseases, e.g., cancer (1-2). However, there is still a
need for novel miRNAs as biomarkers for the detection and/or
prediction of cancer and other types of diseases. Especially desir-
able are noninvasive biomarkers that allow for quick, easy, and
cost-effective diagnosis/prognosis which cause only minimal stress
for the patient, eliminating the need for surgical intervention.

Since recently, it became clear that miRNAs are not only pres-
ent in tissues but also in various body fluid samples (e.g., serum,
plasma, tears, mother milk, sputum, urine), including human blood
(3,4-10, 12-15). Nevertheless, the mechanism why miRNAs are
found in body fluids, especially in blood, or their function in these
body fluids is not understood yet. The method described here (5)
allows for simple and efficient miRNA analysis starting directly
from total RNA. We have used the described method extensively
for identification of miRNA biomarkers that are differentially regu-
lated in blood samples between diseased (e.g., subjects suffering
from cancer) and healthy individuals.

2. Materials

2.1. Blood Collection
and RNA Extraction

2.2. Expression
Analysis Employing
Microfiluidic Primer
Extension Assay

1. PaxGene Blood RNA tubes (Beckton Dickinson), miRNeasy
Mini Kit (Qiagen, Germany), chloroform, ethanol.

2. Nanodrop 1000 (Fisher Scientific), Bioanalyzer 2100 (Agilent),
RNA 6000 Pico and Nano Kit (Agilent).

1. Hybridization buffer: 20x SSPE buffer concentrate, forma-
mide, 100x TE bufter, BSA, Tween-20, DEPC water. Mix
66 pL of SSPE (20x), 22 pL. of formamide, 22 pl. of TE buffer
(1x), 4.4 pL of BSA (50 mg/mL), 2.2 pL. of Tween-20 (1%),
and 103.4 pLL of dd water.

2. Stringent washing buffer (0.5x SSPE): 20x SSPE buffer
concentrate, DEPC water. Mix 25 mL of 20x SSPE with
975 mL of ultrapure water.
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. Nonstringent washing buffer (6x SSPE): 20x SSPE buffer

concentrate, DEPC water. Mix 300 mL of 20x SSPE with
700 mL of ultrapure water.

. Streptavidin—phycoerythrin (SAPE) solution: 6x SSPE buffer

concentrate, SAPE, BSA. Add 44 pL of SAPE (1 mg/mL) to
a solution of 9,000 pL of SSPE (6x) and 360 puL. BSA (50 mg/
mL). Mix 1,750 pL of stain buffer (2x), 140 pLL BSA (50 mg/
mL), 35 pL goat IgG solution (10 mg/mL), 21 pL biotiny-
lated anti-streptavidin antibody solution; mix well by
inverting.

. 12x MES buffer: MES-free acid monohydrate, MES sodium

salt. Dissolve 64.61 MES-free acid monohydrate and 193.3
MES sodium salt in 1,000 mL of dd water. Adjust pH to 6.5—
6.7 and filter through 0.2-pum filter. Mix by inverting, and
store at 4°C; protect from light.

. Antibody solution: MES hydrate, MES sodium salt, NaCl,

Tween-20, BSA, goat IgG, biotinylated anti-streptavidin anti-
body, DEPC water. Mix 41.7 mL of MES buffer (12x),
92.5 mL of NaCl (5 M), 25 mL of Tween-20 (1%), and
90.8 mL of dd water.

. Prepare stain buffer (2x): Mix41.7 mL of MES buffer (12x),

92.5 mL of NaCl (5 M), 25 mL Tween-20 (1%), 90.8 mL
dd water; store at 4°C. Prepare goat IgG solution (10 mg/
mL): Dilute the goat IgG from manufacturer with 5 mL

NaCl (150 mM); mix by inverting; store away aliquots of
37 uL at 4°C.

. Prepare biotinylated anti-streptavidin antibody solution

(0.5 mg/mL): Dilute the biotinylated anti-streptavidin anti-
body with 1 mL of dd water; mix by inverting; store away ali-
quots of 22 ul. at -20°C.

. Equilibration solution: 10x NEBuffer 2, DEPC water. Mix

160 pL of 10x NEBuffer 2 with 1,440 uLL of DEPC water to
obtain 1,600 pL. of 1x NEBuffer 2. Pipette 200 pL. of 1x
NEBuffer 2 into each of eight 1.5-mL Eppendorf tubes.

Primer extension mix (enzymatic elongation and labeling solu-
tion): 10x NEBuffer 2, DEPC water, Biotin-11-dATP, Klenow
exo- (50,000 U/mL). Mix 44 uL. of NEBuffer 2 (10x), 44 pL
of Biotin-11-dATP (40 uM), 2.9 uL Klenow exo- (50,000 U/mL),
and 349.1 pL dd water. Ensure that all components have been
mixed by pipetting up and down. Pipette 50 pL of primer
extension mix into eight 1.5-mL Eppendorf tubes and store on
ice until the “equilibration program” is finished. Prepare the
stop solution. Pipette 200 puL of SSPE (6x) in each of eight
1.5-mL tubes.
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3. Methods

The microfluidic primer extension assay described here (5) (see
Fig. 1) makes use of total RNA as starting material. There is no
need for enrichment of the small RNA fraction out of the complex
pool of different RNA species (e.g., mRNA, tRNA, rRNA) con-
tained in total RNA. No amplification step is required that may
introduce bias to the miRNA expression levels. Furthermore, the
total RNA is directly employed for hybridization to a microfluidic
microarray without prior labeling. This reduces cost and time and
adds significant sensitivity to the assay since potential background
signals arising from nonspecific hybridization are reduced.

The microfluidic microarrays employed here are fabricated in a
microfluidic structure by light-directed in situ synthesis (16). The
DNA probes are chemically grown in a high parallel fashion on the
solid support, anchoring the probes with the 3’-end to the sup-
port. One microstructure contains eight microfluidic microarrays
with 15,000 probes each. Each microfluidic microarray comprises
a channel-like structure with seven meanders (see Fig. 2). The
DNA probes on the microfluidic microarrays are complementary
to all known miRNAs, as annotated in the miRBase (17, 18) at the
Sanger Institute (www.mirbase.org). Each miRNA is represented
by 11 replicates within the microfluidic microarray. The part of the
DNA probe that is complementary to miRNAs (M-element in
Fig. 1) is attached to the solid surface. On the 5-end of the
M-element, the probes extend to the so-called elongation element

3° Klenow,
bio-dATP

(1)
—

5

solid
support

Fig. 1. Microfluidic primer extension assay (MPEA): The solid support-bound probes con-
tain a first sequence stretch complementary to known microRNAs (M-element) and an
elongation sequence (EL element) that contains preferably five thymidine nucleotides. (I)
stringent hybridization with total RNA to the M-element of the probe; (Il) the DNA—microRNA
duplex is reacted with Klenow polymerase and biotin-dATP; (ll) primer extension using the
bound microRNA as primer and the EL element as template, thereby extending the
microRNA and simultaneously incorporating labels by use of biotin-labeled dATP; (IV) sub-
sequent staining and detection.
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Fig. 2. Instrumentation for running the microfluidic primer extension assay: (a) Geniom RT
Analyzer instrument, (b) biochip cartridge, (c) microfluidic biochip containing eight micro-
fluidic microarrays.

(EL element). This element comprises a homomeric nucleotide
stretch (e.g., 5 thymidine units) that is not complementary to
miRNA sequences, but represents the template for a Klenow poly-
merase-based primer extension reaction to elongate miRNA mole-
cules that previously were bound to the microfluidic microarray by
stringent hybridization.

In a first step, the total RNA is hybridized under stringent
condition to the miRNA element (M-element) of the probes on
the microfluidic microarray (see Fig. 1). By applying stringent buf-
fers together with elevated temperatures, it is assured that a high
fraction of perfect-matched sequences bind to the support-bound
DNA probes. These conditions allow for high-specificity recogni-
tion of targets, especially at the central position of the probe.
Afterward, unbound and nonspecific RNA molecules are washed
away from the microarray. The duplexes bound to the microfluidic
microarray are DNA-RNA chimeras with the 3’-end of the miR-
NAs pointing toward the elongation element of the DNA probe.
In the next step, a template-oriented primer extension reaction is
carried out, employing the support-bound miRNA molecules as
primers and the elongation element as template. By using the
Klenow polymerase together with biotin-labeled triphosphate-
nucleotides, not only the miRNA primers are elongated, but simul-
taneously biotin labels are incorporated into the support-bound
miRNAs. These biotin moieties can be stained via the SAPE system
in the subsequent detection steps.

Altogether, the described procedure comprises two consecu-
tive specificity steps, namely, a first stringent hybridization step
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3.1. Collection and
Extraction of Total
RNA from Blood
Samples

with a high discrimination power at the central position of the
miRNA and a second primer extension step that ensures high dis-
crimination at the terminal 3’-end of the miRNA by use of a
polymerase.

In the following, we provide a protocol that allows for identi-
fication of diagnostic relevant miRNAs starting from whole blood
as the source of total RNA.

Blood was drawn in PAXgene™ Blood RNA Tubes that contain a
proprietary reagent composition based on a patented RNA stabili-
zation technology that stabilizes intracellular RNA. By that, ex
vivo changes of expression profiles are avoided. The RNA can be
stabilized by PAXgene™ system for 3 days at 18-25°C, for 5 days
at 2-8°C, and over a longer period (at least 6 months) at -20°C to
70°C. The PAXgene™ tubes contain 6.9 mL of RNA-stabilizing
solution and are suitable for the sampling of 2.5-mL blood per
tube and patient.

1. Collect 2.5 mL of blood directly into a PAXgene tube.

2. Shake tube well.

3. Store away at 4°C overnight or at —20°C for a period of several
days before proceeding to RNA isolation.
For extraction of total RNA from blood collected in PAXgene

tubes, we employ the miRNeasy Mini Kit (Qiagen).

1. When frozen, equilibrate the PAXgene tube for at least 2 h at

room temperature.

2. Pellet the blood cell fraction by centrifugation at 5,000 x 4 for
10 min at room temperature.

3. Resuspend the pellet in 10 mL RNase-free water and centri-
fuge again (5,000 x g, 10 min, room temperature).

4. Resuspend the pelletin 700 pL of QIAzol lysis reagent employ-
ing the miRNeasy mini Kit (Qiagen) and incubate for 5 min at
room temperature.

5. Add 140 uL of chloroform, vortex for 15 s, and incubate for
2-3 min at room temperature.

6. Centrifuge for 15 min with 10,000 x g4 at room temperature.

7. Remove the upper aqueous phase containing the RNA fraction
and mix it with 1.5 volumes of absolute ethanol to precipitate
the RNA.

8. Make aliquots of 700 pL each and place each aliquot on a
single column provided with the miRNeasy Kit.

9. Centrifuge for 15 s at 10,000 x4 at room temperature. Discard
the flow through.

10. Add 700 pL of RWT buffer to each column and centrifuge for 15 s
at 10,000 x g at room temperature. Discard the flow through.
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11. Add 500 pL of RPE bufter to each column and centrifuge for
2 min at 10,000 xg at room temperature. Discard the flow
through.

12. Dry the columns by centrifugation at 10,000 x g for 1 min.

13. Elute the total RNA by adding 40 uL of RNase-free water to
each of the columns and centrifugation at 10,000 x 4 for 1 min
at room temperature.

14. Store the total RNA at -70°C until use.

Due to the omnipresence of RNases and the instability of RNA,
integrity checks and sample quantitation are essential steps before
any RNA-dependent application.

1. Check the RNA concentration using the Nanodrop ND-1000
photometer (see Nanodrop manufacturers’ instructions).

2. Depending on the RNA concentration, use either the Agilent
RNA 6000 Nano Kit (for concentration: 5-500 ng/ulL) or
the Agilent RNA 6000 Pico Kit (for concentration:
50-5,000 pg/uL).

3. Employ the Agilent 2100 Bioanalyzer instrument for measur-
ing the RNA integrity number (RIN) of the total RNA. Follow
the manufacturer’s protocol for handling the Agilent 2100
Bioanalyzer instrument (see Note 1).

4. Any sample with an RIN below 7 has failed the QC. Continue
only with samples that have passed the QC.

Total RNA samples were analyzed with the Geniom RT Analyzer
instrumentation (febit group, Germany) using the Geniom Biochip
miRNA Homo sapiens. Each biochip contains eight microfluidic
microarrays for analyzing eight samples in parallel. The following
protocol is set up for processing eight miRNA analyses in parallel
on one biochip.

1. Carefully resuspend 300 ng of total RNA in 25 pL of hybrid-
ization buffer (see Note 2).

2. Denature the RNA sample for 3 min at 95 C, place the sample
immediately on ice, centrifuge to collect little droplets from
the lids of the tubes, and keep on ice until start of the
hybridization.

3. Loading of the Geniom RT Analyzer instrument with
reagents:

(a) Make sure that the following solutions have been loaded
to the instrument.

(b) Stringent washing buffer (0.5x SSPE, 1,000 mL)
(c) Nonstringent washing buffer (6x SSPE, 1,000 mL)
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3.3.2. Detection

4.

10.

11.

12.

Place eight total RNA samples, each resuspended in 25 pLL of
hybridization bufter within 1.5-mL Eppendort tubes, into the
sample rack and start the program for automatic loading of the
eight samples to each of the eight microfluidic microarrays.

. On the Geniom RT Analyzer, start the “stringent hybridiza-

tion program.”

. The stringent hybridization is carried out at 42°C for 14 h

with the sample being agitated by forward and backward
pumping. After hybridization, the microarray is washed with
stringent hybridization buffer (0.5x SSPE) at 45°C, followed
by a nonstringent washing step (6x SSPE) at 25°C.

. Pipette 50 pl. of primer extension mix into eight 1.5-mL

Eppendorf tubes and store on ice until the “equilibration pro-
gram” is finished.

. Pipette 200 pL of SSPE (6x) in each of eight 1.5-mL tubes.
. Loading of the Geniom RT Analyzer instrument with reagents:

— Nonstringent washing buffer (6x SSPE, 1,000 mL)

— SAPE solution (9 mL)

— Antibody solution (3.5 mL) (see Note 3)

Equilibrate the microarray for primer extension.

— To prepare the microarray for the primer extension reac-
tion, the nonstringent washing buffer, which remains in
the microarrays after the “stringent hybridization of total
RNA” is finished, is replaced.

— Place the eight tubes containing the equilibration buffer
into the sample rack of the Geniom RT Analyzer instru-
ment and start the “equilibration program” (see Note 4).

Running the primer extension reaction:
— Place the eight tubes with primer extension mix (see Note

5) into the sample rack of the Geniom RT Analyzer instru-
ment and start the “primer extension program.”

— The primer extension is carried out at 37°C for 30 min
with the solution not being agitated.

Stopping the primer extension reaction:

—  While the primer extension reaction is running, replace the
eight tubes of the sample rack that contained the primer
extension mix with the eight tubes containing the stop
solution.

. After the primer extension reaction, the Geniom RT Analyzer

automatically starts the staining and detection procedures. All
reagents required have been already loaded to the instrument
before.
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. The instrument automatically runs a first incubation of the

microarrays for 15 min at 25°C with SAPE conjugate, followed
by nonstringent washing at 25°C. The CCD detection module
of the Geniom RT Analyzer acquires a first detection image.

. When using the Agilent Bioanalyzer: Do not leave any wells

empty otherwise the chip does not run properly. Add 6 pL
of the RNA marker (green lid) to each unused sample well.

. Do not include any genomic DNA into the primer extension

reaction since this causes unspecific elongation and high back-

. Discard any thawed antibody solutions.

4. After having finished the equilibration reaction, proceed as

soon as possible with the primer extension reaction and detec-
tion/staining, as the microarrays should not be left dry too

. Make sure that the Klenow enzyme employed is the exo™ ver-

sion; otherwise, the probes might be partially degraded.

4. Notes
ground signals.
long.
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Chapter 11

MicroRNA Profiling Using pParaflo Microfluidic
Array Technology

Xiaochuan Zhou, Qi Zhu, Christoph Eicken, Nijing Sheng,
Xiaolin Zhang, Litao Yang, and Xiaolian Gao

Abstract

The diverse functions of microRNA (miRNA) molecules have drawn broad and intensive interest in various
biological fields, biomedical applications, and technology development. Which are endogeneous cellular
short RNA molecules found in the cytoplasm as well as in various serum fluids. miRNAs are transcriptional
and translational regulatory molecules active in cell division, growth, and apoptosis (1). Dysregulated
expression of miRNAs has been implicated in various disease states and has been tested as biomarker can-
didates (2—4). miRNAs are endogeneous cellular short RNA molecules found in the cytoplasm as well as
in various serum fluids. miRNAs are transcriptional and translational regulatory molecules active in cell
division, growth, and apoptosis (Bartel, Cell 116:281-97,2004). Dysregulated expression of miRNAs has
been implicated in various disease states and has been tested as biomarker candidates (He et al., Nature
435:828-833, 2005; Lu et al., Nature 435:834-838, 2005; O’Donnell, et al., Nature 435:839-843,
2005). In this chapter, we describe the methods using pParaflo® microfluidic oligonucleotide microarray
technology for applications in miRNA profiling. One unique feature of this technology is the flexibility
that provides users with the freedom to select sequence content either for focused studies wherein only the
most relevant sequences are included or for discovery studies wherein the most updated sequence content
such as those newly derived from deep sequencing. This chapter provides detailed information from exper-
imental design to sample preparation, as well as data analysis for a miRNA array experiment.

Key words: MicroRNA profiling, miRNA detection, Oligonucleotide microarray, Microfluidics,
Microfluidic biochip, Photogenerated acid, Parallel synthesis, Digital photolithography

1. Introduction

In the last decade, in the wake of rapid accumulation of abundant
genomic information, there has been an increasing need for minia-
turized biological assay systems for inexpensive high-throughput
experiments requiring minimal sample input. The emergence of
deep sequencing technology (or Next Generation Sequencing

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_11, © Springer Science+Business Media, LLC 2012
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(NGS)) in recent years has led to an unprecedentedly rapid growth
of sequence content information for array-based profiling studies.
Today’s array technology must be simple to use, flexible for implement-
ing custom content, and high quality in terms of data uniformity
and sequence specificity so as to meet diverse requirements in the
biological, biomedical, and clinical research fields as well as other
applications.

In this chapter, we describe the application of pParaflo® micro-
fluidic microarray (array) chips for expression profile analysis of
microRNAs (miRNAs) (13,27, 31). pParaflo® microfluidic technology
encompasses a novel high-throughput biopolymer synthesis chem-
istry carried out using a new class of microfluidic reaction devices
and an advanced digital light synthesizer apparatus and is devel-
oped for carrying out picoliter scale chemical and/or biochemical
reactions. Figure 1 shows images of pParaflo® microfluidic chips
and the associated internal fluidic structures. The functionalized
pParaflo® chips are particularly suited for applications where
small sample consumption, contamination-free, and performance-
reproducibility are primary concerns. This technology enables
massively parallel synthesis of high-quality DNA and RNA oligonu-
cleotides as well as peptides and peptidomimetics in picoliter-scale
reaction chambers inside pParaflo® chips. Addressable arrays are
now widely accepted as efficient assay forms for analyzing nucleic
acids and proteins (5-12). A critical component of an array platform
is the content, i.e., the molecules, such as oligonucleotides or peptides,
immobilized on the surface for specific detection or identification
of analytes. In the last decade, various technologies have been devel-
oped for creating such arrays. Among these, in situ synthesis tech-
nologies have been particularly successtul for the preparation of DNA
oligonucleotides (13-27) and peptide arrays (14, 28-39), which

Fig. 1. Images of pParaflo® microfluidic chips. (a) 4K chip contains 128 x 31 =3,968 reaction chambers (each chamber
appears as one spot in an array image). (b) 30K chip contains 6 x 162 x 31 =30,132 reaction chambers. Each chip contains
six subarrays which can either be used separately to assay six individual samples with each assay containing 5,022 detection
probes or be combined to assay one sample containing 30,132 detection probes. (c) A SEM (scanning electron microcope)
image shows the fluidic structures inside a microfluidic chip.
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are now the major tools for genome-scale analysis of nucleic acids
and proteins. In situ synthesis methods are capable of simultaneously
synthesizing thousands or more biopolymer sequences directly on
well-controlled substrate surfaces. Several chemistries have been
developed for the synthesis. One major difference is in the use of
conventional chemistry (13, 16, 21, 25, 28, 31) versus specialized
chemistry involving photolabile group protected monomer building
blocks (14, 19, 34). Compared to the specialized chemistry, the
conventional chemistry has the advantage of higher step-wise
synthesis yield, wide range of off-shelf synthesis monomer
compounds including varieties of modified nucleotides, and lower
material cost. Flexible in situ synthesis methods have the added
advantage of making arrays of different sequence designs with no
need for hardware changes, therefore, significantly lowering the
cost of custom arrays. By comparison, a spotting-based array making
method requires presynthesis of large numbers of oligos or other
probe sequences and suffers from spotting tip, surface quality,
and environmental variation. The method is often time and cost
prohibitive for exploratory research projects and tends to produce
arrays of variable quality. This chapter focuses on the use of
pParaflo® microfluidic chips for miRNA profiling applications. The
chips are made by a flexible, in situ synthesis method using conven-
tional chemistry.

2. Materials

In the following method and protocol descriptions, unless specifically
noted, pParaflo® 4K chips (LC Sciences) are used. These chips
contain 3,968 isolated reaction sites in a 1.4-cm? area and the total
internal volume of the chip is 9.6 pL. For other chip formats, such
as 30K or larger chips, the protocols may be used with appropriate
adjustments.

1. Oligonucleotide arrays containing probes of 16-25 nt long,
designed for detecting mature human and/or other species
miRNA sequences (miRBase database (40)), and as an option,
customized sequences, such as those unique to the pre-miRNAs,
deep sequencing detected small RNAs, and predicted sequences,
are also present in the array. The arrays also contain control
probes for chip quality analysis, detection of spike-in RNA sequences,
and internal positive controls. Standard internal positive controls
include 5-6 probes targeted to different regions of 58 ribo-
somal RNA of the corresponding species. Most probes are
repeated three times or more. The probes are synthesized using
natural DNA and modified nucleotide residues for producing
enhanced sensitivity and specificity in miRNA detection.
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2.
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12.

13.

14.

Total RNA sample: 0.5 pg per assay without fractionation or
5 g per assay with fractionation. The total RNA sample must
be prepared by a procedure or a kit specifically developed
for miRNA and/or small RNA studies. When multiple samples
are involved in a differential expression study, all samples
must be prepared using the same procedure. Each sample must
pass quality control: UV absorption 260:280 ratio>2.0, UV
absorption 260:230 ratio> 1.8, Bioanalyzer (Agilent) RIN>8 for
eukaryotic samples (see Subheading 3.2 for details on RIN).

. Genepix™ 4000B microarray scanner (Molecular Devices/Axon).
. Fluid Station (LC Sciences).

. Chip adapter for liquid circulation (LC Sciences).

. Chip adapter for image scanning (LC Sciences).

. Water: filtered water (US Filter, Purelab Plus or Milli-Q,

Millipore).

. Nuclease-free water (Ambion).
. T4 RNA ligation reaction buffer (Promega).
10.

Hybridization buffer: 6x SSPE, 25% formamide, pH 6.8 (LC
Sciences).

Blocking bufter: 6x SPPE, 25% formamide, 0.01% BSA, pH
6.8 (LC Sciences).

Stripping buffer: 0.01x SSPE, 50% formamide, 0.5% SDS (LC
Sciences).

Wash buffer: 1:1 hybridization solution and water, 0.2% SDS
(LC Sciences).

Spike-in control (synthetic) RNA mixes I, IT, and III (LC Sciences).
Spike-in control RNA mix II contains 11 sequences of different
concentrations ranging across 4 orders of magnitude.

Other materials are used in specific methods and are described

in the following corresponding sections.

3. Methods

The discovery of miRNA as transcriptional and translational regula-
tors is an important event in recent years. miRNAs are small, non-
coding RNA sequences recently found across various organisms and
species (40). MiRNAs are generated from pre-miRNA by endoge-
nous processing enzymes, such as DROSHA, DICER, and DGCRS
in human. The length of pre-miRNA known thus far is mostly ~70
residues or longer and that of its product, mature miRNA, is 17-26
residues (40). Although miRNAs have only recently appeared in
the literature (41, 42), the ubiquitous existence of this family of
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molecules has been established in many eukaryotic species and
miRNA expression can be associated with cell development, tum-
origesis, and a growing list of important cellular activities. It is
therefore of great interest to understand the expression of miRNA
associated with different cell- or tissue-types and at different cell
states or disease stages. As of January 2011, miRBase (a comprehen-
sive database of miRNAs (40)) contains 15,172 entries of miRNA
from living species including 1,048 entries of miRNA from humans.

Microarrays have proven to be powerful tools for the rapid
profiling and analysis of a large number of RNA transcripts.
However, array applications for miRNA (pri-miRNA, pre-miRNA,
and mature-miRNA) profiling and analysis are not straightforward
extensions of those of mRNA expression profiling. A few unique
properties are associated with miRNA detection: (a) mature miRNAs
do not have a 3'-poly-A (polyadenylated) tail; (b) mature miRNAs are
short (~20 residues) and therefore limited sequence choices are
available for hybridization probe designs; (c) terminal isoforms are
present in most mature miRNA sequences at both 3" and 5’ ends
while variations at the 3’ end are generally larger (43, 44); (d) in
developed cells, many mature miRNAs have relatively large copy
numbers as compared to average mRNAs, while together mature
miRNAs represent a small weight percentage (less than 0.01%) of
total RNA mass. As a result, these small RNA molecules cannot be
labeled and/or amplified using oligothymine-based reverse tran-
scription and dye-NTP (or modified NTP) incorporation as com-
monly used for mRNA detection. Detection probes on the chip
cannot be optimized as in the case of probe design for mRNA
detection, where probes of different sequences and variant lengths
can be selected from the target mRNA for optimal hybridization.
The recent reorganization of mature miRNAs end variation as
revealed by deep sequencing data has led to a rethinking regarding
using end-specific probe designs and assay strategies as in some
applications (46, 57). The relatively large copy numbers of individual
miRNAs make it possible to use direct labeling detection (without
transcript amplification) for most applications.

A number of oligonucleotide array-based miRNA profiling
methods have been reported (45-57). In general, the miRNA pro-
filing steps consist of (a) experimental design, (b) array and/or
probe selection, (¢) total RNA extraction, (d) sample quality analy-
sis and control, (e) fractionation of small RNA from total RNA,
(f) labeling, (g) hybridization, and (h) data acquisition and analy-
sis. Some of these steps may be altered and /or removed depending
on specific applications which will be described in detail in the follow-
ing sections. Validation of array results is an important part of pos-
tarray miRNA profiling studies. The most commonly used
validation methods include real-time PCR and Northern blot
hybridization. Readers should refer to the relevant literature for
details (58, 59).
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3.1. Experimental
Design

An effective as well as efficient experimental design is important for
deriving statistically sound conclusions from miRNA array profiling
data at a minimal cost. An experimental design aims to determine
how many biologically categorized groups of samples will be used
in a project, how many biological replicate samples will be included
in each group, how many technical replicates will be used for each
sample, and whether single sample or dual sample array assays will
be used. Design rules are made based on the understanding of data
analysis of differential expression and the ranking of the various
sources of experimental variation. In a differential expression study
involving two sample groups, statistical significance is determined
by comparing the average expression level difference between the
two groups to the expression level variation within the two groups.
The degree of significance of a specific miRNA sequence can be
mathematically assessed in a T-test using the 7 function

(1)

where S, and §, are the average values of groups A and B; 04
and o, are the standard deviations of groups A and B; #z, and #,
are the number of samples in groups A and B. The higher the T’
function value, the higher the probability of groups A and B being
statistically different. A corresponding p-value may be derived
using a #-distribution table (available through computer programs,
e.g. Rand Excel). Equation 1 reveals two mathematical facts. First,
a statistical test can be performed only when each group contains
two or more samples. Second, accurate assessments of standard
deviations among samples within each group are as important as an
assessment of differences between the groups. While the first fact is
obvious, the second fact is not fully recognized by many biological
experimentalists.

The standard deviations in Eq. 1 reflect the cumulative result
of the various sources of experimental variation, which are generally
ranked as following;:

Biological variation among biological replicates

\%

Run-to-run variation due to RNA extraction >

Labeling dye induced variation or bias >
Run-to-run variation due to sample labeling >
Chip-to-chip variation due to chip fabrication =
Chip-to-chip variation due to hybridization >

Spot-to-spot variation within a chip

This ranking is valid for assays using in situ synthesized array
chips (e.g., the ones from LC Sciences). Biological variation among
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biological replicates of various types of samples is generally ranked
as following:

human samples>lab animal samples > cell lines

Based on the above experimental variation rankings and the
analysis of large number of experimental data (not presented here),
we suggest the following rules as general guidance for experimental
designs.

1. Biological replicates versus technical replicates

For most applications biological replicates are used and techni-
cal replicates are not needed. Biological replicates are defined
as samples derived from specimens of individual human or ani-
mal subjects or individual cell line growth batches of the same
testing group. Technical replicates are defined as samples origi-
nated from a single biological specimen but are separately pro-
cessed at a certain step of the assay process. In the case where
in situ synthesized array chips are used, assay-induced variation
is generally less than biological-replicate variation. The use of
technical replicates alone will not be able to assess the biological
variation within the same groups, will underestimate the standard
deviation (0, and 05) in Eq. 1, and therefore lead to false-
positive calls.

2. Number of samples per group
e  Human: 10 or more
e Lab animal: 3 or more
e Cell line: 3

3. Pooling samples

Pooling samples before performing an array assay has been used
by some scientists to reduce array assay costs while used by oth-
ers to supplement limited sample inputs. When samples are
pooled, critical information on sample-to-sample variation (C4
and o, in Eq. 1) within the same groups is lost and therefore
identification of biologically significant differentially expressed
miRNAs may no longer be possible. Therefore, in general, the
use of pooled samples is not recommended. However, if pooled
samples have to be used due to limited sample amounts from
individual specimens, the number of samples in each pool
should be minimized, pooled specimens should be selected
among closely related biological specimens, and multiple pools
should be used as substitutes for biological replicates.

4. Single-sample versus dual-sample assays
In single-sample assays, all samples are labeled with the same
dye and each labeled sample is hybridized to one chip (or to
one subarray of a chip). In a dual-sample assay, one sample is
labeled with Cy3 (or Alexa Fluor 546, Oyster-550, or any
other equivalent dye); the other sample is labeled with Cy5 (or
Alexa Fluor 647, Opyster-650, or any other equivalent dye);
and the two samples are combined and co-hybridized to one
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3.2. Probe Content
Selection

chip (or to one sub-array of a chip). The main advantage of
the single-sample assay is the absence of dye-related bias. The
method is good for all applications.

The dual-sample assay has the advantage of lower per-sample
cost as compared to that of the single-sample assay. During the
early days of microarray development, when chip-to-chip consistency
was an issue, dual-sample assay was touted as a preferred method
for differential expression studies since the method cancels chip-to-chip
variation between two co-hybridized samples. However, the devel-
opment of in situ array synthesis processes has significantly improved
chip qualities to the extent that chip-to-chip variation is now less
than experimental variation from sample preparation and labeling
steps. Dual sample assays should be selected only when large numbers
of samples are involved in each testing group and assay cost is the
determining factor in the assay method selection.

A good dual sample design should have half of the members of
each group labeled with Cy3 and the other half labeled with Cy5.
This is called dye swap, which makes it possible to cancel dye biases
by combining signal data from the same group. Sample pairing
for hybridization may be done between two different groups or
within the same group. Intergroup pairing will produce array ratio
images directly revealing differences between two corresponding
groups (see Subheading 3.8) and is more commonly used. However,
for the purpose of canceling dye biases the two pairing strategies
serve equally well. Tables 1 and 2 list two example pairing designs
for a 12-sample experiment involving three testing groups of untreated
(A1-A4), treated at dosage 1 (B1-B4), and treated at dosage 2
(C1-C4).

pParaflo® technology, with its flexible (or programmable) in situ
synthesis process, removes technical as well as cost barriers in probe
content selection. The following list provides several commonly
used methods for selecting biological content.

1. Using standard arrays as provided by LC Sciences. MiRNA
content of these arrays is selected from miRBase database (40).
Currently, 33 standard arrays are listed at http: //www.lcsciences.
com, including 15 covering single species and 18 covering
multiple species. Multiple species arrays are useful when miRNA
sequence information of the study subject is not complete or
not even available. Standard arrays are mostly used by medical
researchers who want to focus their studies to validated and/
or annotated miRNA sequences.

2. Adding custom sequences to standard arrays. Many researchers
collect sequences from the most updated literature, computa-
tional predictions, and/or sequencing experiments and add
them as custom sequences to standard arrays of the corresponding
species. The custom sequences are not limited to miRNAs.
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Table 1
Intergroup pairing

Untreated (A) Dosage 1 (B) Dosage 2 (C)
Chip 1 Al-Cy3 B1-Cy5
Chip 2 A2-Cy5 B2-Cy3
Chip 3 B3-Cy5 C1-Cy3
Chip 4 B4-Cy3 C2-Cy5
Chip 5 A3-Cy5 C3-Cy3
Chip 6 A4-Cy3 C4-Cy5

Table 2
Intragroup pairing

Untreated (A) Dosage 1 (B) Dosage 2 (C)

Chipl Al-Cy3 A2-Cy5
Chip2 A3-Cy5 A4-Cy3

Chip 3 B1-Cy5 B2-Cy3
Chip 4 B4-Cy3 B3-Cy5
Chip 5 Cl-Cy3 C2-Cy5
Chip 6 C4-Cy5 C3-Cy3

For example, piRNAs, snoRNAs, tRNAs, and other small
RNAs have been incorporated (60). This approach is very useful
for discovery studies.

3. Usingdeep sequencing results for array content. Deep sequen-
cing vields result that cover genome-wide miRNAs without
the need for any prior sequence knowledge. However, it costs
substantially more and takes a longer time to complete than a
corresponding array assay. More importantly, its sample prepa-
ration involves significantly more steps than the array assay and
therefore results in additional profiling distortion (61, 62).
Integration of the two complementary technologies makes a
comprehensive, effective as well as efficient tool for performing
profiling studies on large number of samples without worrying
about missing any sequencing information. For most applica-
tions, sequencing data are produced in a single sequencing run
(e.g., using one lane on Illumina GAIIx Genome Analyzer)
using a pooled sample combining all representative sample
types involved in a corresponding project. Sequencing data are
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3.3. RNA Extraction

3.4. RNA Sample
Quality Control

analyzed and array probe sequences are produced through
Seq-Array*™ software pipeline (LC Sciences).

In addition to the aforementioned biological content, an array
also contains control probes for chip quality analysis, spike-in
controls, internal positive controls, and sometimes negative con-
trols as well. More than 12 spike-in controls are used in each assay.
Corresponding perfect matched and single-base mismatched
detection probes are implemented for hybridization specificity
assessment. Standard internal positive controls include 5-6 probes
targeting different regions of the 5S ribosomal RNA of the corre-
sponding species. Most probes are repeated three times or more.
Synthesized probes consist of natural DNA and modified nucleotide
residues to produce uniform binding coefficients across all probes
including short and /or GC-poor sequences.

Total RNA samples are prepared using total RNA extraction kits
that are specifically designed for retaining small RNAs. Commercial
kits include miRNeasy from Qiagen, miRVana from Ambion, Total
RNA Purification Kit from Norgen Biotek, etc. For most applications,
small RNA enrichment during total RNA extraction is not recom-
mended. If needed, a separate small RNA fractionation process is
added in a latter step (see Subheading 3.5).

As mentioned in Subheading 3.1, run-to-run variation due to
total RNA extraction ranks high among all sources of experimental
variation. Use care to maintain consistency across all samples for each
project. For example, use only one type of extraction kit for all the
samples in one project, use exactly the same extraction conditions
for all samples, and if possible have the same person perform the
extractions on all samples.

Many laboratories have obtained excellent results from total
RNA samples extracted using TRIzol-based methods. However,
skill, experience, and sometime sample types may become critical
factors in obtaining consistently good sample quality. The conven-
tional TRIzol method involves isopropanol precipitation at room
temperature. This step needs to be modified by doubling the usual
isopropanol volume and leaving the RNA at -80°C for 15 min so
as to ensure the precipitation of small nucleic acids.

The quality of the total RNA samples is of utmost importance to
the success of any miRNA assay. Three quality controls are performed
including quantity, purity, and integrity. The quantity and purity
are evaluated using NanoDrop 1000 spectrometer (Thermo Scientific).
UV absorption at 260 nm is used to measure RNA quantity.
Absorption 260,280 ratio>2.0 and 260,230 ratio>1.8 are used
as indicators of acceptable purity. Low 260,280 ratios are often
attributed to phenol and /or protein contamination. Low 260,230
ratios are usually attributed to salt (e.g., guanidine isothiocyanate)
and/or phenol contamination. Contaminants may cause serious
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downstream problems by inhibiting enzymatic labeling reactions.
“High-salt,” seen as 260,/230 ratio<1.0, is an often occurring
contamination problem that causes a significantly increased absorp-
tion at 260 nm and results in the overestimation of RNA quantity.
Grossly erroneous quantitative measurements will lead to significant
RNA aliquot variation, increase experiment-induced variation, and
reduce high confidence calls in profiling data (see Subheading 3.9).
RNA sample integrity is evaluated using the Bioanalyzer 2100
(Agilent) or denaturing agarose gel electrophoresis. Bioanalyzer
analysis is preferred due to its low sample input requirement and
automated quality assessment. For total RNA quality analysis, the
RNA 6000 Pico LabChip kit is used by following the corresponding
Agilent User Manual. A high-quality eukaryotic RNA sample should
have a band intensity ratio of 28S rRNA to 18S rRNA of two.
Electrophoretic traces from Bioanalyzer contain additional infor-
mation relating to RNA integrity. Agilent introduced an analysis
algorithm, RIN (RNA Integrity Number) to standardize RNA
integrity interpretation. RIN ranges from 1 to 10, with 1 being the
most degraded profile and 10 being the most intact. A total RNA
with RIN>8 is generally considered of acceptable integrity for
mRNA as well as miRNA profiling analysis. As an added note, the
RIN reflects largely integrity of large RNAs which count for 95%
by weight of total RNA and which dominates the electrophoretic
trace signals. It is reasonable to expect cases when RINs do not
reflect the integrity of miRNAs in total RNA samples (see Note 1).

3.5. Fractionation Small RNAs are optionally fractionated from total RNAs to reduce

of Small RNAs the probability of cross-hybridization due to larger RNAs. The
following protocol describes fractionation using a size-filtration
column, Microcon YM-100 device (Millipore).

1. Combine the following in a 1.5 mL microcentrifuge tube:
300 uL of 0.1 mM EDTA at pH 8.0, 4 pL of spike-in control
RNA mix II (LC Sciences), 5 pg of total RNA sample, and
nuclease-free water (Ambion) to make up a total volume of
350 pL. Mix the solution gently.

2. Heat the solution at 95°C for 7 min, let the solution cool down
to room temperature, and then briefly spin the tube.

3. Transfer the entire contents of the tube into a Microcon
YM-100 filer tube without touching the membrane, place the
filter device into a collection tube (included in the Microcon
device), and then centrifuge the YM-100 device at 5,000 x4 in
a microcentrifuge for 7 min.

4. Measure the RNA concentration of the collected solution using
a Nanodrop spectrometer, measure the volume of the collected
solution using pipette, and then calculate the fractionation
yield as the ratio of the collected small RNA amount over the
starting total RNA amount.
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3.6. Methods
of Labeling

5. Flag any total RNA sample that has a fractionation yield greater
than 15%. An exceedingly high fractionation yield indicates
possible degradation or a high level of impurity of the total
RNA sample. Such samples often produce poor assay results.

6. Concentrate the small RNA fraction by transferring the entire
collected volume into a Microcon YM-3 filer device, placing
the filter device into a collection tube (included in the Microcon
device), and then centrifuging the YM-3 device at 13,000 x g
for 50 min.

7. Add 150 pL nuclease-free water to the YM-3 filter device and
centrifuge the YM-3 device at 13,000 x4 for 27 min.

8. Invert the YM-3 filter device in a new collection tube. Centrifuge
for 2 min at 13,000 x4 to collect the concentrated small RNA.

9. Measure the quantity of the concentrated small RNA using a
Nanodrop spectrometer and then store the sample at -80°C
for subsequent applications. One of the limitations of the
fractionation process is the relatively large sample quantity
requirement of 5 pg total RNA. Without fractionation,
the requirement is reduced to 0.5 pg. The direct use of total
RNA has produced satisfactory results in most applications.
First, detection probes for miRNAs are short at about 22 nt
long. The short probes are capable of producing high sequence
specificity yielding single-base discrimination (especially for
mismatches at mid regions of the detection probes) under
optimized hybridization conditions. Therefore, off-target
cross-hybridization contributions to most of the miRNA probe
signals are small. Second, in our miRNA assay native RNA
sequences are labeled directly at the 3’ terminus. No modifica-
tion is made to midnucleotides and therefore there is no
disruption to RNA folding. While most mature miRNAs do
not have a stable secondary structure, long native RNA
sequences including miRNA precursors tend to form stable
secondary structures or folding. The stable intramolecular
folding reduces binding between long RNA sequences and
short array detection probes (see Note 2). Additional advantages
of using total RNA include the simplification of the sample
preparation process, the removal of fractionation related
process variation, and therefore the improvement of assay
robustness.

Two labeling methods, direct ligation and poly-A tailing plus
ligation, are described here (Fig. 2). The direct ligation method
is robust, tolerant to various sample conditions, and is recom-
mended for single-sample assay use. The poly-A tailing method
produces minimum dye-related variation and is suitable for dual-
sample assay use.
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Fig. 2. Process flows of two labeling methods. (a) In the direct ligation method, a 5 modified DNA tag sequence is added
to the 3’ end of a miRNA sequence by T4 RNA ligation to form a tagged sequence. (b) In the poly-A tailing plus ligation
method, a poly-A tail is first added to the 3’ end of a miRNA sequence using a PAP enzyme. An oligonucleotide tag sequence
is then ligated to the poly-A tail using a bridge sequence and T4 DNA ligase. Both methods utilize signal amplification
staining for miRNA target sequence detection.

3.6.1. Direct RNA Ligation The direct ligation method is schematically shown in Fig. 2a.

In this method, the 5’ phosphate group of a miRNA sequence
is first removed to avoid self-ligation and circularization in the
subsequent ligation step. Then a 5" modified DNA tag sequence is
added to the 3’ end of the miRNA sequence by T4 RNA ligation
to form a tagged sequence. After the tagged sequence is hybridized
to an array chip, the chip is stained with a capture sequence containing
a fluorescence dye cluster. The capture sequence is complementary
to the tag sequence and hybridizes to the immobilized tagged sequence.
Each fluorescence dye cluster (from Genisphere or Invitrogen)
contains about 900 dye molecules (cyanine or Alexa Fluor dyes) to
produce signal amplification.
Dephosphorylation

1. Onice, combine the following components in a 1.5-mL micro-
centrifuge tube, 3.5 pl. of 10x Antarctic Phosphatase Buffer
(New England BioLabs), 1 pL. of RNasin® Plus RNase Inhibitor
(Promega), 1.5 pL. of Antarctic Phosphatase (New England
BioLabs), 0.5 pg of total RNA sample (or fractionated small
RNA derived from 5 pg of total RNA sample), 5 pL of spike-in
control RNA mix II (LC Sciences, when using fractionated
small RNA this is replaced with 1 pL of spike-in control RNA
mix III), and nuclease-free water (Ambion) to make up a total
volume of 35 pL. Mix the reaction solution gently by pipetting
up and down several times.
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3.6.2. Poly-A Tailing
Plus Ligation

2.
3.

Incubate the reaction solution in a 37°C water bath for 2 h.

Briefly spin the tube.

Purification

4.

10.

11.

12.

13.
14.

15.

Add 175 pL of RLT Buffer from an RNeasy MinElute™ Cleanup
Kit (Qiagen) and 525 pL of 100% ethanol (EMD Chemicals)
to each sample and mix well by pipetting.

. Transfer the mixture above to the MinElute™ column (Qiagen)

from the kit. Spin the column in a microcentrifuge (Eppendorf)
at 845xy for 1 min and discard the flow through.

. Place the column in a new collection tube. Add 600 uL. RPE Bufter

(ethanol added) to the column. Spin for 15 s at 94004 and
discard the flow through.

. Add another 600 pL. RPE Bufter (ethanol added) to the column.

Spin for 15 s at 9400x g and discard the flow through.

. Spin the column again for 1 min at 9400xy .
. Place the column into a new 1.5 mL microtube. Add 30 pL of

nuclease-free water to the center of the column, wait for 1 min,
and then spin at 16000x g for 2 min to collect the eluted solu-
tion. Add another 30 pL of nuclease-free water to the column and
repeat the elution process.

Measure the RNA concentration of the eluted solution using a
Nanodrop spectrometer (Thermo Scientific). A typical concen-
tration is about 8 ng/ul.

Reduce the total volume to 6 pL or less using a Vacufuge
Concentrator (Eppendorf) at 45°C for about 25 min.
Ligation

Combine the following components in a 1.5-mL microcentrifuge
tube, 15 pL of ligation bufter (LC Sciences), 1 pl. of RNasin®
Plus RNase Inhibitor (Promega), 2 pL of 5’ modified DNA tag
sequence solution (LC Sciences), dephosphorylated and purified
RNA sample, 1 pL. of T4 RNA Ligase (Promega), and nuclease-
free water (Ambion) to make up a total volume of 25 pL.
Mix the reaction solution gently by pipetting up and down
several times.

Incubate the sample solution at 37°C water bath for 30 min.

Briefly spin the microtube containing the RNA sample solution
after incubation.

Add 25 pL of hybridization bufter (LC Sciences) and store the
mixture at -80°C.

The method of poly-A tailing plus ligation is schematically shown
in Fig. 2b. In this method, a poly-A tail is first added to the 3" end
of the miRNA sequence using a PAP enzyme. An oligonucleotide
tag sequence is then ligated to the poly-A tail. An oligo bridge



11

MicroRNA Profiling Using pParaflo Microfluidic Array Technology 167

joining the poly-A tail and the tag sequence and T4 DNA ligase are
used to facilitate the ligation reaction. For dual-sample assay appli-
cations, two distinct tags of different sequences are used to tag
two samples. After the tagged sequences are hybridized to an array
chip, the chip is stained with one or two capture sequences
containing fluorescence dye clusters. Each capture sequence is
complementary to one tag sequence. Each fluorescence dye cluster
(from Genisphere or Invitrogen) contains about 900 dye molecules
(cyanine or Alexa Fluor dyes) to produce signal amplification.
Poly-A Tailing

1. Prepare 1 mM ATP solution by adding 1 pL of 10 mM ATP
(Invitrogen) to 9 uLL of 1 mM Tris, pH 8.0.

2. Onice, combine the following components in a 1.5-mL micro-
centrifuge tube: 2.5 pL of Poly-A Polymerase 10x Reaction
Buffer (Epicentre), 1 pL of 1 mM ATP solution, 1 pL of
Poly-A Polymerase (Epicentre), 0.5 pg of total RNA sample
(or fractionated small RNA derived from 5 pg of total RNA
sample), 5 pL of spike-in control RNA mix II (LC Sciences,
when using fractionated small RNA this is replaced with 1 pL.
of spike-in control RNA mix III), and nuclease-free water
(Ambion) to make up a total volume of 25 pl.. Mix the reaction
solution gently by pipetting up and down several times.

3. Incubate the reaction solution in a 37°C water bath for 15 min.

4. Briefly spin the tube.
Ligation

5. Add the following to the above tailed RNA sample: 6 pL of 6x
Cy3 or Cy5 Ligation Mix (Genisphere) 2 pl. of T4 DNA
Ligase (Invitrogen), and 3 pL. of nuclease-free water (Ambion).
Total volume is 36 pL (see Note 3).

6. Incubate the reaction solution in a 25°C water bath for
50 min.

7. Stop the ligation reaction by adding 4 pL of 0.5 M EDTA at
room temperature. Briefly vortex and then spin the tube.

Purification

8. Add 700 uL of the Binding Buffer from a MinElute™ PCR
Purification Kit (Qiagen) to each microtube and mix well by
pipetting. For a dual sample assay, add 350 pL of Binding
Buffer to each of the two differently tagged samples, then
combine these two samples into one microtube.

9. Transfer the entire volume onto a spin cartridge from the
MinElute™ kit (Qiagen). Spin the cartridge in a microcentri-
fuge (Eppendort) at 8454 for 3 min and discard the flow
through.
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3.7. Hybridization

10.

11.

12.

13.

14.

Add 600 pL of ethanol added Wash Buffer (Qiagen) to the
cartridge. Spin for 0.5 min at 16000xy and discard the flow
through.

Spin the cartridge again for 1 min at 16000 xg.

Place the cartridge into a new microtube. Add 22.5 uL of nuclease-
free water to the center of the cartridge, wait for 7 min.

Spin the cartridge at 16000x g for 2 min to collect the eluted
solution.

Measure the RNA concentration of the eluted solution using a
Nanodrop spectrometer (Thermo Scientific). A typical concen-
tration is about 10 ng /L for single sample and about 20 ng/pL
for dual samples.

Hybridization is performed on a Fluidic Station (LC Sciences),
which contains micropumps for sending sample and buffer solu-
tions through pParaflo® microfluidic chips at predetermined flow
rates and a temperature control module for maintaining the chips
at predetermined temperatures. The station may be set up to flush
a solution through the chips in an open-loop directly into a waste
bottle or to circulate a solution through the chips in a closed-loop
for an extended period of time.

System wash

. Place a blank chip (LC Sciences) in a Fluidic Station and then

flush the station sequentially with 1 mL of hot 1% SDS solution
(preheated to 95°C), 1 mL of hot DI water (preheated to 95°C),
and 3 mL of water.

Preparation for hybridization

. Place a miRNA array chip (LC Sciences) in the Fluidic Station.

Flush (open-loop) 200 pL of the stripping buffer through
the chip and then circulate (closed-loop) 800 pL of the
buffer through the chip at a flow rate of 500 pl./min and a
chip temperature of 50°C for 15 min.

. Flush (open-loop) 200 uL of hybridization bufter (LC Sciences)

through the chip and then circulate (closed-loop) 800 pL of
the buffer through the chip at a flow rate of 500 pL/min and
a chip temperature of 32°C for 10 min.

. Circulate (closed-loop) 50 uL of blocking buffer (LC Sciences)

through the chip at a flow rate of 500 pulL/min and a chip
temperature of 32°C for 10 min.

Hybridization

. Add 50 pL hybridization buffer into each tagged sample and

then heat the sample to 95°C for 5 min. Spin the sample tube.
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6. Circulate (closed-loop) the sample solution through the chip
at a flow rate of 500 pL/min and a chip temperature of 40°C
for 16 h.

7. Flush (open-loop) 200 pL of hybridization buffer (LC Sciences)
through the chip at a flow rate of 500 puL/min and a chip
temperature of 32°C.

Staining

8. Prepare staining solution in a 0.65-mL microcentrifuge tube
by mixing following components: 50 pL of hybridization
buffer (LC Sciences), 2 puL of 10% SDS, and 2.5 pL of each
capture sequence (Cy3/Cy5 from Genisphere or AF-3 /AF-5
from Invitrogen; in case of single sample assay, only one capture
sequence is added). Mix the solution gently by pipetting up
and down several times. Heat the solution in a water batch at
53°C for 10 min and then spin down.

9. Circulate (closed-loop) the staining solution through the chip
at a flow rate of 500 pL/min and a chip temperature of 32°C
for 2 h.

10. Flush (open-loop) 500 puL of hybridization buffer (LC Sciences)
through the chip at a flow rate of 500 pL/min and a chip
temperature of 32°C.

11. Flush (open-loop) 200 pl. of wash buffer (LC Sciences)
through the chip at a flow rate of 100 pLL/min and a chip tem-
perature of 32°C.

12. Circulate (closed-loop) 1 mL of the wash buffer through the
chip at a flow rate of 100 pLL/min and a chip temperature of
50°C for 20 min. While maintaining the circulation, lower the
chip temperature to 32°C.

3.8. Image Acquisition =~ Mount a hybridized and wash buffer filled chip to a 3”x 1” slide
adapter (LC Sciences) and place the adapter on the support
platform of GenPix 4000B scanner with the chip facing down.
Set the scanning pixel size at 10 or 5 um for the 4K chip or 30K
chip, respectively. Adjust the scanner optimal focal distance by
maximizing and balancing the signal intensities of the control
replicates around the four corners of the chip. In the case of dual
channel data collection, adjust only the focal distance for the
532 nm channel. Cy3 and Cy5 signals are collected using 532 and
635 nm channels, respectively. In each channel, adjust the PMT
(Photo-Multiplier Tube) gain such that the strongest signal within
the whole imaging area is just below the saturation level of 65,535.
After the completion of scanning, save the scan image in TIFF
format. Refer to the manufacturer’s manual for additional details
on scanner and scanner operations.

Figure 3 shows example array images, in pseudo color, from a
dye swap experiment involving two different samples S1 and S2.
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Fig. 3. Example array images of dual sample assays, in pseudo color, from a dye swap experiment involving two different
samples S1 and S2. The upper rowimages were obtained from a chip hybridized with S1 and S2 labeled with Cy3 and Cy5,
respectively. The lower three images were obtained from a reverse labeled chip with S2 and S1 labeled with Cy3 and
Cy5, respectively.

The upper three images were obtained from a chip hybridized with
S1 and S2 labeled with Cy3 and Cy5, respectively. The lower three
images were obtained from a reverse labeled chip with §2 and S1
labeled with Cy3 and Cy5, respectively. The two images on the left
are Cy3 fluorescence intensity images and the two images in the
middle column are Cy5 fluorescence intensity images. As fluores-
cence intensity increases from 1 to 65,535 the corresponding color
changes from blue to green, to yellow, and to red. The two images
on the right are ratio images in which the green, yellow, and red
colors indicate higher Cy3 signal, equivalent Cy3 and Cy5 signals,
and higher Cy5 signals, respectively, for the corresponding probes,
implying different relative expression levels of the corresponding
sequences in the two samples. One may easily observe the results
of dye-swapping by comparing the two ratio plots. A red (or green)
colored spot in the upper right image would become a green (or
red) colored spot at the same position in the lower right image.
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Data analysis includes image digitization, background subtraction,
signal significance analysis, normalization, and differential analysis.
The analysis is carried out using miRNA array analysis software
(LC Sciences).

1. Image digitization

Image digitization is performed using the program “Array-Pro
Analyzer” (from MediaCybernetics). Digitized data is extracted
by overlaying an appropriate grid on top of a scan image. Each
element of the grid covers one spot (or feature) area which is
composed of multiple image pixels. A pixel is the smallest
addressable digital image element that has a finite value between
0 and 65,535. Digitization calculates the mean, median, and
standard deviation values of the pixels within each spot area.
No background subtraction is performed during the digitiza-
tion. A table is generated to list attributes of all spots including,
row index, column index, mean value, median value, and the
standard deviation value. The table is saved as a text file which
is considered “Raw Data.” Refer to the User Manual for Array-Pro
Analyzer or other array image processing programs for details
of the digitization procedure.

2. Background subtraction

For an array image, the fluorescence signal of each spot can
usually be attributed to two difterent sources, background sig-
nal and hybridization target signal (63). The background sig-
nal derives from various sources including nonspecific dye
staining, auto-fluorescence of probe molecules, and auto-
fluorescence of glass substrate material. The background signal
intensity is largely independent on the probe sequences.
The background signal follows a normal distribution and its
characteristics are derived by analyzing whole array signals.
Figure 4a shows a ranked raw signal intensity profile which
is obtained by sorting signal intensities of nonblank spots.
An average (or mean) background level can be estimated by
identifying an inflection point of the induction section of the
profile. Figure 4b shows a corresponding histogram. As a first
approximation, the left side of the histogram peak (Fig. 4b)
is attributed to background. The background mean value is
determined by peak position. The background standard deviation
is calculated by

N

i =\/2Nz_12(li —?kg)z (2)

i-1

where Iy, is the mean value, I; is the signal (median) value of
individual spots that are below or equal to the background
mean value, N is the number of spots below or equal to the
background mean value. When more than one block or subarray
is processed, background calculation and subtraction are
performed within individual blocks.
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Fig. 4. Raw data signal distributions are presented in the form of a (a) ranked raw signal
intensity profile which is obtained by sorting signal intensities of all nonblank spots and
(b) histogram of the raw signals included in (a).

3. Signal significance analysis

A signal is considered detectable when it is significantly above
background. The degree of significance is evaluated using the
tollowing statistic equations (64)

e I-1, (3)
(o+ Gb@)\/i
2 ©° _t2
p=erfc(Y)=—=[¢ " ds (4)

Jnr

Equation 3 calculates a normalized difference between the
signal mean (of row data) and the background mean, where T
is the signal mean value, 1, is the background mean value,
o is the signal standard deviation, and oy, is the background
standard deviation. When replicate spots are used, the signal
standard deviation o includes both spot-to-spot and in-spot
pixel-to-pixel variation. Equation 11.4 is the complementary
error function which calculates the p-value of the corresponding
statistics. The lower the p-value the more significant the signal
is above background. Generally, p <0.01 is used as a thresh-
old for reporting detectable signals.

The signal standard deviation ¢ in Eq. 3 is derived by consid-
ering all pixel intensities covered by replicate spots and is
expressed as

spot spot
i=1

o= L{§6f+(n ~-1o? } (5)

spot

where o, is the standard deviation among all pixels within spot
i, Oy 1is the spot-to-spot standard deviation among replicate
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spots, 7, is the number of replicate spots. Detailed derivation
of o is beyond the scope of this chapter.

4. Normalization

Normalization is carried out using the LOWESS (locally
weighted scatterplot smoothing) method (65-67) on back-
ground-subtracted data. The normalization removes system-
related variation, such as sample amount variation, labeling dye
differences, signal gain differences of scanners, and nonlinear
signal intensity responses to target concentrations so that bio-
logical variation is faithfully revealed. For miRNA data analysis,
the LOWESS method is preferred over the Quantile method
(67), which is popular for messenger RNA gene expression
data analysis but has a tendency to cause unjustifiable data
manipulation when small data sets such as miRNA data sets are
processed.

LOWESS is a pair-wise regression method. For spot % of
two arrays z and j, intensities I,; and I;; are first transformed

Into intensity Ak,-]- and ratio M,ﬂy .

1
Akij. = 510g2<1ki1kj> (6)
I..
Mkz’j = log, [I_ktJ (7)
kf

Then M, is plotted against A,; (MA plot), where £=1...n
represent all spots to be used in the regression fitting. A nor-
malization curve, My against A, is fitted to an MA plot
with each point being obtained by linear regression of a subset
of the data (68). The selection of the subset is determined by
the following weight function.

{1, Ai—%SASA+¥
w(A) = W - (8)
0,A<Ai+7,A >Ai+7

where Wis a user defined bandwidth. A wider bandwidth will
produce a smoother fitted curve while a narrower bandwidth
will produce a fitted curve that better conforms to the scatter
data. Equation 8 suggests that the number of data points in
each subset may vary while the intensity bandwidth Wis fixed
across the fitted regions. This is different from the original
LOWESS method in which a tricube weight function is applied
to a subset of a fixed number of data points (65). Regular
miRNASs arrays contain only several hundred to at most a cou-
ple of thousands unique probe sequences. The corresponding
data points are often distributed less densely than cRNA or
mRNA array data that generally contain thousands to tens of
thousands unique probe sequences for which LOWESS was
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Fig. 5. MA scatter plots of intensity data (a) before normalization correction and (b) after normalization correction. Axis A,.j
is plotted in log, , instead of log, scale for easy conversion to the decimal scale.

originally applied (69, 70). Equation 11.8 is selected specifically
for achieving an overall smooth and conforming fit for the full
dynamic range of miRNA data. Figure 5a shows a typical MA
plot with a fitted curve. The normalized (or adjusted) intensities,
I;; and I, are obtained by

Ml:ij = Mlzij - M!Z; (9)
Aki]+M—;’f A,IU»—M—;”’ (10)
I, =2 2, Ik'j =2 2

where My, is the normalization adjustment. Figure 5b shows
the MA scatter plot of the normalized intensities.

To normalize more than two arrays (N arrays) cyclic
LOWESS is used. First, normalization adjustments of all dis-
tinct pair-wise combinations (total N(N —1)/2 combina-
tions) are calculated. For each array, N —1 sets of adjusted
intensities are calculated by pairing with all other arrays and
then an averaged set of adjusted intensities is obtained by com-
bining the N —1 sets of adjusted intensities. The process is reit-
erated. In most cases, five iterations are sufficient to produce
stabilized intensities.

The standard LOWESS method is applicable under an
assumption that averaged gene expression levels are the same
between any two samples and within a moving intensity band-
width. This assumption is valid in most experimental condi-
tions such as normal versus disease tissues of the same tissue
type and treated versus untreated animals. However, this
assumption is sometimes not valid. The LC Sciences software
contains several options to handle various conditions.

In some experiments, a few miRNAs or other transcripts
are highly differentiated as compared to the rest of the array
content. In some other experiments, arrays contain a large
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number of probes for (often custom selected) transcripts that
have similar responses to the experimental conditions. In the
first case, “outlier” data points that significantly deviate from
the main body of data points are formed in a MA scatter plot.
In the second case, densely packed data clusters may form
outside of the main body data points on a MA scatter plot.
Both cases would cause distortions to corresponding regres-
sion fitting curves. To solve the problem an algorithm has been
implemented to identity the flow of main body data points and
to exclude outlier data points from regression calculations.
While discussion of the algorithm is beyond the scope of this
chapter, Fig. 5a illustrates the calculation result. A pair of
brackets separate highly differentiated data points from the
main body data points. A smooth and conforming fitted curve
is obtained on a widely scattered data set.

In some experiments, overall miRNA expression levels may
be different in different samples. The standard LOWESS
method uses the main body data points as an internal reference,
cancels the overall miRNA level differences, and therefore is
not adequate for these experiments. To solve the problem, an
option is available for the use of spike-in controls as a (external)
normalization reference. MA transformations are applied to all
data points while the LOWESS regression calculation is applied
only on the spike-in control data points to produce a fitted
curve. Then the fitted curve is used to perform normalization
adjustments of all the data points. This method assumes that
the measured amount of total RNA is an accurate reflection of
the number of cells. For this method to be used correctly, one
must make sure that the ratio of the spike-in controls to total
RNA is precise across all the samples. This is sometimes chal-
lenging especially when the total RNA concentration is low or
the sample solution contains impurities which lead to an inac-
curate RNA concentration measurement (see Note 4).

Another available option to handle the overall miRNA
expression level changes is the use of endogenous controls as
an internal normalization reference. The calculation method is
similar to that of option (2). An advantage of this method is
the elimination of using sometimes inaccurate external nor-
malization references. Proper use of the method requires the
selection of suitable endogenous control sequences that are
small, are each expressed at a constant level across all samples,
can be labeled along with miRNAs, and hybridize effectively
to detection probes under the same conditions as that of miR-
NAs. For adequate normalization across the full miRNA
expression range, at least ten endogenous controls of different
expression levels are required. Candidates for the endogenous
controls include small noncoding RNAs, miRNAs that are
known to be invariant in the corresponding experimental con-
ditions, and tRNAs. A number of small noncoding RNAs
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have been established as endogenous controls in real-time
PCR measurements (71) (see Note 5).

. Differential analysis

Differential analysis reveals significantly differentiated miRNAs
between individual groups of samples. This chapter is limited
to two basic but effective analysis methods, ANOVA (Analysis
of Variance) and T-test, while interested readers may refer to
the literature for a wide range of statistic methods and tools
(72). As mentioned earlier in Subheading 3.1, the degree of
significance is evaluated by comparing between-group variation
to within-group variation, the principle shared by both ANOVA
and T-test. In general, for an experiment involving more than
two sample groups ANOVA is first applied to produce a miRNA
expression profile overview across all samples; then 7-tests are
performed to identify significantly differentiated miRNAs
among all interested combinations of the two groups.

Figure 6 depicts clustered heat maps (also called cluster-
graphs) of miRNA differential expression profiles across three
groups with each group containing four samples. The clus-
tered heat map is a visual tool to examine expression profiles of
large number of genes or miRNAs over multiple numbers of
samples in a naturally intuitive manner (73). Closely clustered
miRNAs have a likelihood of having similar functions. To gen-
erate the heat maps of Fig. 6, a Z transformation is first applied
to signal intensities across all samples for each specific miRNA

7z - Li=5 (11)
7 GY

where Z; is the transformed intensity of the sample 7, Y, = log I,
I; is the signal intensity of sample 7, S, is the average value of
7, over all samples, and o, is the standard deviation of 7
over all samples. In heat maps of Fig. 6, Z values are pre-
sented in color-coded blocks with green being a negative
value, black being zero, and red being a positive value. A nega-
tive Z indicates down regulation and a positive £ indicates up
regulation. The brighter the color the higher the absolute Z
value. The miRNA rows in Fig. 6 are arranged by gene cluster-
ing, which groups together miRNAs of similar changes across
all samples (73). Within cluster V, miRNAs are consistently
expressed at lower levels in group A than in groups B and C.
Expression level variation within the three groups is less than
cither between groups A and B or between A and C. In con-
trast, within cluster W, miRNA expression levels vary at similar
levels within each individual group and between any pairs of
groups. ANOVA is used to identify miRNAs that are consis-
tently differentially expressed by evaluating the statistic
significance of the changes. The degree of significance is
measured by p-value, which is the probability of subject groups
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Fig. 6. Clustered heat maps illustrate miRNA differential expression profiles across 12 samples for three experimental
conditions, A, B, and C with each condition applied to four biological replicate samples. The /eft heat map includes a number
of arbitrarily selected miRNAs. The right heat map includes ANOVA selected miRNAs with p-values less than 0.01.

not being differentiated. The right-side clustered heat map of
Fig. 6 shows statistically significant miRNAs with a p-value less
than 0.01. To reveal differentially expressed miRNAs between
two sample groups a 7-test is used. Figure 7 shows clustered
heat maps of miRNA expression profiles between groups A and
B before and after a T-test analysis.

In some cases such as time-course experiments or low-budget
preliminary studies, only one sample is collected and assayed at
each time point or experimental condition. In these experiments,
replicate detection probes on individual arrays may be used to form
“groups” in ANOVA and 7-test analysis. However, one must keep
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in mind that since in-group biological variation and sample prepa-
ration related variation are not included in the statistic analysis, the
analysis will likely report some statistically significant miRNAs that
may not be of biological significance.

4. Notes

1. We indeed have observed a few cases in which normal miRNA
profiles were obtained from total RNA samples of low RINs
(less than 5). In this case, the specific nucleases that effectively
cut larger RNAs were not so effective for degrading miRNAs.
A caution to new miRNA researchers is not to expect all samples
of high RIN to produce strong miRNA array signals. A total
RNA sample of very high RIN (larger than 9) does not guar-
antee the retaining or good integrity of miRNAs in the sample.
Small RNAs could have been lost during RNA extraction or
due to certain type of degradation reactions in a seemingly
good total RNA sample. We have encountered a few cases of very
weak miRNA signals being produced from samples of high
RINSs (larger than 9). A Bioanalyzer Small RNA kit is available
from Agilent for the quantitative analysis of small RNAs.
However, due to low mass, miRNAs usually appear as a slowly
climbing baseline in electrophoretic trace and are difficult to
be reliably evaluated. For a project involving a large number
of samples, it is prudent to have a pilot run by using array assay
as the final qualifier for the RNA extraction process.

2. Experiments have been performed to compare hybridization
signals of synthetic mature miRNAs and corresponding miRNA
precursors of same concentration. The mature miRNAs
produced significantly higher signal intensities than corre-
sponding precursors did (unpublished data).

3. For a dual sample assay, prepare Cy3 and Cy5 reaction solutions
separately for the two corresponding RNA samples. The cyanine
ligation mix may be replaced with 6x Alexa Fluor®-3 (AF-3)
and/or Alexa Fluor®-5 (AF-5) Ligation Mix from Invitrogen.

4. Always add the spike-in controls into total RNA instead of frac-
tionated or enriched small RNA samples from which it is often
difficult to back-track the amount of starting total RNA.

5. Most of the small noncoding RNAs are longer than 50 nt.
Many of these not so small RNAs have stable secondary structures
which affect their hybridization with array probes. Therefore,
care must be taken to optimize probe design and perform
validation before these small RNAs are used as array normali-
zation references.
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Chapter 12

MicroRNA Expression Analysis
Using the lllumina MicroRNA-Seq Platform

Shujun Luo

Abstract

Direct sequencing of RNA molecules using next-generation sequencing (NGS) technology has revolutionized
the analysis of transcriptome with its massively parallel throughput and low cost. Here, we describe
Illumina’s microRNA-Seq, a method for sequencing microRNA using the Illumina Genome Analyzer
system. The sequence data generated from this method enables direct identifying and profiling of microRNAs
in any given organism. It also sheds light in understanding the biogenesis and modification of microRNA.

Key words: MicroRNA, RNA, Next-generation sequencing, Illumina

1. Introduction

MicroRNA is a unique class of noncoding RNA in the transcriptome,
with an average size of ~22 nt, and regulates gene expression post-
transcriptionally (1). Majority of microRNAs matures through
three stages, primary miRNA transcript (pri-miRNA), precursor
miRNA (pre-miRNA), and matured miRNA. RNA polymerase 11
transcribes pri-miRNA from specific genomic DNA locations that
fold into a hairpin structure. Drosha, an RNase I enzyme, digests
the pri-miRNA hairpin into pre-miRNA, and dicer, another RNase
III enzyme, further digests the pre-miRNA into matured microRNA.
The biogenesis process of microRNA provides defined groups to
the ends of the microRNA fragment, with monophosphate on the
5" end and hydroxyl on the 3’ end (1).

By utilizing the special end groups of microRNA molecules,
the Illumina miRNA-Seq sample prep ligates two adaptors sequen-
tially to the 3’ and 5’ ends of microRNA in the context of 1 pg of

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
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total RNA, subsequently reverse transcribes, and then PCR amplifies
the microRNA through the ligated common link sequences. The
sequences of the resulting microRNA library are deciphered with
Illumina next-generation sequencing (NGS) (2).

Single molecules of a microRNA library DNA are hybridized
to primers grafted onto the glass surface of a flow cell. Isothermal
bridge PCR is carried out to amplify the DNA in situ. The colonized
DNA further serves as the template for sequencing by synthesis
using fluorescent reversible terminator deoxyribonucleotides.

Millions of microRNA sequences can be generated in a single
Illumina Genome Analyzer run. The sequences can be used for
profiling expression level of microRNA, discovering novel
microRNA, and studying mechanism of microRNA biogenesis and
modification (3).

2. Material

2.1. Total RNA

2.2. lllumina v1.5
Small RNA Sample
Prep Kit

2.3. Additional
Material

We recommend the use of a EtOH precipitation-based total RNA
purification method for miRNA-Seq to ensure maximal yield of
microRNA (see Notes 1-3).

. Ultrapure water.

. 10x v1.5 sRNA 3’ adapter.

. SRA 5’ adapter.

. T4 RNA ligase.

. RNase OUT.

. 25 mM dNTD mix.

. SRA RT primer.

. Primer GX1.

. Primer GX2.

. Phusion polymerase (Finnzymes).
. 5x Phusion HF Bufter (Finnzymes).
. 25 bp ladder.

. 10x gel elution bufter.

O 0 NI O O B W N

— e e
NV S =)

. Glycogen.

—
928

. Resuspension bufter.

—

. Clean 0.2, 0.5, and 2.0-mL nuclease-free microcentrifuge
tubes.

2. T4 RNA Ligase 2, truncated, with 10x T4 RNL2 truncated
reaction buffer (NEB).
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3.

100 mM MgCl, (a 100 mM solution can be prepared from
1 M MgCl, (USB) or any molecular-grade substitute).

4. 10 mM ATP (Epicentre).

ol

NeRe BN BN

. SuperScript II Reverse Transcriptase with 100 mM DTT and

5x First Strand Bufter (Invitrogen).

. 6x DNA loading dye.

. 5x Novex TBE buffer.

. 6% Novex TBE PAGE gel, 1.0 mm, 10 well.
. Clean scalpels.

10.
. Ultrapure ethidium bromide, 10 mg/mL.
12.
13.
14.

21-gauge needles.

3 M NaOAc, pH 5.2.
-20°C 100% ethanol.

Room-temperature 70% ethanol.

3. Methods

3.1. Dilute Oligos and
MgCl, for MicroRNA-
Seq Protocol

3.2. Ligate v1.5 Small
RNA 3' Adapter and 5'
Adapter to MicroRNAs

. Dilute the 10x v1.5 sSRNA 3’ adapter by mixing 1 pL. of adapter

with 9 pL of nuclease-free water.

. Dilute the SRA RT primer by mixing 1 pL of primer with 4 pL

of nuclease-free water.

. Dilute the 1 M MgCl, solution by mixing 100 uL with 900 pL

of nuclease-free water.

. Set up the 3" adaptor ligation reaction in a nuclease-free 200 pL

PCR tube using the following: 5.2 pLL 1 pg total RNA
and 1 pL diluted 3" RNA adaptor.

. Incubate the tube in a thermal cycler at 70°C for 2 min, and

then transfer immediately to ice.

. Add the following reagents to the tube and mix them well:

1 puL 10x ligation buffer; 0.8 uL. 100 mM MgCL; 1.5 uL. T4
RNA ligase, truncated; 0.5 pL. RNaseOut (40 U/uL).

4. Incubate the tube in a thermal cycler at 22°C for 1 h.

. With 5 min remaining, prepare 5’ adaptor for ligation by heating

it at 70°C for 2 min and then transferring it to ice.

. Add the following reagents to the 3’ ligation mixture from

Subheading 3.2 step 4 and mix well: 1 pL 10 mM ATP; 1 pL
SRA 5" adaptor; 1 pLL T4 RNA ligase.

. Incubate the tube in a thermal cycler at 20°C for 1 h and keep

it at 4°C until the next day if necessary.
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3.3. Reverse
Transcribe and PCR
Amplify Adaptor-
Ligated MicroRNAs

3.4. Gel Purify
MicroRNA Library

. Dilute 25 mM dNTP to 12.5 mM by mixing 1 pL of 25 mM

dNTP with 1 pL of nuclease-free water.

. Set up a reverse transcription reaction in a nuclease-free 200 pL.

PCR tube: 4 pL. 3’ and 5" adaptor-ligated RNA; 1 pl diluted
SRA RT primer.

. Incubate the tube in a thermal cycler at 70°C for 2 min and

then transfer immediately to ice.

. Add the following reagents to the tube and mix well: 2.0 pL.

5x first-strand bufter; 0.5 pL. 12.5 mM dNTP; 1 uL 100 mM
DTT; 0.5 uLL R NaseOut (40 U/uL); 1.0 puLL SuperScript 11
RT (200 U/uL).

. Incubate the tube in a thermal cycler at 48°C for 3 min, and

then 44°C for 1 h.

. Add the following reagents to the tube and mix well: 10 pL

5x cloned Phu buffer; 0.5 pL primer GX1; 0.5 pL primer
GX2; 0.5 pL 25 mM dNTP mix; 0.5 pLL phusion polymerase;
28 uL H,0.

. Amplify the material with following PCR cycling conditions:

1 cycle of 30 s at 98°C; followed by 12 cycles of 10 s at 98°C;
30 s at 60°C; 15 s at 72°C; followed by 10 min at 72°C.

. Determine the volume of 1x TBE buffer needed. Dilute the

5x TBE butffer to 1x for use in electrophoresis.

. Assemble the gel electrophoresis apparatus as per the manufac-

turer’s instructions.

. Mix 1 pL of 25 bp ladder with 1 pL of 6x DNA loading dye.

4. Mix 50 pL of amplified cDNA construct with 10 pL of 6x

10.

11.

12.

DNA loading dye.

. Load 2 pL. of mixed 25 bp ladder and loading dye in one well

on the 6% PAGE gel.

. Load two wells with 25 pL each of mixed amplified cDNA

construct and loading dye on the 6% PAGE gel.

. Run the gel for 30-35 min at 200 V or until the front dye exits

the gel.

. Remove the gel from the apparatus.

. Dilute the 10x gel elution butffer into a fresh tube by mixing 1

volume of 10x gel elution buffer with 9 volumes of nuclease-free
water.

Puncture the bottom of a sterile, nuclease-free, 0.5-mL micro-
centrifuge tube four to five times with a 21-gauge needle.

Place the 0.5-mL microcentrifuge tube into a sterile, round-
bottom, nuclease-free, 2-mL microcentrifuge tube.

Pry apart the cassette and stain the gel with ethidium bromide
in a clean container for 2—3 min.
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3.5. Sequencing

the MicroRNA Library
with the lllumina
Genome Analyzer
System

13. View the gel on a Dark Reader transilluminator or a UV
transilluminator.

14. Using a clean scalpel, cut out the bands corresponding to
approximately the adapter-ligated constructs derived from the
22 and 30 nt small RNA fragments. The band containing the
22 nt RNA fragment with both adapters is a total of 93 nt in
length. The band containing the 30 nt RNA fragment with
both adapters is 100 nt in length.

15. Place the band of interest into the 0.5-mL microcentrifuge
tube from step 1.

16. Centrifuge the stacked tubes at 14,000 rpm in a microcentri-
fuge for 2 min at room temperature to move the gel through
the holes into the 2-mL tube.

17. Add 100 pL of 1x gel elution buffer to the gel debris in the
2-mL tube.

18. Elute the DNA by rotating the tube gently at room tempera-
ture for 2 h.

19. Transfer the eluate and the gel debris to the top of a Spin-X
filter.

20. Centrifuge the filter for 2 min at 14,000 rpm.

21. Add 1 pL of glycogen, 10 pL of 3 M NaOAc, and 325 pL of
-20°C 100% ethanol.

22. Immediately centrifuge to 14,000 rpm for 20 min in a bench-
top microcentrifuge.

23. Remove and discard the supernatant, leaving the pellet intact.
24. Wash the pellet with 500 pL of room-temperature 70% ethanol.
25. Remove and discard the supernatant, leaving the pellet intact.
26. Dry the pellet using the speed vac.

27. Resuspend the pellet in 10 pL of resuspension buffer.

28. Load 1 pLL of DNA onto the Agilent DNA 1000 chip to check
the insert size and concentration of the library.

DNA fragments from the microRNA library are denatured into
single strands, and annealed to complementary oligonucleotides
that are pre-grafted on the flow cell surface. The single DNA mole-
cule is amplified in situ by solid face isothermal bridge amplifica-
tion to form a cluster, which is ~1 pm in diameter. Millions of
clusters are formed simultaneously on the flow cell surface. The
DNA in each cluster is linearized by cleavage within one adaptor
sequence and denatured, generating single-stranded template for
sequencing. The sequencing primer is hybridized to the template,
and fluorescence-labeled reversible terminator deoxyribonucleotide
is incorporated by modified DNA polymerase. Images of the fluo-
rescence of each cluster are analyzed to generate the sequence.
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4. Notes
1
2
3
References

. It can be difficult to QC microRNA in total RNA due to its

small size and low abundance. We recommend using precipita-
tion-based methods over column-based methods for total
RNA purification for maximal recovery of microRNA. A posi-
tive control that is known to contain microRNA should be
included for first-time users.

. Low amounts of microRNA in starting material can result in

poor vyield. Different species or tissues might have different
amounts of microRNA in total RNA.

. Since the total RNA is used directly for enzymatic reactions, we

recommend resuspending the total RNA in nuclease-free water
or Tris buffer to avoid inhibition of downstream reactions.
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Chapter 13

Next-Generation Sequencing of miRNAs with Roche 454
GS-FLX Technology: Steps for a Successful Application

Ana Raquel Soares, Patricia M. Pereira, and Manuel A.S. Santos

Abstract

MicroRNAs (miRNAs) are a class of small RNAs (sRNAs) of approximately 22 nucleotides in length that
control eukaryotic gene expression at the translational level. They regulate a wide variety of biological
processes, namely developmental timing, cell differentiation, cell proliferation, the immune response, and
infection. Their identification is essential to understand eukaryotic biology. Their small size, low abundance,
and high instability complicated early identification, however new generation genome sequencing
approaches, such as the Roche 454 Pyrosequencer, allow for both miRNA identification and for generating
miRNA profiles in a given sample. This technique avoids cloning steps in bacteria and is a fast and bias-
minimized tool to discover novel miRNAs and other sSRNAs on a genome-wide scale. Prior to sequencing,
c¢DNA libraries are built for each sample using total RNA as starter material. Each ¢cDNA library can be
tagged with specific identifier sequences that allow sequencing different samples in the same chip run.
Here, we describe the protocols for the construction of SRNA ¢DNA libraries for 454 sequencing, and we
include tips for overcoming problems often encountered during cDNA library preparation.

Key words: microRNA, 454 sequencing, Small RNA isolation, cDNA libraries, PCR amplification

1. Introduction

Since the discovery of the first miRNA in 1993 in C. elegans (1),
thousands of mature miRNAs have been uncovered in several species,
suggesting that they appeared early in eukaryotic evolution and
play fundamental roles in gene expression control. The first
approaches to miRNA discovery used cloning and sequencing of
individual RNAs through traditional molecular methods. However,
the quantification of miRNA expression has been technically
challenging and rather expensive due to their small size, low
abundance, low stability, and contamination with other cellular

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_13, © Springer Science+Business Media, LLC 2012
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RNAs and RNA fragments. Besides, the identification of rare or
tissue-specific miRNAs was not achieved with traditional method-
ologies. To overcome these limitations, next-generation DNA
sequencing, namely the Roche 454 GS-FLX platform developed
strategies to allow miRNA identification. These sequencing
methodologies have been successfully applied to both miRNA
identification and quantification (2—6). The enormous sequencing
power of these technologies has overcome most of the technical
hurdles associated with miRNA identification and dramatically
increased the number of miRNAs deposited in public databases,
such as miRBase (7). These new methodologies are also promoting
large-scale initiatives to identify most eukaryotic miRNAs, to
understand their evolution and to identify target genes and gene
networks regulated by them.

The identification and quantification of miRNAs in zebrafish
(ZF) using next-generation DNA sequencing was carried out in
our laboratory (6), using the 454 Genome Sequencer FLX from
Roche. It enabled us to sequence thousands of individual miRNA
molecules, and to identify and quantity them, without traditional
cloning in bacteria.

Double-stranded ¢cDNA library preparation for sequencing is
accomplished after ligation of specific adapters to the SRNA molecules
that contain specific priming sites for sequencing. After prepara-
tion, double-stranded ¢cDNA libraries are ready to be clonally
amplified via emulsion PCR (emPCR) and sequenced. One of the
most interesting features of this methodology is the very high
single-read accuracy (99.5%), which enables the differentiation of
similar miRNA sequences (8). Each sRNA molecule within a
mixture is sequenced individually because of the binding to DNA
capture beads. The specific adapters appended to the sRNAs are
recognized by the DNA capture beads. These are then clonally
amplified by emPCR. For this, beads are placed in a water-in-oil
emulsion, forming hundreds of thousands of PCR microreactors,
which allows for the entire collection of fragments and beads to be
amplified in parallel. When sequenced on the Genome Sequencer
FLX, each clonally amplified fragment generates its own unique
sequence (8). Besides, the 250 bp reads obtained in the sequenc-
ing run are long enough to completely read through the adapters
added to the cDNAs during the library preparation in addition to
the sSRNAs. This provides an ideal quality control for each read.

Using this technology, we were able to successfully sequence
sRNAs from different ZF embryonic stages and from adult tissues
in a single sequencing run. Novel sSRNA molecules were discov-
ered and the total number of zebrafish miRNAs was increased from
192 to 217. By sequencing sSRNAs from different embryonic stages
and adult tissues, we were also able to generate miRINA expression
profiles for the different developmental time points and tissues.
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Preparation of cDNA libraries for high-throughput sequencing
can be challenging due to the small size of miRNAs, lack of a
poly(A) tail and low miRNA concentrations in cells and tissues.
To overcome these challenges, we optimized protocols for the
construction of sSRNA ¢DNA libraries for 454 high-throughput
sequencing. All steps, including RNA isolation, sSRNA fraction-
ation, adapter ligations, the reverse transcriptase reaction, and PCR
amplification are described in detail below. An overview of emPCR,
sequencing and data extraction is also described.

2. Materials

2.1. RNA Isolation
Reagents

2.2. RNA Fractionation

2.2.1. Denaturing
Polyacrylamide Gel
Reagents

2.2.2. Denaturing PAA
Running Buffer

RNases can be introduced into RNA solutions at any of the
multiple steps of RNA preparation and should be avoided through
careful handling of all equipment used. All materials and solutions
should be handled under RNase-free conditions. For routine work,
the work bench should be cleaned with RNaseZap prior to use. All
solutions should be prepared with RNase-free water. Disposable,
sterile gloves, plastic wear, and pipettes should be reserved for
RNA work.

. TRIzol® reagent from Invitrogen. Store at 4°C.
. Chloroform. Store at room temperature.

. Isopropyl alcohol. Store at room temperature.

[E RO S NS ]

. Ethanol: 75% solution in RNase-free water. Store at room
temperature.

1. Polyacrilamide (PAA) 40% stock.
2. Urea.

3. TBE (Tris/Borate/EDTA) 10x: add 108 g Tris base, 55 g
boric acid, and 9.3 g EDTA to 800 mL RNase-free water in an
RNase-free 1 L flask. Allow dissolution of all components.
Adjust the volume to 1 L with additional RNase-free water.
Adjust pH to 8.3. Store at room temperature.

4. Ammonium persulfate (APS): 10% solution in RNase-free
water. Store at 4°C.

5. Tetramethylethylenediamine (TEMED).

1. TBE 1x. Dilute TBE 10x for a final concentration of TBE 1x.
Store at room temperature.

2. Loading buffer: bromophenol blue and xylene cyanol.

3. Size markers: 22 nt cy3-labeled oligo.



192 A.R. Soares et al.

2.3. 3 Adapter
Ligation Reagents

2.4.5' Adapter
Ligation Reagents

2.5. Phenol Extraction
Reagents

2.6. cDNA Synthesis
Reagents

2.7. PCR Amplification
Reagents

4. Electrophoresis apparatus: glass plates (20 mm wide and
18 mm long), spacers, and gel comb (1.5-mm thick), vertical
electrophoresis tank.

5. SybrGreen: dilute 1 pLL SybrGreen solution in 100 uL. TBE 1x
to stain the gel.

6. Edge Biosystems DTR Gel filtration columns.

7. Absolute ethanol.

8. Glycogen.

1. 10x T4 RNA ligase bufter without ATP.

2. DMSO.

3. 3" Adapter 50 pM: AMP-5'p-5'p/CTGTAGGCACCATCA-
ATdi-deoxyC-3' (Integrated DNA Technologies).

4. T4 RNA ligase (Ambion).

1. 10x T4 RNA ligase buffer.

2. DMSO (Dimethyl sulfoxide).

[ SO ST NS ]

1.
2.
5'-

. RNA Nelson’s linker 100 pM - 5-ATCGTrArGrGrCrAr

CrCrUrGrArArA-3' (IBA-Go).

. T4 RNA ligase (Ambion).

. Phenol:Chloroform:Isoamyl alcohol (24:24:1). Store at 4°C.
. Chloroform. Store at room temperature.
. Absolute ethanol. Store at room temperature.

. Sodium acetate 3 M, pH 5.2. Dilute 12,3 g sodium acetate in

50 mL RNase-free water and adjust the pH to 5.2. Store at
room temperature.

dNTDPs 10 mM. Store at —-20°C.
c¢DNA primer: specific 3" primer:

GCCTTGCCAGCCCGCTCAGATTGATGGTG
CCTACAG-3'".

This primer includes the sequence of the specific 454 adapter and

3.

4.

the complementary 3’ linker (ztalics).

cDNA synthesis mix: 10x RT buffer, 25 mM MgCl,, 0.1 mM
DTT, RNaseOUT.

RNase H (Invitrogen).

All components are stored at —20°C.

1.
2.
3.

Taq Polymerase 2U (Fast Start High Fidelity Roche enzyme).
dNTPs 10 mM.
MgCl, 100 mM.
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4. 10x Taq Polymerase reaction buffer.
5. Forward primer 10 pM:

5'-GCCTCCCTCGCGCCATCAGATCATCGTAGGC-
ACCTGAAA-3' (specific454 adapter A + optional TAG (bold ) + 5’
linker sequence (ztalics)).

Reverse primer 10 pM:

5-GCCTTGCCAGCCCGCTCAGATTGATGGTGCC-
TACAG-3' (specific 454 adapter B +complementary 3’ linker
sequence (stalics)).

6. Probe elution buffer (Ambion). Store at 4°C.

3. Methods

RNA is initially isolated from the tissue of interest and then fraction-
ated by (PAA) gel electrophoresis (Fig. 1). The RNA fraction in the
size range of 15-30 nt corresponding to miRNAs is then extracted

RNA isolation and small RNAs fractionation

\ 4

s’ 3
Add 3’ RNA adaptor — Modban linker
- 3
v ) 5’ | AS'ppCTGTAGGCACCATCAAT/dac/ | 3°
T4 RNA ligase
5 | 3’

*Add 5’ RNA linker

| &

*TdRNAIigase
s [ — | ¥
* Reverse transcription
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* _}
cONA 3,[ | |
* PCR amplification

1

1
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PCR products Rv primer

s | ! l l I
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Fig. 1. 454 cDNA library preparation workflow. RNA is isolated using TRIzol® and fractionated on 10% denaturing PAA gels.
Small RNAs are purified from these gels and then ligated to a 3’ adapter and to a 5’ linker. cDNA is prepared by reverse

transcription and amplified using minimal rounds of PCR (22 cycles), to avoid library bias. PCR products are subjected to
clonal amplification by emulsion PCR and then pyrosequenced using a 454 genome sequencer.
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and eluted from the gel. Recovered sRNAs pools are then ligated
to a 3’ adapter followed by a 5 adapter ligation, using T4 RNA

ligase. These adapters introduce primer-binding sites for reverse

3.1. Total RNA
Isolation

transcription and PCR amplification. After PCR amplification, the
quantity and quality of DNA are assessed and the libraries can be
sequenced (Fig. 1).

Samples are harvested and immediately frozen in liquid nitrogen in
2 mL RNase-free screw cap tubes suitable for the tissue lyser. RNA

isolation is carried out using TRIzol®, a monophasic solution of
phenol and guanidine isothiocyanate.

1. Homogenization

Tissue samples are disrupted to a fine powder using a mortar
and pestle under liquid nitrogen. When working with cell
samples, the above grinding step is not required.

. RNA is isolated by adding 1 mL of TRIzol® per 100 mg of tissue

and two zirconium oxide spherical beads. The Precellys 24
rotator (Bertin) or equivalent should be used and three cycles
of 10 s at 2300x g should be carried out to allow complete tissue
dissociation. Always keep samples on ice between homogeni-
zation cycles.

. Phase separation

After tissue disruption, samples are incubated for 5 min at room
temperature, then 0.2 mL chloroform per 1 mL of TRIzol® is
added, tubes are capped, with vigorous shaking by hand until
samples turn opaque. Incubate at room temperature for 3 min.
Following this incubation, samples are centrifuged at 12,000 rpm
for 15 min at 4°C. The mixture separates into a lower red,
phenol—-chloroform phase, an interphase and a colorless upper
aqueous phase. RNA remains exclusively in the aqueous phase.
Collect the aqueous phase to a new RNase-free 1.5 mL tube.
Take special care not to disturb the interphase or lower phase.

. RNA precipitation

RNAs are precipitated by adding 0.5 mL of isopropyl alcohol
per 1 mL TRIzol® solution to the collected aqueous phase.
Mix by turning tubes up and down several times (see Note 1).
Incubate samples at room temperature for 10 min. Centrifuge
at 12,000 rpm for 10 min at 4°C. A gel-like RNA precipitate
will form, often with white color that binds to the side and
bottom of Eppendorf tubes.

. RNA wash

The supernatant is discarded, leaving the RNA precipitate,
which is then washed with 1 mL of 75% ice cold ethanol.
Samples should be mixed by vortexing until the pellet detaches
from the bottom of the tube and then centrifuged at 7,500 rpm
for 10 min at 4°C.
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3.2. Small RNA
Fractionation

6. Redissolving RNA

The supernatant is carefully removed to avoid disrupting the
pellet. Briefly, the RNA pellet is dried using a speed-vacuum
dryer for 1-2 min, until it becomes transparent. It is important
not to let the pellet dry completely as over drying decreases
RNA solubility. The dried pellet is then resuspended in
30—40 pl. RNase-free water, quantified using a NanoDrop
spectrophotometer (see Note 2) and stored at -80°C.

7. RNA integrity

Due to the omnipresence of RNases and RNA instability, it is
essential to control RNA integrity before RNA-dependent
applications. To assess RNA integrity, ~2 pg of each sample can
be analyzed on 1.5% agarose gels or on the Bioanalyzer (Agilent),
using the RNA nano or pico kit. The Bioanalyzer allows for
easy and fast analysis, using 1 pLL of RNA sample only. It gives
the RNA spectrum and the RNA integrity number (RIN),
which should be higher than 7.

Total RNA is fractionated on 10% denaturing PAA gels. sSRNAs are
eluted from gels by excising the bands corresponding to 15-30 nt.
The RNA size is determined by a co-migrating cy3-labeled RNA
size marker in the same gel. Visualization of this marker allows for
the identification of gel pieces that contain the RNA of desired
length (Fig. 2).

1. Glass (20x18 mm) and spacers (1.5 mm) should be cleaned
with RNaseZap to avoid RNase contamination and rinsed with
RNase-free water. Use a vertical electrophoresis system.
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Fig. 2. sSRNA extraction from acrylamide gels. Total RNA is fractionated on 10% denaturing
PAA gels. Since the sSRNA fraction is not easily detected even with SyBr Green staining, a
22 nt cy3-labeled oligo is co-migrated with the RNA samples. A band is excised from the
gel for each RNA sample 5 mm above and below the size marker. Alternatively, two labeled
markers of the desired sizes can be used to increase accuracy of band identification and
excision.
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3.3. Small RNA
Extraction from
the Gel

. Preparation of'a 10% denaturing PAA gel (7 M urea)

Weigh 21 g urea and transfer to an RNase-free flask. Add 5 mL
TBE 10x, 12.5 mL PAA, and RNase-free water to a total vol-
ume of 50 mL. Mix until the components are dissolved.
Transfer 5 mL of this solution into a new RNase-free tube to
prepare the gel base.

. Mix 60 pL APS (10%) and 6 pL of TEMED for polymeriza-

tion of the gel base. Lay the glass plates, already assembled
with the spacers, on a test tube rack. With a pipette, pour the
above PAA solution into the bottom of the glass plates (~1 cm
gel base). Allow the gel base to polymerize for 15 min (see
Note 3).

. When the base is polymerized, lay the glass plates at a 10°

angle, add 450 pL. APS 10%, and 40 uL of TEMED to the
remaining 45 mL gel solution, mix by swirling. Fill the space
between the glass plates to the top. Immediately insert the
appropriate comb (1.5-mm thick) and allow the gel to polym-
erize for 1 h at room temperature (see Note 4).

. Remove the comb from the gel and rinse with RNase-free

water. Prerun the gel at 200 V for 15-30 min. The gel is now
ready for electrophoresis and loading.

. Sample loading

Concentrate RNA samples to ensure each gel well is loaded
with 50-100 pg of total RNA. For each sample, add 10 pL
RNA sample (containing between 50 and 100 nug RNA) plus
10 pL of 2x loading dye. Mix, centrifuge briefly and load
20 pL of sample in each well (see Note 5). In unused wells,
load size markers (5 pg is sufficient) by adding 10 pLL sample
plus 10 pL 2x loading dye.

. Run the gel for 1 h 30 min at 275 V, and then stain it with

SyBr Green (see Note 6).

. Cut RNA bands in the size range of 15 and 30 nt (2 mm above

and below the size marker) with a clean, RNase-free razor
blade (Fig. 2). Put each gel slice in a clean 1.5 mL tube and
crush it with a pipette tip or using a homogenizer pestle. Add
200 pL RNase-free water and keep crushing the gel slice until
a fine slurry is obtained. Incubate the mixture at 70°C for
10 min.

. Meanwhile, prepare a DTR column for each slice. Centrifuge

the column for 2 min at 3000 rpm. Transfer the column to a
new 1.5 mL clean tube. Vortex the mixture (slurry) and trans-
fer the entire volume to the DTR column.

. Centrifuge at 3,000 rpm for 3 min. Discard the DTR column

and keep the eluate. Add 5 volumes of absolute ethanol and
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3.4. 3' Adapter
Ligation

3.5.5' Adapter
Ligation

1 pL glycogen (20 pg) to the eluate. Mix by inversion and
allow for precipitation at —~80°C overnight (see Note 7). Spin
tubes at 12,000 rpm for 10 min. Pour out the supernatant and
dry the RNA. Proceed to 3’ adapter ligation.

After recovering the sSRNA fraction from gel slices, the sSRNAs can
be ligated with 3" and 5’ linkers in two separate reactions. In the
first reaction, the 3’ ligation is carried out using the entire sample
from above. For this:

1.
2.

Resuspend the sSRNA precipitate in 13 pLL RNase-free water.

Assemble the 3" adapter ligation in 20 pL reactions containing
13 uL of the resuspended sRNA fraction, 2 pl. 10x T4 RNA
ligase buffer without ATP (see Note 8), 3 u. DMSO, 1 pLL 3’
adapter 50 uM (AMP-5'p-5'p/CTGTAGGCACCATCAATdi-
deoxyC-3') and 1 pL. T4 RNA ligase. Incubate the reaction at
room temperature for 2 h.

. Add 20 pL of 2x loading dye, heat at 65°C for 5 min to stop

the reaction and load the total volume (40 puL) on a 10% dena-
turing PAA (prepared as described in Subheading 3.2).

. Run the samples alongside a 40-nt oligo (5 pg oligo in

20 pL+20 pL loading dye). Run gel as described previously at
275V for 1 h 30 min.

. Excise the RNA bands by cutting gel slices 2 mm above and

below the 40-nt band with a clean, RNase-free razor blade
after staining with SyBrGreen, as described previously (see
Note 9).

. The 3’ linked sRNA fraction is then recovered as described

previously for the sRNA fraction described in Subheading 3.3,
using DTR columns.

. Dissolve the pellet obtained in the previous step in 13 pL

RNase-free water.

. The 5" adapter ligation is assembled in 20 pL reactions con-

taining 13 pL of 3'ligated sRNA fraction, 2 pL. 10x T4 RNA
ligase buffer (with ATP), 2 pL. DMSO, 1 pl. 100 pM RNA
Nelson’s linker (5'ATCGTrArGrGrCrArCrCrUrGrArArA3’),
and 2 puLL T4 RNA ligase (see Note 10). Incubate the reaction
at 37°C for 1 h.

. It is not necessary to gel purity this reaction, rather extract it

with phenol. Add 80 pLL RNAse-free water to the 3'/5' linked
RNA to a final volume of 100 pL, then add 100 pL of
phenol:chloroform:isoamyl alcohol 25:24:1 and mix by vor-
texing. Centrifuge at 12,000 rpm for 15 min at 4°C. Keep the
aqueous phase which contains the RNA.
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3.6. cDNA Synthesis

3.7. PCR Amplification

4. Perform a second extraction by adding 1 volume (100 pL) of
chloroform. Mix by vortexing, centrifuge at 12,000 rpm for
15 min at 4°C, and keep the aqueous phase.

5. Precipitate the RNA by adding 5 volumes absolute ethanol and
0.1 volume of sodium acetate (NaOAc) pH 5.2 to the above
aqueous phase, mix and incubate overnight at -80°C.

6. Centrifuge at 12,000 rpm for 15 min at 4°C and discard the
supernatant. Wash the pellet with 1 mL 75% ice cold ethanol.
Mix the sample by vortexing until the pellet is detached from
the bottom of the tube. Centrifuge at 7,500 rpm for 10 min
at 4°C.

7. Redissolving RNA.

Transfer all the supernatant carefully to avoid disrupting the
pellet. Dry the RNA pellet briefly, using a speed-vacuum dryer
(1-2 min) until it becomes transparent. As before, it is important
not to let the pellet dry completely as over drying decreases RNA
solubility. Resuspend the dried pellet in 7 L. RNase-free water and
use this fraction to synthesize cDNA.

The 5" and 3’ ligated RNAs contain both RNA and DNA domains.
The RNA domain is converted to DNA by reverse transcription.
The protocol described below has been optimized for SuperScript™
IIT reverse transcriptase (Invitrogen).

1. ¢DNA reactions (10 pL) are assembled in 1.5 mL Eppendorf
tubes. Add the 7 pL of ligated RNA from the previous step,
1 pL ANTPs 10 mM, 1 pl specific 3' ¢cDNA primer (5’
GCCTTGCCAGCCCGCTCAGATTGATGGTGCCTACAG
3') (specific 454 adapter B + complementary 3’ linker sequence
(italics)), 50 uM and 1 pLL RNase-free water. Incubate for
5 min at 65°C and then on ice for 1 min.

2. Add 10 pL of cDNA synthesis mix to the above samples. This
mix contains 10x RT buffer, 4 uL. MgCl, 25 mM, 2 pL DTT
0.1 mM, and 1 pL RNaseOUT. Incubate samples for 1 h at
50°C plus 5 min at 85°C and 1 min on ice. Centrifuge briefly
to ensure that the reaction components are at the bottom of
the tube. Add 1 uLL RNase H and incubate for 20 min at 37°C.
This reaction can then be stored at —20°C until used.

In this step, the above cDNAs are amplified and specific adapters
(A +B) are appended to the cDNA copy of the sSRNA. These adapt-
ers are essential for pyrosequencing, since they are recognized
downstream by the DNA capture beads and allow clonal amplifica-
tion by emPCR of the sequences. Specific fusion primers of the A
and B adapters and the sSRNA cloning adapters from the 3" and 5’
linkers are used in a round of PCR amplification. The synthesized
double-stranded library of sRNA molecules is then ready for
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amplification by emPCR and sequenced. To avoid library bias, a
minimal number of PCR cycles are performed as follows:

A 25 pL PCR reaction is assembled in 0.5 mL sterile tubes
with 0.25 pL Fast Start High Fidelity Roche enzyme, 0.5 pL
dNTPs 10 mM, 0.5 uL. MgCl, 100 mM, 2.5 uLL 10x Fast Start
enzyme buffer, 1.25 pL forward primer 10 uM 5" GCCTCCC-
TCGCGCCATCAGATCATCGTAGGCACCTG-
AAA 3' (specific 454 adapter A +optional TAG (bold) + 5 linker
sequence (ztalics)) (see Note 11), 1.25 pl reverse primer 10 uM 5’
GCCTTGCCAGCCCGCTCAGATTGATGGTGCC
TACAG 3' (specific 454 adapter B+complementary 3’ linker
sequence (ztalics)) and 5 pL of the previously prepared cDNA.

1. The tubes are inserted in a thermocycler and the samples are
subjected to the following amplification cycle: 1 cycle denatur-
ation at 96°C, 1 min; 22 cycles denaturation at 96°C, 10 s,
annealing at 50°C, 1 min, elongation at 72°C, 20 s; 1 cycle
Sfinal elongation at 72°C, 3 min; hold at 10 min.

2. The PCR products are analyzed on 4% agarose gels (Fig. 3).
The corresponding bands (~100 nt) are excised with clean,
sterile razor blades, and the DNA is eluted from the gel with a
Qiaquick kit from Qiagen (see Note 12).

—> Desired PCR product
—> Unspecific 80 bp band

100bp

Fig. 3. Amplification of cDNA libraries by PCR. After amplification of cDNA, PCR products
are analyzed on 4% agarose gels. The desired products should be ~100 bp in size.
Sometimes a nonspecific band of ~80 nt is also observed. This corresponds to adapter
ligation products lacking sRNA inserts. If this band appears, gel purification of amplified
DNA must be carried out to avoid sequencing DNA fragments without miRNA inserts. The
100-nt size bands are excised from gels with a clean razor blade and DNA is eluted with
a Qiaquick kit (Qiagen).
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3.8. emPCR and
Sequencing

Fig. 4. Bioanalyzer analysis of PCR products prior to 454 sequencing. After clean up of the
PCR products, each DNA sample should be analyzed using the Bioanalyzer to determine
DNA quantity and quality. Only 1 band of ~100 nt should be observed in this step.

3. Clean PCR products are checked for integrity and concentration
using the Bioanalyzer RNA 6000 NanoChip from Agilent
Technologies (Fig. 4) prior to sample quantification for deep
sequencing. Samples are now ready to be clonally amplified via
emPCR and sequenced.

After amplification of the cDNA libraries, samples are subjected to
emPCR. In this step, each sSRNA molecule within a mixture is
sequenced individually because of binding to the DNA capture
beads. The DNA capture beads recognize the specific adapters
appended to the sRNAs during library amplification, which are
then clonally amplified by emPCR. Beads are placed in a water-
in-oil emulsion, containing hundreds of thousands of PCR
microreactors. Each microreactor contains all the reagents neces-
sary for the amplification, which allows for the entire collection
of fragments and beads to be amplified in parallel, resulting in
bead-immobilized clonally amplified DNA fragments. This avoids
the introduction of competing or contaminating sequences. After
the round of emPCR, the samples are ready for sequencing. The
Roche 454 GS-FLX platform offers multiple sequencing formats,
so one can choose according to the experimental objectives. We
used mini-chips that allow sequencing for up to 100,000 reads.
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Fig. 5. Emulsion PCR and high-throughput sequencing. After cDNA library preparation, samples are ready for emPCR.
Specific adapters that were previously appended to each sRNA (a) are recognized by DNA beads (b). Beads are placed in
a water-in-oil emulsion, containing hundreds of thousands of PCR microreactors. Each microreactor contains the reagents
necessary for DNA amplification, which allows for the entire collection of fragments and beads to be amplified in parallel
(c). After emPCR, samples are added to the DNA bead incubation mix containing DNA polymerase and are layered onto a
sequencing chip (PicoTiterPlate™). Each chip well contains a single bead. Once placed in the instrument, sequencing
reagents flow across the chip wells which allow the sequencing of hundreds of thousands of beads with millions of copies
of DNA. (d) Image of the sequencing device after sequencing. Each fragment generates its own flowgram, corresponding
to its sequence (e). Adapted from Thomas Jarvie and Timothy Harkins, Small RNA analysis using the Genome Sequencer™

FLX System, Nature Methods.

3.9. Data Extraction

Library beads are added to the DNA bead Incubation Mix that
contains DNA polymerase and are layered onto the sequencing
device (PicoTiterPlate™). This device consists of a set of wells
where bead deposition occurs. In each well only one bead is depos-
ited. Once placed in the instrument, sequencing reagents flow
across the plate wells, allowing each of the hundreds of thousands
of beads with millions of copies of DNA to be sequenced in parallel.
Each clonally amplified fragment generates its own unique sequence
(8). The 250-bp reads obtained in the sequencing run are long
enough to completely read through the adapters added to the cDNAs
during library preparation. This provides an ideal quality control
of each read. A scheme of the emPCR and sequencing steps are
shown in Fig. 5.

After sequencing, base calling and quality trimming, sequence
reads are carried out using the Genome Sequencer FLX software.
Raw images are processed to remove background noise and to nor-
malize data. TAGs and adapter sequences that were used for library
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construction are then identified and trimmed. After trimming, the

resulting reads should be >15 nt. These are then retrieved for

downstream analysis and identification of miRNAs using bioinfor-

matic approaches.

4, Notes

. It is important to mix the aqueous phase containing the RNA

with isopropyl alcohol prior to centrifugation. If the isopropyl
alcohol is not properly mixed with RNA, no precipitation or
very low yield of RNA will be obtained.

. If the sample concentration is too high (NanoDrop spectra out

of range), dilute it in a high volume of RNase-free water. The
ideal concentration should be between 1.5 and 3 pg/ul. The
260,230 and 260,280 ratios should be higher than 1.8.

. The APS (10%) and TEMED that are added to the 5 mL base

gel allow for rapid polymerization, sealing the bottom of
the plates, and avoiding acrylamide leaks when pouring the
main gel.

. Polymerized PAA gels can be stored overnight at 4°C wrapped

in cling film to avoid evaporation and gel drying. Gels can be
run over the next few days.

. There is no need to denature the samples before loading

because gels contain 7 M urea as well as the loading buffer.
This disrupts RNA secondary structure without preheating.

. The low concentration of miRNAs makes it difficult to observe

clear bands after staining. For this reason, size markers must be
run alongside RNA samples. SyBr Green staining is optional
since size markers are labeled with cy3. These markers are
observable to the naked eye as pink bands. However, to ensure
that the correct bands are excised, it is good practice to stain
gels and locate bands. This also allows checking RNA integrity.
Staining with SyBr Green is preferable to staining with ethid-
ium bromide because it is not carcinogenic and does not cross-
link during UV irradiation.

. The use of DTR columns is crucial for cDNA library prepara-

tion, as it is difficult to obtain high amounts of sSRNAs from gel
extractions. We have tested other methods, but this was the
one that yielded the highest amount of sRNAs and successfully
removed urea and other salts with minimal loss of RNA.

. The 3" adapter ligation is carried out in the absence of ATP to

avoid circularization of the RNA fragments. This 3’ adapter
contains pre-adenylated deoxyoligonucleotides, blocked at the
3" end, to avoid their circularization. The pre-adenylation of
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10.

11.

12.

the adapter eliminates the need to use ATP during ligation.
This minimizes the problem of 5’ adenylation of the pool of
sRNAs that could lead to circularization.

. Free 3’ linker will compete with 3’ linked sSRNAs in the 5’ liga-

tion step and must be removed. Successfully ligated RNAs are
between 33 and 48 nt long, 15-30 nt fragments constitute the
sRNA fraction and the additional 18 nt fragment constitutes
the 3' linker. Free adapter is easily observable after gel staining
as an 18 nt band. To ensure that gel slices are excised in the
correct position, a 40-nt oligo should be run alongside the
ligated RNA samples. Often the 3’ ligated material is not con-
centrated enough to be visible after gel staining.

In our experience, T4 RNA ligase from Ambion produced the
best results under our experimental conditions. It is possible that
some sRNAs ligate differentially, and for this reason sequencing
data should be validated by northern blot or qPCR analysis.

The 454 sequencing technology allows for sequencing differ-
ent samples in a single run. In order to distinguish sRNAs
from different samples, the latter must be tagged, using a 5’
fusion primer (forward primer of the PCR amplification) con-
taining the specific 454 adapter A plus choice TAG (a unique
combination of 3 nt for each sample) plus the 5’ linker
sequence. In our case, sample 1 corresponding to RNA
extracted from brain had an ATC tag and sample 2 derived
from heart had a TTC tag. Therefore, tagged purified PCR
products can be mixed in equal amounts prior to 454 sequenc-
ing. These TAGs are traced downstream during bioinformatic
analysis of the sequencing data.

It is essential to run the final PCR products on gels because an
extra ~80 nt band is often detected. This band corresponds to
adapter ligation products lacking the sRNA inserts. If this band
appears, gel purification must be carried out to avoid nonspe-
cific sequencing products. As an alternative to agarose gels,
PCR fragments can be fractionated on 10% denaturing PAA
gels. The correct size bands (~100 nt) can be excised from gels
using a clean razor blade. DNA can be eluted from the gel with
Probe Elution buffer (Ambion), following the manufacturer’s
instructions. Denaturing PAA gels have a better resolution than
agarose gels and separate better similar sized DNA bands.
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Chapter 14

Methods for Small RNA Preparation for Digital Gene
Expression Profiling by Next-Generation Sequencing

Sam E.V. Linsen and Edwin Cuppen

Abstract

Digital gene expression (DGE) profiling techniques are playing an eminent role in the detection, localization,
and differential expression quantification of many small RNA species, including microRNAs (1-3).
Procedures in small RNA library preparation techniques typically include adapter ligation by RNA ligase,
tfollowed by reverse transcription and amplification by PCR. This chapter describes three protocols that
were successfully applied to generate small RNA sequencing SOLID™ libraries. The Ambion SREK™-
adopted protocol can be readily used for multiplexing samples; the modban-based protocol is cost-efficient,
but biased toward certain microRNAs; the poly(A)-based protocol is less biased, but less precise because
of the A-tail that is introduced. In summary, each of these protocols has its advantages and disadvantages
with respect to the ease of including barcodes, costs, and outcome.

Key words: microRNAs, DGE Profiling, Sequencing by ligation

1. Introduction

Among various high-throughput sequencing platforms available,
the SOLiD™ platform delivers deep coverage and accuracy, which
is essential for small RNA sequencing. On the SOLID™ platform,
sequencing is established by “sequencing by ligation™: a set of four
fluorescently labeled di-base DNA probes competes for ligation to
the sequencing primer with the interrogated DNA fragment as a
template (4). Specificity of the di-base probe is achieved by inter-
rogating every first and second base in each ligation reaction. This
method allows for strong noise-reduction (5) and ensures reliable
identification of nearly-identical microRNA family members as well
as editing events (6, 7).

This chapter describes three different approaches to construct
small RNA libraries from total RNA. After isolation of the small

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_14, © Springer Science+Business Media, LLC 2012
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RNA of interest, essentially each library is prepared in three steps,
i.e., adapter ligation, reverse transcription, and enrichment PCR,
before it is submitted to the sequencing platform-dependent sample
preparation. All protocols assume that the small RNA species of
interest contain 5’ P and 3' OH groups, like microRNAs. If modi-
fications cannot be excluded, a dephosphorylation step, followed by
a phosphorylation step, may facilitate cloning (e.g., when a P group
is located at the 3’ terminus). Total RNA isolation is not discussed
here: any standard or commercial RNA isolation protocol suffices as
long as it accounts for the selection of small RNAs (see Note 1 for
handling samples and RNA). Importantly, the small RNAs should
be retained during precipitation and we therefore recommend
applying the precipitation strategy described in the methods.

The reason for the presence of three protocols is that each has
its advantages and disadvantages with respect to the possibility to
include barcodes, cost, and outcome. Importantly, it has been dem-
onstrated that library preparation methods introduce severe capture
biases which affect the final read distribution irrespective of the
applied sequencing platform (8), which is most likely due to char-
acteristics of enzymes used at various steps in the procedures.
Currently, it is unclear which library preparation method reflects
the physiological distribution best (or, whether a method exists that
does fully reflect the actual molecule count). Every step, every
enzyme, and every method exposes preferences toward certain mol-
ecules, and therefore we strongly recommend following exactly
identical procedures for each library within one experiment where
samples are compared. It should also be noted, that the observed
biases disqualify sequencing as a method to obtain absolute, or
ranked, expression levels within a sample. In addition, libraries con-
structed by different protocols, or established by different types of
enzymes, should not be compared. Comparing datasets that have
been generated by different library methods is noninformative.
Notably, this observation is valid for any small RNA profiling tech-
nique, including microarrays and high-throughput real-time PCR.
In spite of this limitation, digital gene expression (DGE) profiling is
very well suited to deduce differential expression of both known
and unknown, small RNAs. It has been shown that differential
expression levels obtained on different sequencing platforms, or
with different techniques, actually correlate very well (8-10).

2. Materials

2.1. Gel Electro-
phoresis and Staining

1. Mini-protean gel system (Bio-Rad) or similar gel systems for
running preparative denaturing polyacrylamide gels.

2. Gel solutions. The following recipes can be followed to make
80 mL gel mix. To prepare the 15% denaturing PAA mixture,



14 Methods for Small RNA Preparation for Digital Gene Expression... 207

add 33.6 gureum to 8 mL 10x TBE, 30 mL 40% 19:1 acrylamide /
bisacrylamide mixture and 14 mL milliQ H,O. The 10% dena-
turing PAA mixture contains of 33.6 g ureum to 8§ mL 10x
TBE, 20 mL 40% 19:1 PAA, and 24 mL milliQ H,O. The 6%
native PAA gel mixture contains 10 mL 50% glycerol, 8§ mL
TBE, 12 mL 40% 19:1 PAA, and 50 mL milliQ H,O. Use
5 mL for each gel if you make use of the Bio-Rad system with
0.75 mm spacers. To each lot of 5 mL, add 50 pL 10% APS (in
H,0) and 5 pL. TEMED. Run the gels in 1x TBE. Store the
gel mixture at 4°C.

3. SybrGold/TBE (see Note 2) and a Safe Imager (Invitrogen)
for visualizing RNA and DNA without introducing damage.

4. DNA ladder: the ultra low range (ULR) (Fermentas), with
bands between 15 and 300 nt. Comes with 6x DNA loading
bufter.

5. miSPIKES and piSPIKES (5 uM each): these can clearly indi-
cate the position of the small RNA species on gel.

6. 2x RNA loading buffer: can be obtained commercially or pre-
pared manually: 90% formamide, 10% 10x TBE, 0.5 g bro-
mophenol blue in 15 mL.

7. Clean razor blades for gel excision.

8. Lonza gel system, 2.2% Lonza gels, either single or double tiers.

2.2. PAA Gel Excision 1. SpinX columns from Costar: these are used to separate gel
and Elution fragments from the eluate (see Note 3).

2. Elution buffer: 0.3 M NaCl. For RNA: in H,O. For DNA,
buffered in 10 mM Tris pH 8 (see Note 4).

3. Components of precipitation mix: EtOH, 5 M ammonium
acetate, GlycoBlue from Ambion: blue-labeled glycogen that
act as a carrier for small RNAs and DNAs.

2.3. Consumables 1. Nuclease-free H,O.
2.3.1. Miscellaneous 2. 1.5 mL and 200 pL PCR tubes. Keep them RNAse free by
Consumables only touching them with new gloves.

3. Latex gloves.

2.3.2. Consumables 1. SREK™ adapter mix, ligation buffer, ligation enzyme (Ambion).
for SREK™

2.3.3. Consumables 1. T4 RNA ligase (Ambion).

for Modban and poly(4) 2. 10x T4 RNA ligase with ATP (Ambion).

3. Phusion Taq polymerase (Finnzymes).
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2.3.4. Consumables
for Modban only

2.3.5. Consumables
for poly(A) only

2.4. Probes
and Primers

2.4.1. PCR Primers

2.4.2. SREK™ 20 Barcodes

1. 10x T4 RNA ligase buffer w/o0 ATP (500 mM Tris pH 7.8,

100 mM MgCl, 100 mM DTT).

. Poly(A) polymerase (E. coli derived, from Ambion). It comes

with buffer and MnClL,.

. Periodic Acid (Sigma). Used to terminate the poly(A) tail as it

cleaves diols.

. Sephadex G25 spin columns (Roche) to get rid of non-

incorporated ATPs after polyadenylation.

. Forward lib primer 5 CCA CTA CGC CTC CGC TTT CCT

CTC TATG 3'.

. Reverse lib primer: 5" CTG CCC CGG GTT CCT CAT TCT 3'.

. Barcoded RT Primers

SOLiID™ RT Primer BCl 5-CTGCCCCGGGTTCCTCA
TTCTCTGTGTAAGAGGCTGCTGTACGGC
CAAGGCG-3'

SOLiD™ RT Primer BC2 5'-CTGCCCCGGGTTCCTCAT
TCTCTAGGGAGTGGTCTGCTGTACGGCC
AAGGCG-3'

SOLiD™ RT Primer BC3 5’-CTG CCC CGG GTT CCT CAT
TCT CTA TAG GTT ATA CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC4 5'-CTG CCC CGG GTT CCT
CATTCT CTG GAT GCG GTC CTG CTG TAC GGC
CAA GGC G-3

SOLiD™ RT Primer BC5 5'-CTG CCC CGG GTT CCT CAT
TCT CTG TGG TGT AAG CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC6 5’-CTG CCC CGG GTT CCT CAT
TCT CTG CGA GGG ACA CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC7 5'-CTG CCC CGG GTT CCT
CATTCT CTG GGT TAT GCC CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC8 5’-CTG CCC CGG GTT CCT CAT
TCT CTG AGC GAG GAT CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC9 5'-CTG CCC CGG GTT CCT CA
T TCT CTA GGT TGC GAC CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC10 5'-CTG CCC CGG GTT CCT
CAT TCT CTG CGG TAA GCT CTG CTG TAC GGC
CAA GGC G-3
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2.4.3. Modban and Poly(A)

2.4.4. Modban

2.4.5, Poly(A)

2.5. Devices

SOLiD™ RT Primer BC11 5'-CTG CCC CGG GTT CCT
CAT TCT CTG TGC GAC ACG CTG CTG TAC GGC
CAA GGC G-3

SOLiD™ RT Primer BC12 5-CTG CCC CGG GTT CCT
CAT TCT CTA AGA GGA AAA CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC13 5'-CTG CCC CGG GTT CCT
CAT TCT CTG CGG TAA GGC CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC14 5'-CTG CCC CGG GTT CCT
CAT TCT CTG TGC GGC AGA CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC15 5'-CTG CCC CGG GTT CCT
CAT TCT CTG AGT TGA ATG CTG CTG TAC GGC
CAA GGC G-3

SOLiD™ RT Primer BC16 5-CTG CCC CGG GTT CCT
CAT TCT CTG GGA GAC GTIT CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC17 5'-CTG CCC CGG GTT CCT
CAT TCT CTG AGG TGG GAG CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC18 5'-CTG CCC CGG GTT CCT
CAT TCT CTG GTG GGA CAC CTG CTG TAC GGC
CAA GGC G-3'

SOLiD™ RT Primer BC19 5’-CTG CCC CGG GTT CCT C
AT TCT CTG TTATAC TAA CTG CTG TAC GGC CAA
GGC G-3'

SOLiD™ RT Primer BC20 5-CTG CCC CGG GTT CCT
CAT TCT CTG CGA GAT AAT CTG CTG TAC GGC
CAA GGC G-3'

. 5" linker: 5" CCA CTA CGC CTC CGC TTT CCT CTC

TrArU rGrGrG rCrArG rUrCrG rGrUrG rArU 3’

rX indicates ribonucleotides.

. Modban (Cloning linker 1 provided by IDT): AMP-5'p-5'p/

CTGTAGGCACCATCAATdi-deoxyC-3'.

. Modban RT primer: 5’ CTG CCC CGG GTT CCT CAT TCT

CTG ATT GAT GGT GCC TAC AG 3.

. Poly(A) RT primer: 5" CTG CCC CGG GTT CCT CAT TCT

CITTITTTTTTTTTTTITTTTIT TITTTV 3'.

. Thermocycler with heated lid.
2. Benchtop centrifuge, maximal centrifugation force >12,000 x 4.
. Optional: Bioanalyzer, RNA pico chips, DNA chips (Agilent).
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3. Methods

3.1. Precipitation
of RNA or DNA

3.2. Small RNA
Collection

3.2.1. Fractionation

The protocols described in this chapter are directed to capture
microRNAs; for other small RNA molecule libraries, these proto-
cols have to be modified according to the respective molecule size.
The microRNA isolation procedure is identical for each of the
three protocols. Total RNA can be obtained by TRIzol extraction
or by using commercial kits, such as the miRVAna kit (Ambion).
For these preparatory steps, we recommend to always follow the
same protocol for each sample within one experiment to circum-
vent method-specific biases, although at present such biases have
not been studied. In the case of TRIzol or phenol/chloroform
extractions, the precipitation mix should be adapted for retaining
small fragments: the presence of a carrier, such as glycogen, a high
alcohol concentration, and sufficient incubation time at -80°C,
will retain small fragments. For every precipitation step, we recom-
mend to apply the precipitation protocol as described in this sec-
tion. If desired, one can choose to set aside a small aliquot of the
sample after each elution. These can later be analyzed on the
BioAnalyzer (Agilent) to verify the presence of the correctly sized
product and the quality of the sample.

1. Add 10% 5 M ammonium acetate, 300% absolute EtOH, and
0.5 uL GlycoBlue (Ambion) to the sample.

2. Incubate at -80°C for 30 min, or overnight. If the sample is
frozen when taken out of -80°C, allow the sample to thaw on
ice and mix the sample by inverting the tube about five times.

3. Spin the sample at >12,000 x4 for 25 min at 4°C.

4. Remove the supernatant using a pipette, add 70% EtOH and
spin at >12,000 x4 for 5 min at 4°C.

5. Remove the supernatant and spin the pellet briefly in a bench
top centrifuge to collect droplets of remaining fluid in the bot-
tom of the tube.

6. Remove the fluid using a P2 or P20 pipette and air-dry the pellet
for 2 min. Pellets that dry longer may be difficult to redissolve.

MicroRNAs are isolated from total RNA by excision from a 15%
denaturing PAA gel. It is recommended to start with 5 pg of total
RNA, although we also successfully used amounts as low as 100 ng.
This procedure consists of a fractionation (steps 1-3), gel fragmen-
tation (steps 4 and 5) and elution (steps 6 and 7) step.

1. Add 1 volume 2x RNA loading buffer to the sample (after
which it is incubated at 65°C for 5 min and stored on ice),
mi-spike /pi-spike mix (2 puL) and ladder (2 pL) (see Notes 5-6).
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3.3. Introducing the
Universal Sequencing
Adapters

3.3.1. Option 1: A Modified
SREK™ Protocol

2. Load the samples onto the gel (see Note 7) and run the gel at
200 V for 1 h. The distance between two samples should at
least span one empty well, to avoid contamination among
samples.

3. Stain the gel in 1x TBE/SybrGold (Invitrogen) for >2 min
and expose the gel on a clean glass slide on a Safe Imager
(Invitrogen). Verify the microRNA fraction by checking the
ladder together with the spike-in controls and excise the
17-30 nt bands (see Note 8).

4. Put the gel bandsinto a 1.5-mL Eppendorftube, the bottom
of which has been perforated twice with a 19-gauge
needle.

5. Place this tube tightly into a 1.5-mL Eppendorf tube and spin
this combination down at >12,000 x4 for 2 min, in order to
fragment the gel and collect these fragments in the lower
tube. Make sure that the whole fragment is spun through the
holes.

6. Add 300 pL of 0.3 M NaCl to the tube and elute the RNA by
rotating the tube gently at room temperature for 4 h (or over-
night at 4°C).

7. Transfer the eluate and the gel debris onto the top of a SpinX
filter (see Note 9) and spin at full speed for 2 min.

8. Precipitate as indicated (Subheading 3.1) and dissolve the
RNA in 3 uL nuclease-free H,O.

This protocol utilizes components of the Small RNA Expression
kit (SREK™, Ambion), which hybridizes a mix of partially double-
stranded 5’ and 3’ adapters in a directional orientation to both
termini of a microRNA simultaneously, prior to ligation. Although
relatively expensive, one advantage of this method is the possibility
to introduce barcodes into the libraries, without custom modification
of the adapters and potential loss of dedicated sequence length.
The modified protocol that is described here ensures an advanta-
geous dynamic range as compared with the modban method (see
below), biases toward certain microRNAs are mild. Our slight
modifications to the manufacturer’s protocol have lead to an
improved read quality from the first to the last nucleotide. Two
adapter mixes can be applied; adapter mix A positions the sequence
primer on the forward strand, while adapter mix B places it on the
reverse-complementary strand, altering the orientation of the
sequence reads. As part of the bias in cloning efficiencies is also
determined by the base sequence of the adapters that are used, it is
not recommended to compare libraries constructed with adapter
mix A with adapter mix B in the same experiment. Although not
dramatically different, we found that the read distribution of identical
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3.3.2. Option 2: The
Modban Protocol

samples does not correlate as well as those from two replicate
libraries that have been constructed with one adapter mix.

1. Mix 1.5 pLL of the purified small RNAs, 1 puL. adapter mix A or
B and 1.5 pL hybridization solution together and incubate this
mixture at 65°C for 5 min.

2. Put the mixture on ice and then carefully add 5 pL ligation
buffer (this buffer is very viscous) and 1 pL ligation enzyme.

3. Pipette the mixture up and down five times and incubate it for
4 h at RT or overnight at 16°C.

4. Combine 5 pL of the mixture with 5 puL. 2x RNA loading buf-
ter, place it at 65°C for 5 min and put it on ice.

5. Load the ligated samples and ladder into wells of a 10% dena-
turing PAA gel (see Note 7). Run the gel at 200 V for
40 min.

6. Stain the gel with ~10 mL TBE containing SybrGold. Expose
the gel under the safe imager and excise the 60-90 nt fragment
(see Note 8).

7. Fragment, elute, and precipitate as described in Subheading 3.2.
Dissolve in 10 pLL H,O.

This protocol is adapted from Lau et al. (11), who ligated adapters
to both termini of the small RNA. After isolation of the small RNAs
of interest, the 3’ adapter, i.e., the commercially available modban
linker, is introduced first. The modban linker itself serves as a phos-
phate donor during ligation and is modified at the 3' terminus,
which ensures that the 5" end of the modban adapter can only link
to the 3’ termini of the microRNAs; in the absence of free ATP, no
other product can be formed and small RNA molecules cannot con-
catenate or circularize. After removal of the non-incorporated
adapters, the 5’ adapter is subsequently introduced. While this
method is cheaper than the SREK™-based method, it requires one
more gel excision and is therefore more laborious. Also, barcodes
are not automatically introduced (see Note 10). The dynamic range
is smaller than the other methods discussed as the modban method
is strongly biased toward members of the Jet-7 family: in most cases,
>50% of all resulting reads derive from these microRNAs, resulting
in reduced informative capacity for other microRNAs.

1. To 1.5 pL of the purified microRNAs, add 5 plL 2x buffer with-
out ATP, 0.6 uLL 10 uM modban linker, 1 uL. T4 10 U/ulL T4
RNA ligase (Ambion), and 0.4 pl. RNAseOut (Invitrogen).

2. Incubate this mixture at 20°C for 6 h in a thermal cycler; the
mixture can subsequently be kept at 4°C overnight.

3. Add 10 pL 2x gel loading butffer to the mixture, mix, and heat
this sample at 65°C for 5 min to resolve secondary RNA structures.
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3.3.3. Option 3: Cloning
Based on Polyadenylation
of the 3' Termini

10.

11.

12.

13.

14.

Put the samples on ice prior to loading them onto a 15%
TBE-Urea gel.

. Load the sample on gel (see Note 7): one of the lanes should

contain 2 pL of the ladder, which is dissolved in 2 pLL 2x RNA
loading buffer, but has not been heated to 65°C. Run the gel
at 200 V for 1 h.

. Stain the gel in SybrSafe /TBE for at least 2 min.

. Dissect, under the Safe Imager, the gel band corresponding to

30-50 nt fragment sizes (see Note 8).

. Elute and precipitate the ligated RNA fragments as described in

Subheading 3.2. Dissolve the nucleotide pellet in 5.7 pL. H,O.

. In the next steps, the 5’ adapter is ligated. Add the sample

(5.7 uL) to 1.3 pL of the 5' linker (5 pM), 1 pLL of 10x RNA
ligation buffer with ATP (Ambion), 1 pul. T4 RNA ligase
(10 U/uL, Ambion), and 1 pLL. RNAseOut (Invitrogen).

. Incubate the mixture at 20°C for 6 h in a thermal cycler. The

reaction mixture can be held overnight at 4°C.

Add 10 pL 2x RNA loading buffer to the sample, heat it to
65°C for 5 min, and store it on ice.

Load the sample onto a 10% PAA gel (see Note 7). Load 2 pL.
DNA ladder combined with 2 pL. RNA loading buffer that
has not been heated in one of the wells. Run the gel at 200 V
for 1 h.

Stain the ladder in TBE /SybrSafe for at least 2 min and trans-
fer the gel onto a safe imager.

Dissect the band that corresponds to 70-90 nt products (see
Note 8).

Purify the product as described in Subheading 3.2 and dissolve
the nucleotide pellet in 10 puL. H,O.

Introducing a 3’ poly(A) tail is a cheap and efficient way to intro-
duce an adapter to the 3’ terminus. Compared to the modban pro-
tocol, the preferences for certain microRNAs are less profound.
A disadvantage is the reduced reliability to define the 3’ terminus
of the microRNA because of the poly(A) tail and the lack of a
straightforward barcoding approach (see Note 10). The polyade-
nylation step is followed by a 5" adapter ligation. The 3’ adenosine
is terminated by periodic acid (12), to prevent circularization or
concatenation ligation of polyadenylated microRNAs in the subse-
quent 5’ adapter ligation step.

1.

At first, the 3’ termini of the small RNAs are polyadenylated.
Add 1.5 pL sample to 3.5 pL H,O, 2 pL 5x PAP buffer
(Ambion), 1 uL. 10 mM ATP, 1 pLL 25 mM MnCl,, and 1 pL
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3.4. Preparing cDNA

3.5. PCR Amplification

E. coli-cloned poly(A) polymerase (Ambion). Mix well and
incubate this mixture at 37°C for 30 min.

. Heat inactivate the enzyme for 2 min at 70°C, add 40 uL. H,O

and remove non-incorporated adenosines by spinning the solu-
tion over a G25 column (GE).

. Expose the RNA solution to periodic acid (40 min @ 0°C

10 mM NalO, in a total volume of 100 uL) in order to termi-
nate the 3’ nucleotide group (12).

. Precipitate the sample as described in Subheading 3.1 and dis-

solve the RNA in total of 5.7 pL. of DEPC-treated water.

. The adapter ligation to the 5’ terminus is identical to the 5’

adapter ligation in the modban protocol (Subheading 3.3.2,
steps 8—14). Since the poly(A) tail can reach up to hundreds of
adenosines, collect the complete fraction containing fragments
larger than 50 nt. Purify the product as described in
Subheading 3.3.2; however, add twice the volume of elution
buffer and divide the eluate into two tubes prior to precipita-
tion. Dissolve the pellet in 10 uL. H,O.

. Add to 5 pL of the RNA-adapter product (from Subheadings

3.3.1 to 3.3.3), 2 uL RT buffer (Promega), 1.5 uL. 10 mM
each dNTPs, and 0.5 pLL 10 uM primer. Use barcoded primer
if adapter mix A is used or FWD lib primer if adapter mix B is
used, or the appropriate RT primer for either the modban or
the poly(A) protocol.

2. Incubate this mixture at 72°C for 5 min and put it on ice.
. Add 1 pL (200 U) RT MMLV-enzyme (Promega) to the mix-

ture and perform the reverse transcription at 37°C for 30 min.

. To amplity the cDNA products, a PCR is performed (see Note

11). The PCR is performed in 100 pL, containing 2 pul. RT
product, 77.8 uL. H,O, 10 pL. 10x PCR buffer, 1.2 uL proof-
reading Taq (from the SREK™kit or Phusion Taq (Finnzymes)),
8 uL 2.5 mM cach dNTPs and 1 pL 22 uM cach FWD and
REV primer mix, or FWD and barcoded primer in the case of
SREK™-adapter mix B libraries.

. Start the PCR program with 95°C for 5 min (98°C in case of

Phusion Taq), then cycle 95°C (98°C for Phusion Taq) for
30 s, 62°C for 30 s, and 72°C for 30 s, and finish at 72°C for
7 min. Cycle 15 times at first, put the PCR product on ice and
check 3 pL of the PCR product by running it with DNA load-
ing buffer for 4 min at 284 V on a 2.2% Lonza gel (or similar
system). The expected product size is around 110 bp (be aware
of byproducts of about 90 bp in size); if this product is visible,
one can proceed with the next step (steps 4).
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3. If this product is not visible, at most five extra PCR cycles can

be performed (set the number of cycles between 1 and 5 of the
original PCR program and restart) and the verification proce-
dure can be repeated. Only proceed if a product with the
desired length is visible.

. Precipitate the sample as described (Subheading 3.1) and

dissolve in 10 pL.

. Prepare a 6% native PAA gel (see Note 7). Add DNA loading

buffer to 5 pL the samples (see Note 12), as well as to the lad-
der (1 pL per gel). Load the samples and run the gel at 200 V
for 40 min.

. Stain the gel with 1x TBE and SybrGold for at least 2 min.

. Expose the gel under the Safe Imager and excise, in the case of

microRNA libraries, the 110-120 bp fragment (SREK™) or
the 100-110 bp band (modban and poly(A)) (see Note 8).

. Fragment the gel as described in Subheading 3.2. Elute the

library for 2 h at RT in 100 pLL 0.3 M NaCl, buffered with Tris
(pH 8).

. Precipitate the library as described in Subheading 3.1. Dissolve

the pellet in 20 pL. 10 mM Tris (pH 8).

4. Notes

. Working with RNA requires cautious handling in a clean envi-

ronment. Not only should the exposure to RNAses be avoided,
also temperature, electrolytes, ice-crystals and pH affect the
stability of these fragile molecules. Degradation of larger RNA
species, such as rRNA and tRNA can contaminate the small
RNA sample, which will result in many noninformative
sequence reads. Furthermore, such contaminants put addi-
tional challenges on subsequent bioinformatic analysis, a part
of DGE profiling experiment for which the required effort is
routinely underestimated. Contamination by degraded RNA
may induce cross-hybridization during mapping (13), false-
positive predictions, and loss of statistical power. In order to
prevent these issues, one should make sure that the input mate-
rial is of supreme quality, preferably obtained from fresh tissues
that have been snap-frozen in liquid nitrogen until further
handling. Thawed and refrozen tissues will likely introduce
many unwanted small RNAs in the small RNA pool and should,
if possible, be avoided. Always store RNA or gel fragments
containing the RNA at —-80°C. Gel elution can be paused at —-80°C
and continued at a later stage.
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2.

10.

11.

12.

Mix SybrGold into TBE first. Then, add the gel to this
mixture. If SybrGold is added when the gel is already present
in the TBE, it will not distribute evenly through the gel.

. Be alert when closing spinX tubes. After adding the precipita-

tion mix to the spinX tube, shake the tube carefully while
closing it tightly between thumb and index finger, to prevent
precipitation mix from spilling out.

. Since RNA degradation occurs faster at higher pH, the 0.3 M

NaCl elution buffer should only be buffered with Tris pH 8 for
DNA.

. RNA loading buffer can be loaded in excess. If volumes are

small (e.g., less than 5 pL), it is reccommended to add loading
buftfer up to a total volume of 10 pL. It loads better.

. If the DNA ladder is to be loaded onto a denaturing gel, it can

also be loaded in RNA loading buffer. In that case, do not heat
the mixture prior to loading.

. Prior to loading, rinse the wells intensively with TBE to remove

gel slurry. To verity that each well is empty, 1 pL of loading
bufter may be loaded.

. Excise the gel on a clean surface to avoid contamination. Glass

slides or cellophane plastic may be used.

. Gel debris is hard to pipette. Place a 1-mL tip into the bottom

of the tube and aspirate gently. Some eluate may be lost in this
procedure. It is possible to add elution buffer onto the gel
debris twice to avoid loss. In this case, modify precipitation
mix amounts accordingly.

During RT-PCR of an SREK™-prepared library, a SOLiD™.-
specific barcode is introduced that is read from the internal
adapter sequence present on the SREK™ 3’ adapter. These
barcodes are decoded in the SOLID™ sequencing run, either
before or after the library sequencing. In case of the modban
or poly(A) protocols, barcodes could be introduced by insert-
ing short sequences at the 3' terminus of the 5 linker, which
would then be reflected by the first letters in the read.

The PCR amplification increases the cDNA to a quantifiable or
detectable amount. However, PCR also introduces biases.
Only minute amounts of cDNA, about 400 pg, are required
for the SOLID™ emulsion PCR. If quantification on such
amounts of cDNA could be accurately performed, e.g., using
quantitative PCR, it would be preferable to skip the PCR
amplification entirely. Note, this is not possible when SREK™.-
adapter mix B is used, since no barcodes and reverse primers
have been introduced up to this point.

Add excess DNA loading buffer: a 1x dosage may leave the
sample floating in the well, instead of forcing it down to the
bottom of the well.
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Chapter 15

Profiling of Short RNAs Using Helicos
Single-Molecule Sequencing

Philipp Kapranov, Fatih Ozsolak, and Patrice M. Milos

Abstract

The importance of short (<200 nt) RNAs in cell biogenesis has been well documented. These short RNAs
include crucial classes of molecules such as transfer RNAs, small nuclear RNA, microRNAs, and many
others (reviewed in Storz et al., Annu Rev Biochem 74:199-217, 2005; Ghildiyal and Zamore, Nat Rev
Genet 10:94-108, 2009). Furthermore, the realm of functional RNAs that fall within this size range is
growing to include less well-characterized RNAs such as short RNAs found at the promoters and 3’ termini
of genes (Affymetrix ENCODE Transcriptome Project et al., Nature 457:1028-1032, 2009; Davis and
Ares, Proc Natl Acad Sci USA 103:3262-3267, 2006; Kapranov et al., Science 316:1484-1488, 2007;
Taft et al., Nat Genet 41:572-578, 2009; Kapranov et al., Nature 466:642-646, 2010), short RNAs
involved in paramutation (Rassoulzadegan et al., Nature 441:469-474, 2006), and others (reviewed in
Kawaji and Hayashizaki, PLoS Genet 4:¢22, 2008). Discovery and accurate quantification of these RNA
molecules, less than 200 bases in size, is thus an important and also challenging aspect of understanding
the full repertoire of cellular and extracellular RNAs. Here, we describe the strategies and procedures
we developed to profile short RNA species using single-molecule sequencing (SMS) and the advantages
SMS oftfers.

Key words: Single-molecule sequencing, Short RNAs, Promoter-associate short RNAs, Polyad-
enylated short RNAs

1. Introduction

In a cell, a final functional product of a precursor RNA species is
often a shorter RNA derived from it. The most obvious examples
of this event include splicing and 3’ end RNA processing to gener-
ate mature long mRNAs. However, a large number of other classes
of functional RNAs that are not protein coding are made from
longer precursors. Many of such RNAs are in the realm of less than
200 nt, even though this range is somewhat arbitrary and simply

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_15, © Springer Science+Business Media, LLC 2012
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based on methods for fractionation. Most commonly biochemical
column-based methods are used to fractionate RNA into species
that are shorter or longer than 200 nt. Such RNAs are represented
by tRNAs, small nuclear (sn)RNAs, small nucleolar (sno) RNAs,
micro (mi)RNAs, and others (1-9). The latter miRNA class is
probably one of the extreme examples in which very long (kbs)
precursor RNA is cleaved by two enzymatic steps into a final functional
product of 21-23 nt (2). Therefore, a full understanding of the cel-
lular repertoire and functional cellular products must include the
study of complex, short RNA (sRNA) population that cannot be
achieved by profiling only long RNAs (3-9). In addition, extracel-
lular sSRNAs appear to be a promising class of biomarker molecules
(10, 11). The following chapter describes the methods to enable
successful profiling of this important class of short RNAs.

2. Materials

2.1. RNA Isolation

2.2. cDNA Synthesis

2.2.1. General Method

2.2.2. Method for Profiling
3’ polyA sRNAs

1. Purification of sRNA from total RNA or cultured cells could
be achieved using these kits:

mirVana™ miRNA Isolation Kit (Ambion).

miRNeasy Mini Kit (Qiagen).

RNA/DNA kit (Qiagen) — suitable for preparation of large
quantities of SRNAs from cultured cells.

2. Alternatively, SRNA of a desired fraction could be purified using
TBE-Urea polyacrylamide gel electrophoresis and overnight
elution (12).

1. Escherichia coli PolyA polymerase (Ambion).
2. 100 mM CTP (Roche).

3. ThermoScript reverse transcriptase (15 U/uL Invitrogen) — also,
(see Note 5).

4. Phenol/chloroform/isoamyl alcohol (Ambion).
5. 5 M Ammonium acetate (Ambion).

6. cDNA synthesis primer — custom made from Integrated
DNA Technologies sequence: TCG CGA GCG GCC GCG
GGG GGG GGG GGrG rGrG. Important — last three bases
are ribonucleotides.

7. RNAse A (Ambion).

1. SuperScript III reverse transcriptase (Invitrogen).
2. USER enzyme (New England Biolabs).
3. dTU-V cDNA synthesis primer — custom made from Integrated

DNA Technologies sequence: TTTTUTTUTUTTTUTTTT
UTTTUTTV.
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4. RNAse H (Invitrogen).
5. RNAse 1f (New England Laboratories).

2.2.3. Reagents Common 1. 100 and 70% ethanol (Sigma).

to Both Methods . RNAse inhibitors: ANTI-RNAse (Ambion) or RNAseOUT
(Invitrogen).

. 10 mM dNTPs (Invitrogen).

. AMPure® beads (Agencourt).

. Magnetic stand for 1.5-mL tubes.

. PCR machine. The protocol below has been tested on the BioRad
Tetrad 2 Thermal Cycler.

[\

N Ul W

2.3. Sequencing
of cDNA

. 20 U/pL Terminal Transferase (New England Biolabs).
. dATP (Helicos BioSciences).
. 1 mM Biotin-ddATP (Perkin Elmer).

. 10 mg/mL Bovine serum albumin (BSA) (New England
Biolabs).

. Quant-tT™ OliGreen® ssDNA Reagent (Invitrogen).
. NanoDrop 3300 (Thermo Scientific).

7. HeliScope™ Single Molecule Sequencer (Helicos BioSciences
Corporation).

[ SO ST NS ]

N Ul

8. Helicos® Flow Cells (Helicos BioSciences Corporation).

2.4. Data Analysis 1. A suite of unix-based Helicos processing tools that could
be freely downloaded from here: http: //open.helicosbio.com/
mwiki/index.php/Releases.

2. Computer hardware. In general, it is suggested to have at least
5 GB per CPU core for alignments to the human genome
using the Helicos aligner indexDPgenomic (13).

(a) A cluster, desirable if processing of multiple channels is
required. An example of specification would be a combina-
tion of dual and quad-core 3 GHz CPUs (i.e., Dell 1950)
with memory ranging from 8 to 32 GB.

(b) A standalone unix system if processing of only a few channels
is required with a similar specs to the ones listed above.

3. Methods

Profiling of short RNAs has several unique challenges that the
researcher should consider. First, the sSRNA fraction of the desired
length range must be isolated, otherwise, the signal could be
derived from a long RNA that overlaps a short RNA. Second, most
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3.1. Isolation
of sRNA Fraction

(not all) of the sSRNAs of interest lack an easy molecular handle
such as the 3 polyA tail of the mRNAs that is needed for conversion
into cDNAs. Third, they are often too short for efficient conver-
sion into cDNA using random hexamers. Fourth, certain sRNAs
have modifications at their 5’ (and 3') ends that interfere with
subsequent molecular manipulation and thus can go undetected
by certain methods. Fifth, some classes of sRNAs have strong
secondary structures (see Note 4) that preclude them from being
detected by enzymatic methods that are typically conducted under
mild (nondenaturing) conditions. Sixth, some sSRNAs like miRNAs
have lengths that are too short for efficient mapping to very complex
genomes, thus making discovery work challenging. Seventh, most
of the methods used rely on ligation and PCR amplification that
can skew both the composition of the population and the quantification
of the RNA species. Eighth, sSRNA fraction could be dominated be
relatively few, very highly abundant RNA classes, such as rRNA,
snRNA, and snoRNAs which will require significant depth for com-
plete characterization of the sSRNA population. This can be avoided
by further selections such as selection of a specific size range
enriched in miRNAs (~18-25 bases) or selection of those with 3’
polyA tails (Subheading 3.3).

Below, we provide two general methods for the detection of
sRNAs using single molecule sequencing: one can be used for detect-
ing any sRNA that has a 3" OH and the second for detecting 3’ polyA
sRNAs. To circumvent some of the challenges presented above, we
start with an isolated sRNA fraction followed by (1) the addition of
3’ polyC tail using polyA polymerase and cDNA synthesis using a
polyG-containing oligonucleotide or (2) ¢cDNA synthesis using a
polyU oligonucleotide without tailing of RNA. The resulting cDNA
could then be purified and sequenced directly after polyA tailing and
3" blocking. The diagram of the first method is shown in Fig. 1.

Both methods do not require ligation or amplification and are
also ambiguous as to the status of the 5" end of an sRNA - thus
sRNAs with any modification at their 5 end can be detected. We
also show the results one could expect when profiling a population
of sSRNAs less than 200 nt in the human HeLaS3 cells and pros and
cons of each method.

1. The sRNA fraction could be isolated using a variety of methods
(see Notes 1 and 2). If a general <200 nt fraction is required,
commercially available kits like mirVana (Ambion); miRNeasy,
or RNA/DNA from Qiagen could be used. We have used these
kits following the manufacturer’s guidelines with satisfactory
outcomes.

2. If it is desired to isolate sSRNAs in a specific size range, a TBE-
Urea denaturing polyacrylamide gel-electrophoresis could
be considered as an alternative purification method. We have
followed the protocols described in (12).
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Schematics of Helicos single molecule short RNA sequencing protocol
A 29 base short RNA tailed at 3' ends with polyC

5 IMMNMNMNN JMMNE NNNCCCCCCCCCCCCCCCCCCCCCCCCCCoeeee &
RNAb )
cDNA synthesis ases GC,GP*G’GG
e,
s
< 66666666666 O
5' NNNNNNNY INNNND INNNNNNCCCCCCCCCCCCCCCCCCCCCCCCCCCCOat 3

Resulting cDNA
5 CGCCGGCGAGCGCTGGEGEGGEEGEGEEGEEAGEEGEMMMMMMMMMMMMMMMMMMMMMMMMMMMMMS'

M

PolyA tailing and 3’ blocking
5 CGCCGGCGAGCGCTGGGEEGEEEGGEEEEEEGEGEEEMMMMMMMMMMMMMMMMMMMMMMMMMMMMMAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA" T

\4

Fill and Lock and Sequencing

< TTTTTTTTT T T T T I I T I T ITITT I I 11T
5 CGCCGGCGAGCGCTGGGEGEEEEEEGEEEGEEEEMMMMMMMMMMMMMMMMMMMMMMMMMMMMMAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA" 3

Resulting Un-filtered Sequence (the first A nucleotides and the following non-A nucleotide are usually not included)

5 TTTTT NI JNNNNNNNNNNNNNNNNNNNNCCCC 3

f

Keeping only the sequences with a Trimming the C-tail
certain minimal length

trimming heading
T in reads where the fill-and-lock
was not 100% efficient

This base is usually not included v
if the fill-and-lock is 100% efficient
Resulting Filtered Sequence
5" NNMNM INMNMNNR N INNN 3

Fig.1. A diagram depicting the Helicos small RNA method for the preparation of cDNA for sequencing to the downstream
processing of raw sequence reads.

3.2. General Method 1. Bring RNA to 30 pL in water in a PCR tube: 10 ng to 5 pg of
for Profiling of sRNAs short RNAs can be used with this protocol.

3.2.1. Tailing of RNA 2. Incubate for 2 min at 85°C in a PCR machine and then put on
with 3' polyC ice for at least 2 min.

3. Add the following reagents: 10 pL of 5x E. coli PolyA poly-
merase buffer; 5 pL of 25 mM MnCl,; 1 uL of 100 mM CTP;
1 pL of Anti-RNAse or RNAseOUT, and 3 pl. of 2 U/ulL E.
coli PolyA polymerase. Mix well (do not vortex) and incubate
for 3 h at 37°C.

4. Add 40 pL of water and 10 pL. of 5 M ammonium acetate.

5. Extract twice with phenol/chloroform/isoamyl by vortexing
vigorously for 30 s.

6. Precipitate by adding 3x volumes of 100% EtOH for a minimum
of 30 min at -80°C.

7. Centrifuge at 4°C for 30 min at top speed. Wash once with
70% EtOH. Vacuum-dry and resuspend in 30.5 pL water.
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3.2.2. cDNA Synthesis

3.2.3. Purification of cDNA

3.3. Profiling of sRNAs
with polyA Tails

3.3.1. cDNA Synthesis

QN U1 W W

. Add 1 pL of 100 uM cDNA synthesis primer: TCG CGA GCG

GCC GCG GGG GGG GGG GGrG rGrG (the last three bases —
RNA) to the 30.5 pL of RNA from the step above and mix.
The presence of three RNA bases at the 3’ end is to ensure that
the oligo is not tailed by terminal transferase, as Td'T does not
utilize RNA as a substrate.

. Incubate for 2 min at 70°C in a PCR machine: fast ramp to

4°C and incubate for 5 min at 4°C.

. While the samples are at 4°C, add the following: 10 pL of 5x

ThermoScript cDNA Synthesis buffer; 5 pl. of 0.1 M DTT;
2.5 pL of 10 mM dNTDPs, and 1 pL of ThermoScript reverse
transcriptase. If you need to scale up the protocol to 3-5 pg of
RNA, you could use more ThermoScript at the cDNA synthesis
step: ~1 uL/1 pg of RNA.

. Slow Ramp (30 min) to 60°C followed by 1.5-h incubation.

The following conditions were used on the BioRad cycler:
0.1°C/s ramp from 4 to 42°C, incubate for 15 min followed
by 0.1°C/s ramp from 42 to 50°C, incubate for 15 min and
tollowed by 0.1°C/s ramp from 4 to 60°C and incubation at
60°C for 90 min.

. Fast ramp to 75°C followed by incubation for 15 min to inacti-

vate the reverse transcriptase.

. Treat the cDNA synthesis reaction with 1 pLL of RNAse A for

30 min at 37°C.

. Mix the AMPure beads suspension really well to ensure that

the magnetic beads are resuspended. Add 150 pL of the suspended
AMPure beads and incubate for 30 min with mixing at room
temperature.

. Capture the beads using the magnetic stand for 5 min.
. Carefully remove and discard the supernatant.
. Wash twice with 200 pL of 70% EtOH.

. Dry the pellet for 30—45 min at room temperature or 30 min

at 37°C.

. Elute cDNA twice with 20 pL of water (pipet up and down at

least 20 times) (see Note 3).

. Combine 1 pL of 50 uM dTU-V primer with (1-5 pg) of small

RNA and 1 pL of 10 mM dNTPs and water if required in a
total volume of 10 pL.. Mix and incubate at 65°C for 5 min in
a thermocycler, followed by rapid cooling on a prechilled aluminum
block kept in an ice and water slurry (~0°C). Let the samples
sit on the cold aluminum block for 1 min before proceeding
with the next step.
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3.3.2. Purification of cDNA

3.4. Preparation of
cDNA for Sequencing

2.

Add to the above reaction 2 pL of 10x SuperScript I1I reaction
buffer, 4 pL of 25 mM MgCl,, 2 uL of 0.1 M DTT, 1 pL of
SuperScript III, and 1 pL of RNAseOut while keeping the
samples on the cold aluminum block. Mix the solution well
after adding the reagents. Total volume is now 20 pL.

. Incubate the 20-puL ¢DNA synthesis mix with the following

temperature and time conditions: fast ramp to 50°C, incubate
for 50 min followed by fast ramp to 85°C, incubate for 5 min
and keep the samples at 4°C.

. To remove the dTU-V primer sequences, add 1 pl. USER

enzyme to the reaction, mix and incubate at 37°C for 15 min.
Total volume should now be 21 pL.

. To digest away the RNA, add 1 plL of RNAse H and 1 pul. of RNAse

If, mix and incubate for 20 min at 37°C. The total volume is
now 23 ulL.

. While USER /RNAse treatment is in progress, warm up AMPure

beads (180 pL per sample) to room temperature.

. After the USER/RNAse treatment step, add 180 upl. of

warmed-up AMPure beads to the 23 plL ¢cDNA reaction.
Incubate with shaking at room temperature for 40 min to 1 h
to bind cDNA to the beads.

. Following the binding step, capture the beads using the magnetic

stand for 5 min. Remove the supernatant with a pipettor. Wash
the beads twice with 500 pL of 70% EtOH (no need to resus-
pend the beads in ethanol during the ethanol washes).

. After the 70% ethanol washes, dry the pellet for 45 min at RT

or 30 min at 37°C in a clean warm room or oven. At the end
of the drying step, ensure that there is no liquid is visible in the
tube (the pellet often assumes a cracked appearance).

. To clute the cDNA from the beads, add 20 uL of nuclease-free

water, and pipet up and down at least 10-20 times. Keep the
sample at room temperature or 37°C for 5 min.

. Place the tube on the magnet for 5 min and collect the eluate

(~18 pL).

. Repeat the elution step with 20 pL. nuclease-free water and

incubate at room temperature or 37°C for 5 min. Place the
tube on the magnet for 5 min, collect the eluate again (~19 pL),
and combine with the first eluate (step 6 above). Total volume
of the cDNA is now ~37 uL.

The ¢cDNA has to be tailed at the 3’ end with polyA residues using
terminal transferase (TdT) and blocked at the 3’ end so that it can
bind to the oligo-dT present at the surface of a flow cell (14). This
step is common for the general protocol and for the polyA protocol.
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3.4.1. Tailing of Small
Amounts of cDNA

3.4.2. Tailing of Regular

Amounts of cDNA

Amounts of cDNA are quantified using either the regular NanoDrop
if the expected concentration is at least 5-10 ng/uL or Quant-tT™
OliGreen® ssDNA kit and NanoDrop 3300 (Thermo Scientific).
Two major differences are dictated by the amounts of cDNA.

If only small amounts (<10 ng) of cDNA are available or expected,
use the following:

1.

Prepare ¢cDNA to be tailed (<10 ng) in 10.8 pL of water. If
c¢DNA is in larger volume — dry it down using speed-vac. Add
2 uL of 10x TdT buffer and 2 uL of 2.5 mM CoCl,. Incubate
at 95°C for 5 min in a thermocycler for denaturation, followed
by rapid cooling on a prechilled aluminum block kept in an ice
and water slurry (~0°C).

. Add the following: 4 puL. of 50 uM dATP; 0.2 puL of BSA, and

1 pL of TdT diluted 1:4 (final concentration 5 U/ul) in 1x
TdT butter. Final volume should be 20 pL.

. Mix well and incubate in a PCR machined at 37°C for 60 min

tollowed by 70°C for 10 min and 4°C forever (or ice).

. Heat to 95°C for 5 min, transfer on ice for a minimum of

2 min.

. Add the following: 1 puL of 10x TdT buffer; 1 uL of 2.5 mM

CoCl,; 0.5 puL of 200 uM Biotin-ddATP; 6.5 pL of water, and
1 pL of TdT diluted 1:4 (final concentration 5 U/ul) in 1x
TdT butfter. Final volume should be 30 pL.

. Mix well and incubate in a PCR machined at 37°C for 30 min

followed by 70°C for 20 min and 4°C forever (or ice). Use directly
for sequencing or plate assay to measure the concentration of
tailed material (Subheading 3.5).

If larger (250 ng) of cDNA are available, use the following:

1.

Prepare cDNA to be tailed (50-200 ng or 2-3 pmol, see Note 3)
in 33.8 pL of water. Incubate at 95°C for 5 min in a thermocy-
cler for denaturation, followed by rapid cooling on a prechilled
aluminum block kept in an ice and water slurry (~0°C).

. Add the following: 5 pL of 10x TdT buffer; 5 uL. of 2.5 mM

CoCl,; 5 pL of 50 uM dATP, and 1.2 pL of TdT. Final volume
should be 50 pL.

. Mix well and incubate in a PCR machined at 42°C for 60 min

followed by 70°C for 10 min and 4°C forever (or ice).

. Add 0.6 pL of 1 mM biotin-ddATP to the tailing reaction

from above.

. Heat to 95°C for 5 min, transfer on ice for a minimum of 2 min.

6. Add 1.2 pL of TdT.



15 Profiling of Short RNAs Using Helicos Single-Molecule Sequencing 227

3.5. Estimation
of Concentration
of polyA Tailed cDNA

3.6. Mapping of Reads
to the Genome

or Sequences

of Known sRNAs

3.6.1. Filtering
of the Reads

7. Mix well and incubate in a PCR machined at 37°C for 30 min
followed by 70°C for 10 min and 4°C forever (or ice). Use
directly for sequencing or plate assay to measure the concen-
tration of tailed material (Subheading 3.5).

Helicos scientists have developed the OptiHyb™ Assay to determine
the concentration of polyA-tailed templates and to allow the loading
of the samples at optimal loading densities for single molecule
sequencing on the Helicos® Genetic Analysis System. The protocols
and reagents for this assay can be obtained from Helicos BioSciences
Corporation (http:/www.helicosbio.com).

The sequence information obtained from the HeliScope Sequencer
could be used for two general purposes: counting abundances of
known sRNAs (digital gene expression) and discovery of new
sRNAs. We have found that with an error rate of 3-5% that at present
accompanies single-molecule sequencing, a read has to be at least
25 bases so that it can be reliably aligned to a genome as complex
as human even though shorter reads with this error rate could be
aligned to less complex genomes. Thus, discovery of novel miRNAs
via mapping of individual reads to the genome may not be possible
with a current state of the technology. However, one can envision
that algorithms that perform clustering of reads prior to alignments
could alleviate this problem. Also, the decrease in the error rate of
SMS that will inevitably happen as the technology matures will
likely alleviate this problem as well. However, currently digital gene
expression of known sRNAs by aligning reads only to the sequences
of the sRNA whose expression is desired to be quantified rather
than to the whole genome may be more appropriate because accurate
alignments to a smaller reference set would be possible with a smaller
length of reads — 18 or 20 bases. Below we describe difterent
steps for the two analytical approaches. The various unix-based
programs and pipelines for the analysis of the HeliScope data
including the ones referenced below could be downloaded freely
here: http:/open.helicosbio.com/mwiki/index.php/Releases. Their
descriptions could be found here: http://open.helicosbio.com/
helisphere_user_guide /.

1. Output from a single-molecule sequencing experiment using
the Helicos platform is represented by a distribution of the
read lengths, typically ranging from 6 to 70 bases (14, 15).
The reads have to be filtered to remove (Fig. 1) (1) very short
reads; (2) to trim the 5’ polyT sequence that corresponds to
the polyA-tail added by TdT to the 3" end of cDNA; (3) to
trim the sequence that corresponds to trailing polyC-tail added
by the polyA-polymerase to the 3’ end of a nascent RNA prior
to the cDNA synthesis in the general method or the sequence
that corresponds to 3' polyA if the method for profiling of
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3.6.2. Sequence Alignment

sRNAs with 3’ polyA tails was used; (4) artifactual reads. The
filtering is done by a program called “filterSMS” using different
parameters.

. Depending on the goals of the experiments and the genomes

that the sequences are to be aligned to later, one can change
to filter the sequences based on different minimal lengths. The
standard default minimal length is 25 bases, however, one may
choose to use less stringent minimal lengths such as 20 bases,
tor example, if one is interested in detecting miRNAs and/or
if the alignments are to be done against smaller references such
as sequences of known sRNAs or E.co/i genome.

. Filtering of preceding and /or trailing homopolymeric tails (e.g.,

polyT or polyC) could be done with different parameters, such
as specifying the minimal homopolymeric content of either
tail. The default parameter is 75%.

. Removing artifactual reads is done by filtering out reads that

have repetition of a base-addition order sequence (CTAG);
removing reads with high AT content and reads having high
fraction of repeats of certain dinucleotides.

. Usage of any of these parameters is optional, for example, filtering

only by read length could be employed if the entire raw
sequence is desirable as an output.

. The unique property of single molecule sequencing is that the

error profile is dominated by indels rather the substitutions as
in other sequencing platforms (14). Thus, an aligner that is
tolerant to these types of errors should be employed. We recom-
mend using the indexDPgenomic aligner (13) developed at Helicos
and freely available for download (http://open.helicosbio.
com/mwiki/index.php/Releases). Other aligners such as Mosaik
(http: /bioinformatics.bc.edu,/marthlab/Mosaik), BWA (16),
and Shrimp (17) could be used as well.

. One of the basic parameters used by the indexDPgenomic is

the normalized score computed as in the example below:

Tag sequence CCTCCGTGTTGTTCCAGCC-CAGTGCTC
GCAGG

Refsequence C-TCCGTGTTGTTCCAGCCACAGTGCTCG
CAGG

Length of alignment block: 33
Length of tag sequence: 32
Number of matches: 31

Number of errors: 2
Score: (31x5)—(2x4)=155-8=147
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Normalized score=147,/32=4.59375

. Output of the indexDPgenomic is a binary alignment file that

could be further filtered using a filterAlign program to select
only, for example, for reads that could only be aligned to the
genome once (uniquely aligning reads), reads that align with a
certain minimal normalized score, etc. The binary alignment
files could also be converted into the various text formats,
including the standard BED or SAM/BAM formats using the
tollowing programs: printAlignmentFile; align2txt or align2sam.

. Filtering of the reads, sequence alignment, and filtering of the

alignment files could be combined by running the basic pipe-
line. Various specifications for the filterSMS, indexDPgenomic,
and filterAlign could be incorporated into a configuration file
that could then be invoked by the basic pipeline.

. Expected results based on mapping of the reads obtained using

both the general protocol and the protocol for profiling of 3’
polyA sRNA can be seen in Table 1. Note that the 3' poly
protocol is heavily enriched in novel sRNAs, specifically in
PASRs and TASRs.

. This analysis requires the same tools as above. Just like in the exam-

ple of the basic pipeline above the DGE pipeline, combines the
various processing steps and, as one of it outputs generates a
text *.count.txt file that contains counts for each reference.

. There are three different types of counts generated for each

reference in the “Min,” “Frac,” or “RMC” columns. The difference
is in how they use the nonuniquely mapping reads. The “Min” column
lists only counts based only on the reads that align uniquely to
each reference. The “Frac” and “RMC,” on the other hand, use
the nonunique reads as well. The “Frac” evenly splits the nonu-
nique reads among the different references they align to, while
“RMC” used Baysean-based approach to assign nonunique
reads to different mapping positions (15).

4. Notes

. The RNA should be free from genomic DNA contamination

and, therefore, DNAse I treatment is recommended. The RNA
should be pure before the DNAse I digestion so that the
enzymatic step is not inhibited. Thus, an ethanol precipitation
step before the DNAse I treatment is recommended. Otherwise,
incomplete DNAse I digestion could create oligonucleotides
that are themselves a better substrate for sequencing than the
genomic DNA.
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Fig. 2. BioAnalyzer profiles of (@) pure small RNA fraction and (b) the fraction contaminated with long RNAs.

2. Isolation of sRNA fraction is an important step. Care should

be taken to remove the long RNA fraction otherwise the
signal from the sRNA fraction could be contaminated by
the reads coming from the overlapping long RNA. The sSRNA
fraction should be checked on the BioAnalyzer to ensure
absence of the long RNA fraction. See Fig. 2, for example, of
pure [part (a)] small RNA fraction and the one contaminated
with long RNAs [part (b)].

. Itis hard to estimate the yield of cDNA after purification since

the oligonucleotide used to prime cDNA synthesis will co-purity
with the small RNA ¢DNAs. We typically tail ~200 ng of
c¢DNA assuming that ~50% of that is the oligonucleotide. Due
to the presence of three ribonucleotides at its 3’ terminus, the
oligonucleotide will not be tailed by TdT.

. We typically do not detect the pre-miRNAs species (the products

of the Drosha cleavage) most likely due to their very stable
secondary structure.

. We have not tested different reverse transcriptases and the ones

listed in this report may or may not be optimal for the detec-
tion of certain RNA species.
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Chapter 16

deepBase: Annotation and Discovery of MicroRNAs
and Other Noncoding RNAs from Deep-Sequencing Data

Jian-Hua Yang and Liang-Hu Qu

Abstract

Recent advances in high-throughput deep-sequencing technology have produced large numbers of short
and long RNA sequences and enabled the detection and profiling of known and novel microRNAs (miRNAs)
and other noncoding RNAs (ncRNAs) at unprecedented sensitivity and depth. In this chapter, we describe
the use of deepBase, a database that we have developed to integrate all public deep-sequencing data
and to facilitate the comprehensive annotation and discovery of miRNAs and other ncRNAs from
these data. deepBase provides an integrative, interactive, and versatile web graphical interface to evaluate
miRBase-annotated miRNA genes and other known ncRNAs, explores the expression patterns of miRNAs
and other ncRNAs, and discovers novel miRNAs and other ncRNAs from deep-sequencing data. deepBase
also provides a deepView genome browser to comparatively analyze these data at multiple levels. deepBase is
available at http://deepbase.sysu.edu.cn/.

Key words: Deep sequencing, MicroRNA, ncRNA, Small RNA, Expression pattern, Next-generation
sequencing

1. Introduction

Deep-sequencing technologies have been applied to investigate
various small noncoding RNA (ncRNA) transcriptomes and have
reshaped the overall RNomics research landscape (1-5). The appli-
cation of such technologies has identified various new and different
ncRNA classes, such as microRNAs (miRNAs), small interfering
RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs) (4-7). The
increasing interest in miRNAs and other ncRNAs and the increasing

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_16, © Springer Science+Business Media, LLC 2012
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amount of deep-sequencing data have generated a strong demand
among researchers for an integrated database that would facilitate
the annotation and analysis of these massive data sets.

The deepBase database (8) is the most comprehensive integration
and analysis of public deep-sequencing data and provides the com-
prehensive annotation and identification of miRNAs and other
ncRNAs from deep-sequencing data. The deepBase database has
the following four aims:

1. Mapping all published deep-sequencing data for various
genomes and providing various graphical interfaces and detailed
information to explore these data. Currently, deepBase
contains more than 370 million sequence reads from 237 small
RNA libraries of seven organisms: human, mouse, chicken,
Ciona intestinalis, Drosophila melanogaster, Caenorbabditis
elegans, and Arabidopsis thaliana.

2. Annotating and classifying all mapped deep-sequencing data,
providing experimental evidence for miRBase-annotated (9)
miRNAs and other known ncRNAs, and allowing users to
revise known miRNAs and discover novel small RNAs derived
from these known miRNAs and ncRNAs. Currently, deepBase
classifies mapped small RNAs into four catalogues according to
their genomic annotation: ncRNA-associated small RNAs
(nasRNAs), promoter-associated small RNAs (pasRNAs), exon-
associated small RNAs (easRNAs), and repeat-associated small
RNAs (rasRNAs) (4-7).

3. Constructing miRNAs and other ncRNAs expression patterns
from deep-sequencing data and facilitating novel discoveries in
miRNA and other ncRNA gene regulation.

4. Predicting novel miRNAs and other ncRNAs from deep-sequencing
data and providing web-based tools to discover novel miRNAs
and other ncRNAs from deep-sequencing data.

To facilitate future updates and development, the deepBase
database structure and software architecture is flexibly designed to
incorporate new deep-sequencing data, miRNAs, and other ncRNAs
(the database structure is briefly described in Note 1). The Automatic
Mapping, Annotating and Mining Tools (AutoMAMT) in deep-
Base are run on our high-performance computer servers. The
deepBase will be regularly updated and extended to include more
species and deep-sequencing data using AutoMAMT tools. All
data generated from the deepBase database can be freely down-
loaded and retrieved (see Notes 2 and 3).
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2. Materials

2.1. Hardware

2.2 Software

Unix, Windows, or Macintosh workstation with an Internet
connection.

1. Web browser: An up-to-date Internet browser, such as Internet
Explorer (http: //www.microsoft.com /windows/internet-explorer/
worldwide-sites.aspx); Firefox (http://www.mozilla.org/firefox);
Safari (http: //www.apple.com/safari); or Google Chrome (http: /
www.google.com/chrome).

2. snoSeekerNGS software: snoSeekerNGS is an improved ver-
sion of snoSecker (see Note 4), used for discovering snoRNAs
from pooled deep-sequencing data (8, 10). SnoSeekerNGS is
freely available from the following URL: http: /deepbase.sysu.
edu.cn/SnoSeekerNGS.php. Choose the appropriate platform
for a binary distribution or a graphical user interface (GUI) distri-
bution. For the binary distribution, unpack it and copy the binary
to the desired directory. For the GUI distribution, double-
click it and follow the on-screen installation procedure.

3. Methods

3.1. Exploring Known
MicroRNAs and Other
ncRNAs from Deep-
Sequencing Data

The methods presented in this chapter describe how to use the
deepBase web interface to explore known miRNAs and ncRNAs,
their expression pattern, and long RNA clusters and how to discover
miRNAs and snoRNAs and run a comparative analysis of these
data using the deepView genome browser.

The analysis of small RNAs associated with miRNA and ncRNAs
precursors has identified many novel nasRNAs, such as miRNA-
offset RNAs (moRs) (11), tRNA-derived RNA fragments (tRFs)
(12), and miRNA-like snoRNAs (13). Moreover, recent studies
have shown that many miRBase-annotated miRNA genes failed to
generate sequenced RNAs with miRNA-like features (14, 15). To explore
these nasRNAs and refine known miRNA genes, we developed
web interfaces to view these nasRNAs.

The following steps describe how to use the deepBase nasRNA
website to evaluate known miRNAs (this workflow is also applicable
for other ncRNAs to identify nasRNAs) from high-throughput
deep-sequencing data:

1. Click “nasRNA->Browse” to open the nasRNA page.

2. Select the ncRNA type, clade, genome, and database of interest.
Click the “Browse” button. For example, choose the “miRNA-
>mammal->human->hgl9” to see a list of all known miRNAs



236 J.-H. Yang and L.-H. Qu

Hame hasa-lec-7a-1

Accesion Number MIOOD00060

Locus chr8:95978060-95978139[+]

Mature Seq 1 UGAGGUAGUAGGUUGUAUAGUU

Mature Seq 2 CUAUACARUCUACUGUCUUUC

. Exprossion intorastion

Sample Source Reads |Express Rate

GSM274171 |HeLla cells 2 (]

GSM337570 |HEK293 cells 54 32

GSM337571 HEK293 cells 4 3

G5M339994 |[ESC o (1]

GSM3395955 NP o ]

GSM33999€ |NE o o

IHPL undifferenciacted THP-1 cells 1181012

hEB EB cell 5212 (11

hESC human ESC cells 21340 41

Total 3g422

muliaads Map i 4 oame # reads # 1 strand
5 TUAGGGUCACACCCACCACT ACUAUACAAUCUACUGUCUUUCCUAS " +
L o o A e o IID e lleenaddoaecdddR3BRRIINRINNY-20)ND}})3" mbe=-35.6

Greanan UOAGEUAGTAGGUTGTATRGU~ s astssstsastsastsastsastssstsamtsastesstsamnsantaang!

R T

UGAGGUAGUAGGUUGUAUAGTT

swmmnnnsennsnsss s CUATACAATCUACUGUCTTUC =+ 3
3'hgur001198418 23250
-+3'hgur001138419 5936
-.3'hgur001198417 2636
--3'hgur001198415 2255
-.3'hgur001198410 1374
-+3'hgur001198431 1233
--3'hgur001198416 €95 20
--3'hgur001138414 394 18

3 22

3

3

3

5

1

3

4
..3'hgur000698519 108 3 21

1

2

2

3

1

8

3

[

23
21
19
17
24

3'hgur000422493 102 23
. CUAUACAAUCUACUGUCUTUCC . . 3 ' hgur000603459 82 22
. CURUACANUCUACUGUCUUUC. . . 3' hgur000603458 38 21
..3'hgur000698518 31 20
3'hgur000422498 26 22
5'hgur000375236 24 16
..3'hgur000698920 19 22
......................................... 3'hgur001198409 18 16

S T S S S T T S T S S S N O S

Fig.1. A sample screenshot of miRNA loci, showing a description of the miRNA general information, the miRNA relative
expression rate, and deep-sequencing reads mapped to microRNA (miRNA) precursor.

from miRBase (release v13) in the human genome. The miRNA
name, the genomic coordinates in the human genome (UCSC
hgl9), and the number of deep-sequencing reads are indicated
in a table. The user can click on the title of the table to sort
miRNAs according to various features, such as the number of
reads, miRNA names, and the genomic coordinates.

. Click on the miRNA name within the table to launch a detailed

page providing further information on that miRNA.

. The detailed information for a miRNA includes a description

of the miRNA general information, the miRNA relative expres-
sion profiles, and deep-sequencing data mapped to the miRNA
precursor. See Fig. 1 for a sample screenshot.

(a) Clicking the “Accession Number” will link to miRBase to
get more information. Click the genome coordinates to
view the genomic context of the miRNA gene locus in our
deepView genome browser.
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3.2. MiRNA and ncRNA
Expression Patterns in
Deep-Sequencing Data

3.3. Discovering
miRNAs from Deep-
Sequencing Data

(b) In the “expression information” section, the expression
rate for miRNA is provided to test for a differential expression
pattern among different tissues and cell lines. More details
for expression patterns are described in Subheading 3.2.
Clicking the sample accession number will link to the
NCBI GEO database (16) for further information.

(¢c) In the “Reads Map View” section, all mapped reads are
listed according to sequential read number. Users can view
miRNA 5’ and 3’ heterogeneity, isomiR (17), read number,
read locus number, and read length and determine whether
the annotated miRNAs are bonafide genes. Clicking the
read name will display read information, including read
length, read location, and read number from various
libraries.

(d) The “references” section enables the retrieval of the primary
articles yielded the deep-sequencing data. Click the article
title link to visit NCBI PUBMED website.

Before the effect of ncRNAs on gene regulation can be globally
studied, a robust method for profiling the expression level of each
ncRNA in a sample is required. We integrated various deep-
sequencing data from different sequenced samples and constructed
relative miRNA and other ncRNA expression profiles. The steps
described below explain how to use the expression profiles:

1. Click “Heatmap” to open the expression pattern page.

2. As described in Subheading 3.1, step 2, select the ncRNA type,
clade, genome, and database of interest. And then click the
“Browse” button. For example, choose the “microRNA-
>mammal->human->hgl9” to see the miRNA expression pattern.
The expression pattern was visualized as a heat map: vertical
and horizontal axes represent miRNAs and tissues/cell lines,
and colors represent miRNA expression levels (Fig. 2, see
Note 5). Clicking the tissue will link to the NCBI GEO data-
base for more information on this small RNA library. Click
the miRNA to launch a detailed page providing further infor-
mation on that miRNA (Subheading 3.1). Users can change
the number of items to view all or partial miRNA expression
patterns at the top of the page.

3. Move the mouse cursor onto the Heatmap and a tooltip box will
be displayed. Users can view the ncRNA name, tissue, GEO
accession number, normalized expression level, and sequenced
read numbers.

The emergence of high-throughput next-generation deep-sequencing
technologies has led to the identification of hundreds of miRNAs
in a multitude of species in many species in a multitude of species.
However, it remains a daunting challenge to identify miRNAs
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Fig. 2. miRNA expression pattern generated from deep-sequencing data. Vertical and horizontal axes represent miRNAs
and tissues/cell lines, and colors represent miRNA expression levels.

from the millions of short reads generated by high-throughput
sequencing technologies. In this section, we summarize the fea-
tures and workflow used to identify miRNA from deep-sequencing
data and summarize how to browse miRNA candidates predicted
by an improved miRDeep (see Note 6) using our deepBase web

interface.
3.3.1. Workflow The general workflow summary from a series of recent publications
for Identifying miRNAs (15, 18-20) is as follows:
ZZ;Z Deep-Sequencing 1. Deep-sequencing data processing. Remove 5’ and 3’ adapters

or barcodes from raw deep-sequencing data. The same reads
were collapsed into unique reads.
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3.3.2. Browsing miRNAs
Predicted by miRDeep

2. Mapping processed reads to reference genome. The user can
select various ultrafast aligners, such as Bowtie (21) and BWA
(22). To avoid repeat-associated sequences, reads with multiple
matching positions in the genome were discarded.

3. Filter small RNA significantly overlapping annotated genomic
elements, such as known ncRNAs, genomic repeats, and coding
sequences.

4. Extract potential miRNA precursors from the genome. Mapped
reads, extended by an additional 20-50 nt in both the 5" and 3’
directions, were extracted as potential precursors. Fold the potential
precursors using RNAfold (23) or Mfold (24), and discard the
potential precursors that did not fold into a hairpin.

5. Filter candidates using read distribution features derived from
known miRNAs (15, 18-20). (1) The majority of reads overlapping
with mature miRNA have the same 5’ ends. (2) A corresponding
candidate miRNA* base-pair with the 2-nt 3'-overhang provides
particularly compelling evidence for Dicer-like processing from
a miRNA hairpin. (3) The length of dominant reads is from 21
to 25 nt. (4) Almost all of the reads within the precursor are
processed from the same strand direction. (5) The number of
dominant read is often larger than 10 or the read exists in
multiple different deep-sequencing experiments.

We applied the improved miRDeep (18) to identify miRNAs from
pooled small RNA libraries. We provide enhanced resolution and
identify more novel miRNAs owing to the integration of the larger
number of small RNA libraries of diverse tissues and cell lines. All
of the predicted results were stored in a mySQL database and are
displayed on our deepBase website. Users can browse these data
with the following steps:

1. Select “prediction->miRDeep” and the clade, genome, and
database of interest to open the list of predicted miRNAs.
Users can sort the candidates by clicking the candidate name,
genome coordinates, and miRDeep score.

2. Click a candidate to launch a detail page for this candidate. An
example detail page is shown in Fig. 3. The page contains
miRDeep score information, the expression information of the
candidate in various libraries, and reads mapped to a potential
precursor. The miRDeep score includes the total score, nucleus
score, frequency score, mfe score, and randfold score (18).

3. Click locus to view the genomic context of the candidate
miRNA locus in the deepView genome browser (described in
Subheading 3.6). Users can click the predicted mature miRNA,
miRNA*, or isomiRs to view read information, including the
read length, read number, read location, and read number in
various libraries.



240 J.-H. Yang and L.-H. Qu

Hame chrd_ 40401
MiRDeep Score 34279.7

Locus chrd:96BEE106-56885717 [+

Hucleus Score 3
Frequency Number 67234
Frequency Score |34271.6

Star Score 3.9

MFE Score 0.9

Randfold Score

Mature Seq TGGCTCAGTTCAGTAGGARCAG
Star Seq GTGCCTACTGAGCTGATATCAGT
| Expression intormation

Sample Source Roads Express Rate
G5M274171 |Hela cells o o

HEK293 cells 5 4

1| MEK293 cells 18 15
GSM3I399394 (ESC o o
GEMIA5995 | NP ] ]
GSM3I35996 NE o o
THP1 undifferentiated THP-1 cells €5108 76
REB EB cell 1140 |3

HESC human ESC cells 263 2

2 22

20
21 .
2 19
2 18

2 +
3 17
2 23

Fig. 3. The page for a miRNA candidate predicted by miRDeep, showing miRDeep score information, expression information
of the candidate in various libraries, and reads mapped to the potential precursor.

3.4. Discovering Traditional snoRNA-search programs are usually based on sequence
snoRNAs from complementarity to rRNAs or snRNAs and sequence conservation
Deep-Sequencing among species and are therefore limited to the detection of guide
Data and conserved snoRNAs and not orphan or species-specific snoRNAs.

In this section, we introduce how to identify snoRNA genes from
deep-sequencing data using our snoSeekerNGS program (8, 10).

1. Genome preparation. You can download the genome from public
genome centers, such as NCBI Ftp or the UCSC Bioinformatics
web site, TAIR.

2. Mapping small RNAs (the format of small RNA is described
in Note 7) from one or multiple experiments to the genome
using an aligner, such as Bowtie (21) and BWA (22). Alignment
reads must be saved in bowtie or SAM (25) format.

3. Click snoSeekerNGS to launch the GUI interface. Select sno-
SeekerNGS->CDseekerNGS orsnoSeckerNGS->ACAseekerNGS
to predict the C/D and H/ACA snoRNA gene, respectively.
For example, choose the “snoSeekerNGS->CDseekerNGS” to
launch a dialog. In the dialog, users can click the “Browse”
button to load the mapped read file, the genome file, the output
file, and the modification file. The user can set the option in
the option text box. For example, the option-G 37.5 tells
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3.5. Exploring
Long RNA Clusters
from Deep-
Sequencing Data

CDseekerNGS to just output the guide C/D snoRNAs with a
score >37.5 bits (see Note 8). You can click the about button for
more options for CDseekerNGS (Fig. 4a). The same steps are
applicable for ACAseckerNGS to predict H/ACA snoRNAs.

. Click the “OK?” button. After a short time, the program will

return the results (Fig. 4b).

We have applied snoSeekerNGS to pooled deep-sequencing

data and have predicted thousands of snoRNAs. Users can browse
these candidates by click “prediction->snoSecker.” Users can also
download our local version of snoSeeker with a GUI to predict
snoRNAs from deep-sequencing data (Subheading 2.2).

Analysis of genomic RNA clusters can be used to identify novel
miRNAs, piRNAs, and other ncRNAs (4-6). In this section, we
describe how to browse and filter RNA clusters using our cluster
web interface.

1.
2.

Click “cluster” to open the cluster page.

Select the organism of interest, read number, unique number,
Dominant read number, Dominant read length, Dominant read
percentage, Locus number of dominant read, and Dominant
length read percentage. Click the “Browse cluster” button.
For example, choose the “mammal->human->hgl9” to see a list
ofall clusters in the human genome. The cluster name, the genomic
coordinates in the human genome (UCSC hgl9), unique read
number, and the number of deep-sequencing reads are indi-
cated in a table. The user also can click on the title of the table
to sort these RNA clusters.

. Selecting different filter options in the “cluster” page will

generate different results. According to the read distribution
features of miRNAs described in Subheading 3.3.1, we set the
parameter to filter cluster, and we can identify some novel
miRNA-like /associated clusters as well as known miRNAs.

. Click on the cluster name within the table to launch a detailed

page providing further information on that cluster.

. The detailed information for a cluster includes a description of

the cluster’s general information (Fig. 5), the length distribution
of sequenced reads and unique reads mapped to the cluster,
the distance distribution between two nearby reads, and the
frequency of 5’ terminal nucleotide of reads in the cluster. This
detailed information will help users to determine whether the
cluster yields functional small RNAs.

. By clicking the cluster name, the user can view which reads are

mapped to the clusters. Click the locus to view the genomic
context of the cluster locus in the deepView genome browser
(Subheading 3.6).
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Fig. 4. snoSeekerNGS graphical user interface. (a) Input interface for CDseekerNGS. User can load the files by clicking the
browser button. (b) The output results of the CDseekerNGS program. The information for each candidate includes genomic
location, snoRNA type, modified site, duplex between snoRNA and target RNA, box elements, terminal stem, and their
scores, followed by alignments of the mapped reads to the candidate snoRNA.
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Fig. 5.A sample screenshot of an RNA cluster, showing a description of the cluster general information, the length distribution
of sequence reads, and unique reads mapped to the cluster.

3.6. Navigating with The rapid progress of deep-sequencing has increased the demand
the deepView Genome  for visual tools that offer quick and easy access to deep-sequencing
Browser to a Specific data at various levels. In this section, we introduce a new visualization
Genomic Position tool, the deepView genome browser, to facilitate simultaneously

comparative analysis of massive data, visual data validation, and
hypothesis generation.

1. Click the “Browser” to open the deepView Genome Browser
page.

2. Select the genome of interest as described above, and then type
a genomic coordinate or protein-gene or ncRNA gene name
into the “genomic position” text box or click the “example”
button to specify the genome region to display. Click the “submit”
button.
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deepView Genome Browser (hg19)
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Fig. 6. The deepView Browser page displaying the chr9:97847260-97848519 region in the human genome (UCSC hg19).
The navigation buttons are visible at the top of the image. The deepView Browser provides an integrated view of RNA
genes from Ensembl or the literature, refSeq Gene, miRNA gene from miRBase v13, RNA clusters, the predicted snoRNAs
using snoSeeker, the predicted miRNA genes using miRDeep, strand-specific expression peaks, and reads mapped to
the genome.

3. deepView genome browser display page. Figure 6 shows the output
of the deepView browser and displays all the track details for
the specified chromosome and region. The deepView browser in
deepBase provides an integrated view of mapped reads, known
and predicted ncRNAs, protein-coding genes, and RNA clusters
and their expression peaks (see Note 9). Clicking a track item
within the browser launches a detailed page providing further
information on that item or links to external resources, such
as NCBI, miRBase, UCSC, and TAIR, from which one can obtain
more comprehensive information.
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4. In the track options section, click a check box or select read

number from a pull-down menu, and then click the “refresh
tracks” button to change the display mode of the annotation
track. Click a track name, and a detailed description page for
the track will be displayed. Users can click the “default tracks”
button to reset the displayed tracks. Click the “View region at
UCSC?” to view the genomic context of the locus in the UCSC
genome browser.

. Type anew protein-coding gene, ncRNA gene name or new genomic

position, and then click the “Go” button to completely change
the deepView genome browser display image.

. Click the “zoom out” or “zoom in” button to extend or shrink

the width of the displayed coordinate range. Click “move left”
or “move right” to move the image to the left or right by shifting
the genomic coordinates.

4. Notes

. In deepBase, all of the data are stored in relational tables of

MySQL database. A specific naming convention has been used
for each mapped unique read. Human mapped reads have been
named from hgur000000001 to hgur002388637. Similarly,
prefixes of “mm,” “gg.” “ci,” “dm,” “ce,” and “at” have been
used for naming the mouse, chicken, C. intestinalis, D. melanogaster,
C. elegans, and Arabidopsis, respectively. RNA clusters have
been named according to chromosome name, strand orientation,
and sequential number (e.g., chr6_fcluster220).

The database contains deep-sequencing data from the NCBI
GEO website or from the supplementary data of the original
articles. Small RNAs overlapping with genomic elements were
classified into four categories, including nasRNAs, pasRNAs,
casRNAs, and rasRNAs in deepBase database.

All the data stored in the database generally include name,
genomic coordination, and strand direction. The data, therefore,
can easily be searched by name or genomic coordination and can
be displayed in the genome browser.

. The deepBase data files can be freely downloaded from the

“Download” web page. The sequence and annotation data are
in UCSC BED and Fasta formats. The RNA cluster file in the
BED format includes chromosome, start position, end position,
RNA cluster name, sequenced read number, and strand direction.
It should be noted that all start coordinates are 0-based in
the deepBase database. All RNA clusters can be downloaded
in the BED format, compatible with the UCSC database.
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Users can upload these files to the UCSC Genome Browser
and can display them in the UCSC Genome Browser.
Predicted miRNAs and snoRNAs, nsaRNAs, pasRNAs, rasR-
NAs, and easRNAs can be downloaded in Fasta format, and
their genomic coordinates are also displayed in entry name. In
addition, genomic element overlapping with small RNAs is
also listed in their name.

. Sequenced reads, miRNA, ncRNAs can be retrieved by entering

sequences or name at the “Search” Web page. Other small
RNA classes, such as pasRNA, easRNA, and rasRNA can be
searched by genomic location or small RNA numbers mapped
to them.

In addition, a BLAST (26) function was provided for per-
forming searches against sets of small RNA sequences. Users
can enter query sequences in search box and can then set the
various options. The output results are displayed as a table. By
clicking the read name view the detailed read information.
Click “align” to see the alignment between the query sequence
and the object sequence deposited in the database.

. snoSeeker firstly was developed to highly efficient and specific

screen, both guide and orphan snoRNA genes in mammalian
genomes (for a more detailed explanation, see ref. 10). An online
version of snoSeeker can be accessed at http://genelab.sysu.
edu.cn/snoSeeker/. User can download snoSeeker software
package at this website.

. In a heat map, red indicates overexpression in the tissue or cell

line, and green indicates underexpression. Except for miRNAs,
the Heatmap reflects a rough measure of the total expression
of other ncRNAs because most of the reads mapped to the
other ncRNA species might be degenerated products (8). The
relative contribution of each ncRNA from each sample was
calculated as follows: (1) the read number of each ncRNA from
each sample was normalized to the total read number of that
library (27). (2) The normalized count of a particular ncRNA
in a particular sample was divided by the sum of normalized
count for that ncRNA across all samples. (3) Those normalized
counts were transformed to 100 percentiles, and each bar in
heat map represents the normalized level (8).

. Improved miRDeep. How to improve search speed of miRD-

eep has been described (8).

. The format of read without adapters is Fasta format. Fach read

entry consists of a line beginning with the symbol “>” followed
by the read’s identifier and one line with the read itself. For
example, >sRNA99 630 AAGAGAAGGTGTCTTGCTGG
CGGT. Where, “sRNA99” represents a user-definable unique
ID for unique reads. The “630” indicates that this read (sSRNA99)
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has been detected 630 times in the deep-sequencing data set.
Both of them were linked by an underline.

. snoSeekerNGS manual. The snoSeekerNGS distribution contains

readme file for snoSeekerNGS that explain all parameters.

. To study the expression patterns of RNA clusters, genome-

wide expression peaks were constructed by plotting the abun-
dance of each genomic position on the genome sequences.
The deepView genome browser provides a direct comparison
of peak patterns generated from different cell lines and tissues.
Different ncRNAs have different expression peaks in the
deepView genome browser. For example, miRNA resembled a
“two-hill” shape in the browser (Fig. 6). Thus, the two-hill-
shaped peak pattern allows the user to fairly easily distinguish
true miRNA from other ncRNAs by simple observation of the

peak pattern.
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Chapter 17

PhenomiR: MicroRNAs in Human Diseases
and Biological Processes

Andreas Ruepp, Andreas Kowarsch, and Fabian Theis

Abstract

The association of dysregulated microRNAs (miRNAs) and diseases has been shown in a variety of studies.
Here, we review a resource denoted as PhenomiR, providing systematic and comprehensive access to such
studies. It allows machine-readable access to miRNA and target relations from these studies to study the
impact of miRNAs on multifactorial diseases across many samples and biological replicates. We summarize
the PhenomiR data structure and its content and show how to access the database and use it in everyday
miRNA profile analysis using the R language.

Key words: MicroRNA, Database, Disease, Bioprocess

1. Introduction

MicroRNAs (miRNAs) are endogenous RNAs with a length of
around 22 nt. They are post-transcriptional regulators, which
can bind to partially complementary sequences on target mRNAs,
resulting mostly in translational repression and thereby silencing of
the target protein. miRNAs are predicted to regulate the expression
of the majority of all mammalian genes (1).

Classically, diseases and genetic disorders are linked to a single
genetic polymorphism, resulting, for instance, in dysregulation of
a single mRNA. A systematic analysis of genetic disorders has since
revealed that many more such diseases are of complex, multifacto-
rial origin, meaning that they are likely associated with the eftects
of multiple genes and more so related with lifestyle and environmental
factors (2). Here, we ask the question if similar multifactorial origins
are also reflected on correlation patterns of associated miRNA level.

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_17, © Springer Science+Business Media, LLC 2012
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We provide a systematic resource denoted as PhenomiR, consisting
of literature studies linking dysregulated miRNA profiles with diseases.
With a total of 12,189 miRNA expression phenotype relation data
points, collected from 628 different experiments, PhenomiR is the
most comprehensive resource of its kind. Studies compiled in
PhenomiR have, for example, found that miRNA clusters like miR-
17-92, miR-106b-93-25, and miR-222-221 have a severe impact
on cellular processes and diseases, especially cancer (3, 4). Here,
miRNA clusters are defined as miRNAs on close-by genomic loca-
tions, which have been shown to be often coexpressed (5). Given
a maximum distance of 5 kb, about 34% of human miRNAs appear
as miRNA clusters of at least two members. We have previously
investigated the influence of differentially regulated miRNA clusters
on diseases (6). Using the comprehensive dataset from our PhenomiR
database, we asked whether the impact of miRNA clusters on
diseases is only restricted to a few examples or it miRNA clusters
systematically affect the pathobiology of diseases. We were able
to show that dysregulated miRNA clusters are significantly over-
represented compared to singular miRNA gene products (not con-
tained in an miRNA cluster). These clusters are tightly associated
with many diseases.

In the following, we summarize the content of the PhenomiR
database and outline its use both via Web interface and through
local installation. Moreover, we briefly review analyses of related
miRNA profiles using the R language in Subheading 3. Since for
more detailed analyses it may be useful to understand the core
PhenomiR data structure and the concept of an entry before exam-
ining the following methods, we briefly describe these principles
in Note 1.

2. Materials

2.1. Web-Based
Protocols

Methods presented in this chapter deal with both Web-based func-
tionality and installing of the data for manipulation in your local
environment. The Web site has further helped pages and resources
that should be referred to alongside this guide.

By default, PhenomiR is made available via a Web-based interface
at the URL http://mips.helmholtz-muenchen.de /phenomir. Its
current release is version 2.0 (as of November 2010), with 675
unique miRNAs, mentioned in 362 articles, which discuss 144 diseases
and 98 bioprocesses. The database may be browsed via its Java-based
Web application front end (see Subheading 3.1). In addition, we
provide full data access via download; see the next section.
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2.2. For Local
Installation

Phenotypic annotations of miRNAs are organized in an MySQL
relational database. For local database installation, MySQL table dumps
are provided on the Web page: http: /mips.helmholtz-muenchen.
de/phenomir/download /phenomir.zip.

The data are also portable to other relational databases, such as
ORACLE, POSTGRES, and SQLSERVER.

For MYSQL installation, see http:/www.mysql.com.

3. Methods

3.1. Browsing the
Gontent of PhenomiR

3.2. Searching the
PhenomiR Database

The following methods describe how to use the PhenomiR
Web interface to obtain a comprehensive overview about the
database (Subheading 3.1), how to use the different search options
(Subheading 3.2), and take the user through the information
that is available for each PhenomiR entry (Subheading 3.3).
Subheading 3.4 describes how to install a local copy of the data in
an MySQL relational database.

Access to the data content of PhenomiR may be performed via
two search options (Subheading 3.2) or by inspection of three
compiled datasets, including the list of all entries, all diseases, and
all miRNAs. The latter option allows obtaining an overview about
the complete database content. A user who is interested in diseases
for which miRNA expression analyses exist selects the list of diseases
(Fig. la). The result shows the Online Mendelian Inheritance in
Man (OMIM) description of the diseases as well as the number of
annotated experiments. The single empty box in this compilation
is connected to the list of bioprocess studies. The disease names,
e.g. Burkitt lymphoma, are hyperlinked to the list of the respective
experiments (entries), where additional information, such as the
investigated tissue/cell line, PubMed identifier of the respective
article, and the study design, can be found. Members of the entry
lists are hyperlinked to the annotated result page of the experiment

(Subheading 3.4).

The PhenomiR database may be queried online by two different
options.

1. The “General search” performs simultancous queries across
several attributes, like “miRNA name”, “disease”, or “gene name”
(Fig. 1b). The “Search type” allows choosing between the option
“Strict” using exclusively the exact term and “Fuzzy” which
finds all results that contain the search term. Thus, a “Fuzzy”
query with the term “lung” reveals a comprehensive collection
of lung-related experiments, including miRNA expression



a

Disease list

No. Disease Entries
1 Adenomas, multiple colorectal - 608456 3

2 Bladder cancer - 109800 6

3 Breast cancer - 114480 39

4 Burkitt lymphoma - 113970 6

5 Cancer - 0 26

6 Carcinoid tumors, intestinal - 114900 1

7 Cervical cancer, somatic - 603956 6

b

General search

List as:

® Entries C miRNAs
Search type:

® Fuzzy C Strict
Submit

help

Specific search

miRNA name j

Additional field

List as:

® Entries ¢ miRNAs
Search type:

® Fuzzy C Strict
Submit

help

About phenomir
Download

List all entries
List all diseases
List all miRNAs

Home

Fig. 1. Database search and search results in PhenomiR. User might enter the database
via predefined lists (a), such as the “Disease list”. The search options for the user-
defined “General search” and the “Specific search” (b) are presented on the home page.

The entry pages.
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c

General information

Database id: 27

Pubred 1D: 16822819

Taxonid: Homao sapiens (9606)

Bioprocess: disease

Disease: Thyroid carcinoma, follicular

Disease int:

Comment: T:rmld cancer derived from the follicular epithelial cells account for the great majority of all thyroid malignancies. Of these, follicular thyroid carcinoma (FTC) accounts for
about 10-15%.

Study information

Study design: Patient study phenotype-phenctype

Patients:

Control:

Samples information: Phenctype 1: follicular thyroid adenoma (FTC) (n=23); Phenotype 2: follicular adenoma (FA) samples (n=20);
Tissua/Call line: thyreid gland

Tissue comment:

miRNA list

Nr MIRNA HMethod Further mathods Evidence Faldchange Genes

2 hga-mir-346 miRNA microarray quantitative PCR miRNA overexpression 14 CFLAR, EFEMP2
Detailed information about selected miRNA

iRNA: hsa-mir-197

miRNA comment:

Method: mMIRNA microarray

Further methods: quantitative PCR

Evidence: MiRNA overexpression

Faldchange: 1,8

Genes associated with selected miRNA

target gene regulation mechanism of regulation camment
ACYRL down mRNA degradation
TSPANI down mRNA degradation

Fig. 1. (continued) (c) show all information that is annotated for an experiment.

analyses of lung development as well as of the diseases asthma
and lung cancer. Results can be represented as list of entries or
the list of miRNAs that were found to be differentially expressed
in the respective experiments. The search results are hyper-
linked to the respective annotation pages (Subheading 3.3). In
conclusion, the “General search option” allows capturing a
broad area of interest and is rather optimized for completeness
than for specificity.

2. The “Specific search” allows the selection of individual annotated
attributes shown in a pull-down menu. The list of attributes
contains 18 topics, like miRNA name, disease, or study design.
In addition to the “General search”, the “Specific search” also
offers the option to perform combined searches using “and”,
“or”, and “and not” as operators. The specificity of the search
using “Strict” or “Fuzzy” and the display of the search results
are similar to the “General search”.
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3.3. Finding
Information About
a Specific miRNA
Expression Analysis
Experiment

The PhenomiR entry pages are the source of the annotated
information about an miRNA expression experiment. An example
entry page for thyroid cancer is shown in Fig. lc. Database
entries are accessible by clicking an entry or miRNA displayed on
a result list. An entry page is subdivided into five main sections
as described below.

1. The “General information” provides the database identifier of
the entry, the PubMed identifier (7), and the organism that
was used as source for the probes. The Taxonomy identifiers
are obtained from the GenBank Taxonomy Database (8). For
annotation of bioprocesses, either the description from gene
ontology (GO) (9) is used or if no appropriate term is available
from GO a suitable name is introduced. For annotation of dis-
eases, we use information from the OMIM Morbid Map (10).
The OMIM Morbid Map is an alphabetical list of diseases
described in OMIM, including their corresponding cytoge-
netic locations. If no appropriate OMIM disease term is avail-
able for the annotation of a disease, we introduce additional
terms like “dermatomyositis” and “thyroid carcinoma, medul-
lary”. Information from PubMed, GO terms, and OMIM dis-
eases is hyperlinked to the respective resources.

2. “Study information” contains information about the set-up of
the study. The two major approaches are in vivo studies and
in vitro studies using cell cultures. Experiments that analyze
miRNA expression in human beings are subdivided into studies,
where patients are compared to healthy individuals, and studies,
where for example different stages of a disease are being compared
(e.g. PhenomiR database ID 141). There, same subdivision is
applied for cell culture studies.

In addition, PhenomiR provides cohort information that spec-
ifies the number of patients analyzed in a study and thus deter-
mines the statistical significance of the data. Peculiarities concerning
the probes, such as preparation of specimens or treatment of
cell lines with chemical compounds, are given in the “Samples
information”. Cell lines or tissues that were used as samples in the
analyses are annotated using the BrendaTissueOntology (BTO)
(11). Like sample information, tissues can also be supple-
mented with additional experimental details.

3. The “miRNA list” provides a list of all miRNAs that were up- or
downregulated in the respective entry. The miRNA nomenclature
is used according to miRBase that includes encoded information
about the organism, e.g. hsa-miR-144 for the human miR-144.
This has to be considered for searches using the “exact” mode.
In addition, PhenomiR provides the experimental methods
used for miRNA expression analyses. Information about
differential expression of miRNAs in PhenomiR is given as the
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3.4. Installing a Local
Copy of the MySQL
Database

3.5. Analysis of miRNA
Expression Data

qualitative attributes “miRNA overexpression” or “miRNA
downregulation”. This information is the minimal requirement
for the annotation of an experiment in PhenomiR. If the authors
provided additional quantitative data about differential miRNA
expression, the information is given in a separated column. Finally,
it a study extends research of differential miRNA expression
by investigating target genes for selected miRNAs, this information
is also given in the “miRNA list” and is linked to additional
information (see below). If the user selects an miRNA by clicking
on it, detailed information about expression of this miRNA is
presented in the “Detailed information about selected miRNA”
box below the miRNA list.

4. Details about target genes of miRNAs are given in “Detailed
information about selected miRNA” section. Information
in this section is rather concise and restricted to the mode of
regulation target gene and the mechanism of regulation, e.g.
“translational repression” or “mRNA degradation and transla-
tional repression”.

5. “Comments” include particularly interesting or noteworthy
information that does not fit into other sections. This might
concern relations between different cell types (entry 494),
effector proteins of cellular processes (entry 510), or gender-
specific observations (entry 564).

For local access to the phenotypic data available in PhenomiR, all
data is available for download at http: /mips.helmholtz-muenchen.
de /phenomir/download /phenomir.zip and can be used for com-
plex analyses. The following demonstration shows how to install a
local copy of PhenomiR in a local MySQL relational database.

This protocol assumes that the user has installed MySQL
and has permission to upload data and create databases and tables.
The commands shown here are for demonstration use only — for the
complete database documentation, see http: /www.mysql.com/
for more information.

1. Download the current PhenomiR release files on the Web page.
2. Unzip the file.
3. Start the MySQL client using the command:

mysql -u <user> -h <host> -p <password> <phenomir.sql>.

The data is now available on a local database and can be used for
local queries, including all queries that the Web resource allows.

Several studies have shown that deregulated miRNAs can be used
as biomarkers or to classify human cancers. PhenomiR provides a
comprehensive data from studies that investigate deregulation of
miRNA expression in diseases and biological processes. The fol-
lowing example illustrates how PhenomiR can be used to identify
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Multiple m/eloma

Fig. 2. Heatmap representation of miRNA expression analysis. The heatmap shows the
microRNA expression profiles for multiple myeloma and granulocyte differentiation. Black
bars indicate downregulated microRNAs and grey bars upregulated microRNAs. The result
indicates that all downregulated microRNAs are rather disease state specific, whereas
almost half of the upregulated microRNAs are also found to be expressed in the biological
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process of granulocyte differentiation.
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a core set of myeloma-specific miRNAs by comparing disease
and biological process-related miRNAs. This example assumes that
the user has installed the R software environment for statistical
computing. For documentation, see http: /www.r-project.org/.
The PhenomiR data used in this example can be downloaded at
http://mips.helmholtz-muenchen.de /phenomir/download/
phenomir.zip.

For access to the PhenomiR data in the R environment, prompt
the command:

phenomir=read.delim(‘/DIR/phenomir.txt’),

whereas DIR should be replaced with the full path to the down-
loaded file. In the next step, one extract multiples myeloma-
specific data using the command:

myeloma=phenomir[ phenomir$id==442"].

The corresponding biological process of granulocytes differentia-
tion can be extracted using:

granulo=phenomir[ phenomir$id==545"].

In order to analyze both expression profiles, the data is combined:

df=merge(myeloma,granulo,by="miRNA’all=T).

In order to illustrate the expression profiles of multiples myeloma

and granulocytes differentiation, the colour bar is set to red for
downregulated miRNAs and green for upregulated:

hmcol=colorRampPalette(c(‘red’,‘black’,‘green’))(256).
Now the heatmap can be generated using the following command:

heatmap(as.matrix(df[,c(‘expr.x’,‘expr.y’)]),scale=‘none’,
Colv=NA ,Rowv=NA, labRow=df[ [ ‘miRNA’]],margins=c(8,6),
labCol=c(‘myeloma’,‘granulo’), cexCol=2,col =hmcol).

The resulting heatmap is shown in Fig. 2 and can be used to
distinguish between deregulated miRNAs in the disease state and
the biological process. By comparing the expression profile, one
obtains that all downregulated miRNAs are disease state specific,
whereas almost half of the upregulated miRNAs are also found to
be expressed in the biological process of granulocyte differentiation.

4, Notes

1. PhenomiR data structure and concepts: A large body of studies
about miRNA expression in diseases and bioprocesses was
published in recent years. The presentation of the results
shows a large heterogeneity with respect to the completeness
and the format. There are publications that show all data,
including also miRNAs that are only marginally different in
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their expression, and others limit the presented data according
toanarbitrarythreshold ortop-ranked miRNAs. Downregulation
of miRNA expression, e.g. for fivefold lower expression, is
sometimes described as “~5”; other authors use “0.2” for the
same result. In order to provide a high quality of the results,
all information in PhenomiR is manually curated. Manual
curation allows including all data in a correct format and also
to include additional valuable information as described above
(Subheading 3.3).

Publications may contain only one experiment, but 38% of
studies investigate tissues from different diseases or a variety
of cell lines. In PhenomiR, different experiments presented in
one publication are annotated separately. Thus, each individual
entry of the database refers to an instance of a publication
describing a specific disease or bioprocess.

A design principle of PhenomiR is to use well-established
ontologies and resources. This approach facilitates convenient
post-processing of the data and allows to access additional
information about the topic of interest via hyperlink. For anno-
tation of miRNAs, we use miRBase as primary resource. In order
to enable easy analysis of the dataset, miRNA designations
from previous nomenclature releases were mapped to miRBase
(12). Annotation of diseases is performed using the terms of
the OMIM Morbid Map (10). OMIM is edited by experts in
the field and contains information about the disease, such as
clinical features, population genetics, and genes that are exper-
imentally shown to be involved in the respective disease.
If no appropriate disease name is available from OMIM, we
introduce disease terms like “dermatomyositis” and “thyroid
carcinoma, medullary”. In order to enable analyses of the
human disease network, Goh et al. introduced 22 high-level
disease classes for OMIM diseases, such as cancer or cardiovas-
cular (13). This annotation scheme is applied for the annotation
of diseases in PhenomiR. Bioprocesses, such as developmental
processes or response to environmental conditions, were also
found to influence the expression of miRNAs. For the annota-
tion of bioprocesses, we use terms of Gene Ontology or if
required introduce additional terms like “monocytopoiesis”
and ‘tumor angiogenesis’.

For the evaluation of miRNA expression analyses, it impor-
tant to know the used specimen. As was shown (6), results
from patient studies and cell culture studies to some extent
reveal different results for the same disease. In PhenomiR, cell
lines and tissues are assigned according to the BTO.

A short description about the database content can be found
on the PhenomiR home page via hyperlink of “About PhenomiR”.
Documentation of the search capabilities of the General search
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and the Specific Search and the data types that are queried
by the General search are available via respective help buttons
on the home page.

Search results in PhenomiR are not only presented as lists,
but also as tag clouds to allow for visual and quick narrowing
down of search results (Fig. 1b). Tag clouds display the relative
abundance of terms that are associated with the query by a
variable font size. A search for breast cancer shows that in this
disease miR-21 and miR-9 are most frequently regulated,
whereas in lung cancer this is the case for miR-1 and miR-7a.
The terms of the tag cloud are hyperlinked to the respective list
of results, e.g. the list of experiments, where miR-21 was
deregulated in breast cancer.

2. PhenomiR release files and content: Every release of PhenomiR
contains several database tables. These files are available
from the Web page: http://mips.helmholtz-muenchen.de/
phenomir/download /phenomir.zip.

The README file contains important updated information
regarding format changes and differences between releases.

To obtain phenotypic annotation, you need at least the
following four database tables: paper_mir, paper, mirs, disease.
Mirs contains all data about miRNAs, such as name, sequence,
and miRBase accession ID. The disease annotation contains
disease names and Morbid Map identifiers. The paper table
links the disease annotation and the corresponding miRNA
phenotypic data, which are stored in the paper_mir relation.
The paper_mir table contains all information about the dereg-
ulated miRNAs, such as expression, fold-change values, and
detection method like microarray or QT-PCR.

For more information about the different files and data-
base content, please see the PhenomiR README file.

3. Contact information: The PhenomiR authors are keen to hear
from users with suggestions for improvement of both the data
and the Web interface. This feedback and any questions should
be directed to andreas.ruepp@helmholtz-muenchen.de.
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Chapter 18

miRNA Expression Profiling: From Reference
Genes to Global Mean Normalization

Barbara D’haene, Pieter Mestdagh, Jan Hellemans,
and Jo Vandesompele

Abstract

MicroRNAs (miRNAs) are an important class of gene regulators, acting on several aspects of cellular function
such as differentiation, cell cycle control, and stemness. These master regulators constitute an invaluable
source of biomarkers, and several miRNA signatures correlating with patient diagnosis, prognosis, and
response to treatment have been identified. Within this exciting field of research, whole-genome RT-qPCR-
based miRNA profiling in combination with a global mean normalization strategy has proven to be the
most sensitive and accurate approach for high-throughput miRNA profiling (Mestdagh et al., Genome
Biol 10:R64, 2009). In this chapter, we summarize the power of the previously described global mean
normalization method in comparison to the multiple reference gene normalization method using the most
stably expressed small RNA controls. In addition, we compare the original global mean method to a modi-
fied global mean normalization strategy based on the attribution of equal weight to each individual miRNA
during normalization. This modified algorithm is implemented in Biogazelle’s gbase™ Vs software and is
presented here for the first time.

Key words: miRNA profiling, miRNA expression, RT-qPCR, Global mean normalization

1. Introduction

Accurate quantification of micoRNA (miRNA) gene expression is
a major challenge in the field and largely depends on two factors,
i.e., the technology used to measure miRNA expression and the
choice of a proper normalization strategy. Several methods have
been developed to quantify miRNA expression such as microar-
rays (1-4) bead-based flow-cytometry (5) and small-RNA sequenc-
ing (6-9). While these methods enable genome-wide miRNA

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_18, © Springer Science+Business Media, LLC 2012
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expression profiling, they typically require substantial amounts of
input RNA which precludes the use of single cells, small biopsies,
or body fluids such as serum, plasma, urine, or sputum. While
reverse transcription quantitative PCR (RT-qPCR) intrinsically
has a much higher specificity and sensitivity, down to a single mol-
ecule, it requires some adjustments to enable quantification of
small RNA molecules such as miRNAs. Mature miRNAs consist of
21-25 nt and are too short to serve as templates in a RT-qPCR
reaction. Therefore, different modifications of the classical
RT-qPCR workflow have been developed in order to allow
RT-qPCR-based miRNA expression profiling. One approach relies
on the use of a miRNA-specific stem-loop primer that hybridizes
to the 3 end of the mature miRNA (10). The loop unfolds upon
denaturation, providing an elongated template that can be used in
a subsequent qPCR-reaction. Alternatively, the mature miRNA is
polyadenylated, and a poly-T primer is used to initiate the
RT-reaction (11). Next to sensitivity, RT-qPCR-based approaches
have a superior specificity, linear dynamic range of quantification,
and a high level of flexibility making RT-qPCR the gold standard
for small RNA expression profiling. Importantly, the accuracy of
the results obtained through RT-qPCR miRNA expression profil-
ing is largely dependent on a proper normalization strategy (12, 13).
Diftferent variables, inherent to the RT-qPCR workflow need to
be controlled for in order to distinguish true biological changes
from technical variation. These include the amount of starting
material, enzymatic efficiencies, and overall transcriptional activity
(14). The use of multiple stable reference genes is generally
accepted as the method of choice for RT-qPCR data normaliza-
tion (14). These stable reference genes can be identified from a set
of candidate reference genes in a pilot experiment on a selection
of samples that are representative for the experimental conditions
under investigation. Different algorithms, such as geNorm, allow
ranking the candidate reference genes according to their stability
and indicating the optimal number of reference genes required for
accurate normalization of gene expression. In the case of miRNA
expression profiling, only few candidate reference miRNAs have
been identified (15). Typically, other small endogenous noncod-
ing RNAs such as small nuclear (U6) and small nucleolar (U24,
U26) RNAs have been used. In 2009, Mestdagh et al. (13) intro-
duced the global mean normalization method to normalize data
from RT-qPCR miRNA profiling studies in which a large number
of miRNAs are tested per sample (e.g., whole miRNome). This
method outperformed other normalization strategies commonly
used at the time (e.g., multiple target reference normalization
using endogenous small RNA controls) and it has been consid-
ered the gold standard method since.
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2. Normalizing
Genome-Wide
miRNA Expression
Data: The Global
Mean

The global mean normalization method consists of three successive
steps. First, all Cq values above a certain threshold are considered
noise and are discarded from further analysis (based on an 12 cycle
sample preamplification procedure following mageplex reverse
transcription, we routinely use 32 as cut-off value). The arithmetic
average Cq value is then calculated for each individual sample and
subsequently subtracted from each individual Cq value for that
sample. The procedure results in normalized expression values in
logE scale (E being the base of the exponential amplification func-
tion, with 2 being a good estimate); the more negative, the higher
a particular miRNA is expressed (Table 1). In this chapter, we sum-
marize the power of the previously described global mean normal-
ization method in comparison to the multiple reference gene
normalization method using the most stably expressed small RNA
controls (Table 2). In addition, we compare the original global

Table 1
Normalized expression values of a particular miRNA in two
samples (log scale, global mean normalization)

Sample 1 Sample 2

hsa-let-7a -1.50 -2.32

e Sample 1: the fold difference of let-7a compared to the mean Cq=2-150=2.83
© Sample 1: Let-7a is 2.83 times higher expressed than the mean

e Fold change for let-7a of sample 1 relative to sample 2 =2-(-1507-(-232) = (.57

¢ Fold change for let-7a of sample 2 relative to sample 1 =2-(-232-130) -1 76

* Assuming equal Cq values for equal transcript numbers

Table 2
Stably expressed small RNA controls used as reference
genes

Neuroblastoma T-ALL Sputum (non-)smokers
RNU24 RNU24 u6*
RNU44 RNU44
RNU58A RNU48
RNUG6B RNUS58A
Ul18
730

*Only U6 was found to be expressed in all sputum samples



264 B. D’haene et al.

2.1. Evaluation of the
Ability to Reduce the
Overall Experimental
Variation

mean method to a modified global mean normalization strategy
based on the attribution of equal weight to each individual miRNA
during normalization. This modified algorithm is implemented in
Biogazelle’s gbase’™ S software as of version 2.0 (http://www.
gbaseplus.com) and is presented here for the first time.

The modified global mean normalization strategy conve-
niently generates normalized relative quantities (NRQ values) in a
linear scale. These values can be obtained using four simple steps
in gbase™ "V (1) auto-exclusion of miRNAs below a certain expres-
sion level, (2) conversion of Cq values into relative quantities
(RQs), (3) calculation of sample specific normalization factor
(NF) as the geometric mean of the RQs of all expressed targets per
sample, and (4) conversion of RQs into normalized RQs (NRQs)
by dividing the RQs by the sample specific NF. Steps 2—4 are
simultaneously performed if the user selects one of the two avail-
able global mean normalization strategies. The NF can be calcu-
lated based on the RQs of all expressed targets in the sample for
which the normalization is determined without taking into account
the other samples (“modified global mean normalization”).
Alternatively, the normalization factor is calculated based on the
RQs of the targets that are expressed in all samples (“modified
global mean normalization on common targets”). The different
strategies to normalize large-scale RT-qPCR miRNA profiling
data are compared in a comprehensive manner by reanalysis of
published datasets (13, 16). These datasets include expression
profiles for 430 miRNAs and 18 controls in 61 neuroblastoma
(NB) tumor samples, 366 miRNAs and 18 controls in 49T-cell
acute lymphoblastic leukemia (T-ALL) samples, and 636 miRNAs
and 19 controls in 32 cell-free sputum samples from never smok-
ers, smokers with COPD, and smokers without airflow limitation.
The performance of the different normalization strategies is
assessed by (1) evaluating their ability to reduce the overall varia-
tion, (2) determining their power to extract true biological varia-
tion, and (3) estimating the ability to reduce the number of
false-positive and false-negative calls.

Any variation in gene expression levels is composed of both true
biological and experimentally induced (technical) variations. The
purpose of normalization is to reduce the technical variation
within a dataset, enabling a better appreciation of the biological
variation.

To measure normalization performance, we calculated the stan-
dard deviation (SD) for each individual miRNA across all samples
within a given dataset upon applying different normalization proce-
dures. Lower standard deviations denote better removal of experi-
mentally induced noise. Cumulative distributions of the SDs for not
normalized and normalized data using different methods allows
comparison of different normalization methods (Fig. 1).
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Fig.1. Cumulative distribution of the SD values. (@) Neuroblastoma. (b) T-cell acute lymphoblastic
leukemia (T-ALL). (¢) Sputum (smokers and nonsmokers). Standard deviations (SDs) for
each individual miRNA were calculated on log, transformed relative expression levels nor-
malized with (1) the original global mean normalization approach, (2) the modified global
mean normalization, (3) the modified global mean normalization based on common targets,
or (4) the multiple reference gene normalization using stably expressed small RNA controls.
Standard deviations are also presented for not normalized expression data.

A shift to the left is discernable for all four normalization methods
compared to not-normalized data, pointing at the intended reduc-
tion of the overall variation. The decrease in variation is least
pronounced for multiple reference gene normalization using stable
small RNA controls. The latter approach results in a small decrease
of the SD values in the NB sample set for the 80% least variable
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Fig.1. (continued)

miRNAs. In the T-ALL sample set, it results in a pronounced
decrease of the SD values for the 80% of most variable miRNAs.
These observations indicate that elimination of technical variation is
not effective for all miRNAs. Normalization using a single small
RNA control (U6) in the sputum sample set even results in an
increase of overall variability. In contrast, all three global mean nor-
malization methods result in an overall decrease in variation that is
(1) more pronounced compared to stable small RNA control nor-
malization and (2) effective for all miRNAs that are measured.

In conclusion, all three global mean normalization-based
methods are equally well suited to reduce the technical variation
and outperform multiple reference gene normalization using stable
small RNA controls.

Good normalization approaches should not only reduce the tech-
nical variation as much as possible, but they should also accentuate
true-biological differences. To assess the impact on appreciation of
true biological differences, we evaluated the differential expression
of the miRNAs belonging to the oncogenic mir-17-92 cluster in
the NB data set. This cluster contains six miRNAs (miR-17, miR-
18a, miR-19a, miR-20a, miR-19b, and miR-92) that are known to
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Fig.2. miR-17-92 upregulation in MYCN-amplified neuroblastoma. Average fold change expression (linear scale) difference
of six miRNAs residing within the miR-17-92 cluster in MYCN amplified neuroblastoma samples compared to MYCN single
copy (MNSC) neuroblastoma samples. Fold changes were calculated upon data normalization with (1) the original global
mean normalization approach, (2) the modified global mean normalization, (3) the modified global mean normalization
based on common targets, (4) the multiple reference gene normalization using small RNA controls.

be upregulated in NB tumors with MYCN amplification (MNA) in
comparison to samples with a normal MYCN copy number (MYCN
single copy, MNSC).

The average fold change of the mir-17-92 cluster elements in
MNA (n=22) compared to MNSC (% =39) samples was calculated
upon normalization using (1) the original global mean normaliza-
tion approach, (2) the modified global mean normalization, (3)
the modified global mean normalization based on common tar-
gets, or (4) the multiple reference gene normalization using stable
small RNA controls (Fig. 2). Normalized results were first log
transformed, followed by calculation of the difference between the
mean MNA and MNSC group values and exponentiation (anti-
log) of the difference. When the data are normalized using the
small RNA controls, only one out of eight miRNA genes within
the miR-17-92 cluster reaches a 1.5-fold expression difference. In
contrast, when the data are normalized using one of the global
mean normalization methods seven out of eight miRNA transcripts
reach atleasta 1.5-fold expression difference. Both modified global
mean normalization approaches result in true expression differ-
ences that are more pronounced in comparison to the original
global mean normalization method; three out of eight miRNA
transcripts reach a twofold expression difference as opposed to one
out of eight, respectively. In conclusion, both the modified global
mean normalization and the modified global mean normalization
based on common targets perform slightly better than the original
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2.3. Balancing Up- and
Down-regulated Genes

global mean normalization and clearly outperform the multiple
reference gene normalization strategy using small RNA controls in
appreciating true biological differences.

A fair assumption in most transcriptome-wide gene expression stud-
ies is that the number of up- and downregulated genes is approxi-
mately equal. To date, there is no biological evidence that the
number of downregulated miRNAs is different from the number of
upregulated miRNAs in MNA neuroblastoma samples compared to
MNSC neuroblastoma samples and vice versa. It is hence acceptable
to assume the existence of a balanced situation with an equal num-
ber of up- and downregulated miRNAs.

The overall differential miRNA expression in the two NB
tumor sample subsets may give us an estimate of the ability of the
normalization methods to reduce the number of false positives and
negatives (Fig. 3, Table 3).

Normalization with small RNA controls suggests that most
miRNAs are downregulated in MNA neuroblastoma samples.
The global mean normalization-based methods result in a more
balanced situation with an approximately equal number of up and
downregulated miRNAs. Normalization with the original global
mean normalization methods suggests that most miRNAs are

m Stable controls

®m Modified global mean
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Fig. 3. Average fold change expression difference of each miRNA in neuroblastoma with
respect to the MYCN amplification status. Average fold change expression difference (log,
scale) of each miRNA with a Cq value below 32 cycles in MYCN amplified neuroblastoma
samples compared to MNSC neuroblastoma samples (differences calculated as explained
for the miR-17-92 cluster in Fig. 2). Fold changes were calculated upon small RNA control
normalization (Light grey) or modified global mean normalization (Dark grey). Fold changes
are plotted in a log, scale and sorted from positive (upregulated in MYCN amplified tumor
samples) to negative (downregulated in MYCN amplified tumor samples).
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Table 3
Number of up- and downregulated miRNAs in neuroblatoma
with respect to the MYCN amplification status

Normalization # Upregulated # Downregulated
Small RNA controls 80 285
Original global mean 165 200
Modified global mean 180 185
Modified global mean 181 184

common targets

Table 4

Number of up and downregulated miRNAs in sputum sample
set (smokers and nonsmokers) with respect to the smoker
status

Normalization # Upregulated # Downregulated
Small RNA controls (U6) 75 85
Original global mean 41 119
Modified global mean 70 90
Modified global mean 72 88

common targets

downregulated in sputum samples from smokers (Table 4). The
modified global mean normalization-based methods result in a
more balanced situation with an approximately equal number of
up and downregulated miRNAs. In conclusion, the modified
global mean normalization-based methods result in a more bal-
anced situation in which the number of downregulated miRNAs
equals the number of upregulated miRNAs in neuroblastoma with
respect to the MNA status. This clearly suggests that they have
more power to reduce the number of false positives and false nega-
tives in comparison to the multiple reference gene normalization
using small RNA controls.

Considering all the results, it is fair to state that the modified
global mean normalization methods are slightly better in terms of
better appreciation of true biological changes. As biologically rel-
evant miRNA expression differences can be quite small, we highly
recommend applying the modified normalization method to obtain
more accurate results for RT-qPCR miRNA profiling studies.
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The impact of nonrandom missing data on calculating a global
mean is reduced by removing the effect of differential expression
between genes when calculating the modified global mean on rela-
tive quantities.

3. Multiple
Reference Gene
Normalization
Using Small RNAs
that Resemble the
Global Mean

The global mean normalization methods are only valid for miRNA
profiling studies in which a large number and unbiased set of genes
are measured. This is because these methods are based on two
assumptions (1) only a minority of miRNAs is differentially
expressed and (2) the number of downregulated miRNAs is
balanced against the number of upregulated miRNAs. Whole
miRNome studies (using RT-qPCR, microarrays, or next-generation
sequencing) often serve as a starting point in a pilot screen to iden-
tify differentially expressed miRNAs in certain subsets of samples.
Subsequent studies on much larger sample groups are required to
validate the statistical significance and to assess the biological rele-
vance of the regulated miRNAs. In such RT-qPCR validation stud-
ies in which the expression of only a handful of miRNAs is measured,
it is not valid to use a global mean normalization method.

To overcome this problem, Mestdagh et al. (13) proposed to
use multiple stably expressed miRNAs or small RNA controls,
identified by an expression pattern similar to the global mean level,
referred to as genes resembling the mean expression value. Such
reference genes can be identified from prior whole miRNome
expression profiling studies or from a pilot experiment specifically
performed to identify stably expressed genes resembling the mean.
The results from Mestdagh et al. (13) indicate that a normalization
factor based on the selection of miRNAs/small RNA controls
resembling the mean expression value performs equally well com-
pared to the mean expression value itself. Identification of such
stably expressed reference miRNA /small RNA genes consists of
two steps. First, candidate miRNAs/small RNA controls that
resemble the mean expression value are identified, followed by
selection of the most stably expressed reference from this group in
a second step. In brief] the standard deviation (SD) for each indi-
vidual miRNA across all samples is calculated after global mean
normalization. The optimal set and number of miRNAs/small
RNA controls for normalization is then determined through
genorm®™ Y analysis of the ten best ranked candidate reference
genes, being miRNAs or small RNA controls with the smallest
standard deviation. To avoid the possibility of including co-regu-
lated miRNAs in the genorm®™ " analysis, miRNAs residing within
the same gene cluster should be excluded, hereby retaining only
one miRNA per cluster. For publically available RT-qPCR data, the
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miRNA body map enables selection of stably expressed miRNAs/
small RNAs reference genes using the strategy outlined above
(http: //www.mirnabodymap.org).

4. Multiple
Reference Gene
Normalization
Using Stably
Expressed Small
RNAs

If no prior whole miRNome expression profiling can be performed
to identify genes whose expression pattern resembles the mean
expression value, then a careful selection of the most stable small
RNA controls should be performed in a typical geNorm pilot
experiment (14).

Such a pilot experiment involves the analysis of a set of candi-
date reference small RNAs (preferentially more than 8, each
belonging to a different family) (e.g., RNU X is not a good choice
it RNU Y is already selected as candidate reference RNA) on a
representative sample set (at least ten independent samples). A
geNorm analysis determines the expression stability value for each
gene (M value) and it calculates normalization factor V values.
Both values are subsequently used to determine the optimal num-
ber and set of reference RNAs to be used in further studies. A use-
ful tool is the genorm®™ % module incorporated into qbase™ Vs a
substantial improvement over the old geNorm version running in
Microsoft Excel, in terms of handling missing data, subranking of
the best reference gene pair, fully automating the calculations, and
providing interpretation of the results. The genorm® v expert
report enables straightforward interpretation as it provides recom-
mendations on the number and nature of genes to be used for
optimal normalization. In addition, it compares the stability of the
proposed reference genes against empirically determined reference
gene values (17).

Of note, Peltier and Latham (15) reported 2 miRNAs, miR-
103, and miR-191 that were stably expressed in different normal
and cancer tissues, suggesting that they may serve as universal ref-
erence miRNAs. In contrast, the reference miRNAs identified by
Mestdagh et al. (13) varied substantially between different data-
sets. While miRNAs that are stably expressed across different tis-
sues may exist, it is highly recommended to evaluate their stability
in a selection of samples, representative for the entire sample set in
the study. Please note that the results obtained through normaliza-
tion with small RNAs should be interpreted with care. The side-
by-side comparison of small RNA normalization with global mean
normalization indicated that small RNAs are less efficient in reduc-
ing the technical variation and do not result in balanced expression
differences. As biologically relevant miRNA expression differences
can be quite small, it is not unconceivable that interesting expres-
sion differences will be missed.
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Chapter 19

miRNA Data Analysis: Next-Gen Sequencing

Preethi H. Gunaratne, Cristian Coarfa, Benjamin Soibam,
and Arpit Tandon

Abstract

MicroRNAs (miRNAs) are short, noncoding RNAs that have the capacity to bind, capture, and silence
hundreds of genes within and across diverse signaling pathways 1(Bartel, Cell 136:215-33,2009) Specific
sets of miRNAs characterize specific cell lineages of normal organisms and an increasing number of diseases
have been shown to be associated with the dysregulation of specific miRNAs. Deep sequencing platforms
have revealed unexpected complexity in relation to miRNAs, including 5’ and 3'-end-length heterogeneity
and RNA editing. These insights not uncovered by previous microarray-based studies underscore the
importance of data analysis tools that enable users to rapidly and easily analyze the unprecedented amounts
of small RNA sequencing data that is emerging from next-generation sequencing platforms, such as
Illumina/Solexa, SOLID, and 454. In this chapter, we summarize the increasing number of analysis
platforms that are available for miRNA discovery and profiling and the identification of functional
miRNA-mRNA pairs in the context of biology and disease. We also discuss in greater detail our contribu-
tions to this effort.

Key words: miRDeep, miRNAkey, UEAsRNAtoolkit, miRanalyzer, SeqBuster, DSAP, mirTools,
E-miR, SigTerms

1. Introduction

MicroRNAs (miRNAs) are small ~22-nt noncoding RNAs that can
integrate multiple genes across and within signaling pathways to
establish gene networks that underlie specific cellular contexts and
biological processes (1). Historically, genome-wide analysis of
miRNA expression has been performed through microarrays (2, 3).
Following the advent of next-generation sequencing technologies,
this effort is now largely sequencing based (4, 5). An increasing
number of databases and analysis tools that can support both
high-throughput analysis of millions of sequences from small RNA

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_19, © Springer Science+Business Media, LLC 2012
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(sRNA)-seq experiments as well as cross-correlational platforms
that can integrate miRNA expression data with genome-wide gene
expression data from the same treatments, cell types, or disease
samples have been developed and published. This chapter discusses
a number of these platforms with a focus on our own miRNA analysis
and novel miRNA discovery platform (6) as well as miRNA-mRNA
integration platform (7).

An optimal data analysis platform for miRNAs require the
tollowing functionalities.

1. Cleanup — Remove adaptor, contaminating Escherichia coli,
<10 nt, >9 homopolymer runs, etc.

2. Determine nonredundant set of sequences.

3. Mapping to focused transcriptomes.
(a) miRBase — 5'; 3’-end heterogeneity and RNA editing.
(b) piRNA databases.

4. Mapping to the genome and intersecting with known
annotations.

(a) Problem of multiply mapped reads.
5. Differential expression analysis and graphic interface.
6. miRNA-mRNA enrichment.
7. Integrate into pathways/GO.

After the determination of miRNA profiles, a number of
databases are now available for understanding and comparing
miRNA profiles across a broad spectrum of tissues and diseases.
miRBase (http:/www.mirbase.org/) is currently the repository for
miRNAs. This database which is updated regularly stores information
on the mature miRNA sequences, precursor sequences, map locations,
and overlapping annotations as well as predicted targets and a
complete list of all publications that support each of the miRNA
entries. An increasing number of species are included in every
new miRBase version which is updated frequently (8). An increasing
number of databases are being developed for predicting targets
for each of the miRNAs (9). The commonly used ones include
TargetScan (10), PicTar (11),and miRanda (12). The Mir2Disease-
Base (13) is a database that extracts information from published
literature and lists all the current disease associations for a given
miRNA (13). The expression patterns of miRNAs across tissues
can be obtained through GEO, miRGator (14), microRNA.org.
Databases, such as miRSigDB (15) and miRGator, allow high-level
integration to understanding how miRNAs expressed in a given
sample relate to their putative targets in the context of signaling
pathways. miRSigDB, miRGator, and recently published micro-
RNA Expression and Sequence Analysis Database (mESAdb) allow
miRNA expression and target gene expression to be linked with
human diseases (16).
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2. Materials

2.1. miRDeep

2.2. miRNAkey

2.3. UEAsRNAtoolkit

2.4. miRanalyzer

2.5. SeqBuster

2.6. DSAP

2.7. mirTools

Link: http: //www.mdc-berlin.de /en /research /research_teams/
systems_biology_of_gene_regulatory_elements/projects/
miRDeep).

Reference: Friedlinder, M. R., Chen, W., Adamidi, C., Maaskola,
J., Einspanier, R., Knespel, S., and Rajewsky, N. (2008) Discovering
microRNAs from deep sequencing data using miRDeep. Naz
Biotechnol 26, 407-15.

Link: http: /ibis.tau.ac.ill/miRNAkey/.
Reference: Ronen, R., Gan, I, Modai, S., Sukacheov, A., Dror,
G., Halperin, E., and Shomron, N. (2010) miRNAkey: a software

for microRNA Deep Sequencing analysis. Bioinformatics 26,
2615-6.

Link: http:/srna-tools.cmp.uea.ac.uk/.

Reference: Moxon, S., Schwach, F., Dalmay, T., Maclean, D.,
Studholme, D. J., and Moulton, V. (2008) A toolkit for analyzing
large-scale plant small RNA datasets. Bioinformatics 24, 2252-3.

Link: http://web.bioinformatics.cicbiogune.es/microRNA /miRanal-
yser.php.

Reference: Hackenberg, M., Sturm, M., Langenberger, D.,
Manuel, J., Falcon-Pérez, and Aransay, A. M. (2009) miRanalyzer:
a microRNA detection and analysis tool for next-generation
sequencing experiments. Nucleic Acids Res 37, W68-76.

Link: http: /estivill_lab.crg.es/seqbuster/.

Reference: Pantano, L., Estivill, X., Marti, E. (2010) SeqBuster,
a bioinformatic tool for the processing and analysis of small RNAs
datasets, reveals ubiquitous miRNA modifications in human
embryonic cells. Nucleic Acids Res 38, e34.

Link: http: /dsap.cgu.edu.tw/.

Huang, P. J., Liu, Y. C., Lee, C. C., Lin, W. C., Gan, R. R. C.,
Lyu, P. C., Tang, P. (2010) DSAP: Deep-Sequencing Small RNA
Analysis Pipeline. Nucleic Acids Res 38, W385-91.

Link: http: /centre.bioinformatics.zj.cn/mirtools/simple.php.

Reference: Zhu, E. L., Zhao, F. Q., Zhou, L. L., Hou, H. B.,
Xu G, Li, X. K, Bao, Q. Y, Sun, Z. S., and Wu, J. Y. (2010) mirTools:
microRNA profiling and discovery based on high-throughput
sequencing. Nucleic Acids Research 38, W392-7.
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2.8. E-miR

2.9. SigTerms

Link: http: //www.lgtc.nl /services/general_services /software_tools/
emir.php.

Link: http:/SigTerms.sourceforge.net/.

Reference: Creighton, C. J., Nagaraja, A. K., Hanash, S. M.,
Matzuk, M. M., Gunaratne, P. H. (2008) A bioinformatics tool for
linking gene expression profiling results with public databases of
microRNA target predictions. RNA 14, 2290-6.

3. Methods

3.1. miRDeep

The miRDeep package allows discovery of known or novel miRNAs
from deep sequencing data. The package comprises a number of
scripts to preprocess the mapped data, and a core algorithm that
analyzes and scores these data. It requires Vienna package, Randfold
application, and NCBI Blast package (which are all freely available).
The input parameters can be varied with a single command line
argument for custom trade-offs between sensitivity and specificity.
The user can choose which potential precursor sequences to input
to the core algorithm. These can be either sequences excised from
the genome by miRDeep using the aligned reads as guidelines
or custom sequences. After aligning reads to the genome, only a
few hours on a standard Linux box are needed for genome-wide
prediction using miRDeep.

miRDeep processes the deep sequencing data through a series
of steps. The reads are aligned to the genome; genomic DNAs,
bracketing the alignment, are extracted to compute their secondary
structure. Potential precursors which are inconsistent with miRINA
biogenesis are discarded. Then, it uses a simple probabilistic model
of miRNA biogenesis to score each potential miRNA precursor
for the combined compatibility of energy stability, positions, and
frequencies of reads with Dicer processing. A number of factors,
such as number of reads corresponding to the mature star sequence,
the stability of the secondary structure, and conservation of the 5’
ends of the potential mature sequence, contribute to the score.
Reads which do not map to rRNA, scRNA, snRNA, snoRNA, tRNA,
21U-RNAs, or protein-coding regions are passed through the
miRDeep scoring algorithm. The output of miRDeep consists of
a scored list of known and novel miRNA precursors and mature
miRNASs in the deep sequencing data, as well as the estimates for
the number of false positives.

Hence, miRDeep provides the users the capability to analyze
their own deep sequencing data to detect known and novel miRNAs
and at the same time estimate the quality of their results. miRDeep
directly detects miRNAs by analyzing how sequenced RNAs are
compatible with how miRNA precursors are processed in the cell.
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3.4. UEA sRNAtoolkit
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miReduce is a program that measures the relationship between
gene expression fold change and regulatory motifs associated with
these genes. For microRNA knockdown and overexpression
studies, this program uses a linear regression model to determine
the impact of each of these treatments on the target genes via the
binding motifs in the 3" UTRs of these genes. The model is based
on linear regression, and is intended for genome-wide studies.

miRNAKkey is a software package designed as a base station for the
analysis of miRNA sequencing data. miRNAkey takes FASTQ or
FASTA format input files and generates a tabular output contain-
ing general and detailed reports on the sequence reads. miRNAkey
also generates a table that compares each pair of samples. This
table contains the combined observed miRNAs in the two
samples, ranked from most differentially expressed to the least.
However, miRNAkey does not provide tools for predicting new
microRNAs. miRNAkey can run on a local Unix/Linux or Mac
computer with 64-bit architecture. It has the following features.

1. Mapping to known miRNAs:

The reads are mapped to known miRNA databases, such as
miRBase, and mapped reads are counted for each miRNA
species in each sample. These counts are converted into the
normalized RPKM expression index (reads per kilobase per
million mapped reads) to allow comparison across experiments.
miRNAkey uses the SEQ-EM algorithm (17) to optimize the
distribution of multiply aligned reads among the observed
miRNAs, rather than discarding them, as is commonly done in
this type of analysis.

2. Determining differentially expressed miRNAs:

miRNAkey also supports quantification of ditferential expression
for miRNAs between paired samples using chi-squared analysis,
thus obtaining P-values for the differential expression of miR-
NAs. Other additional information regarding the input data,
such as multiple mapping levels and post-clipping read lengths,
can be generated through miRNAkey.

This package provides different tools for the analysis of high-
throughput, sSRNA data. There are separate versions for plant and
animal sSRNA sequencing data. The UEA Web server consists of
links to separate interfaces for different tools. The interface contains
information on input file formats and allows the user to adjust param-
eters. Both plant and animal versions have the following tools.

1. Sequence file preprocessing tool: This tool reads in a FASTA
or FASTQ format file along with 5’ (optional) and 3" adaptor
sequences and creates a FASTA format file with adaptors
removed which can then be used with other tools on the site.
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2. Filter tool: This tool filters SRNA sequences in FASTA files.

. miRProf: It generates expression profiles of known miRNAs.

PatMaN program is used to perform the searches of sRNAs
against sequence databases. The user has an option of setting
different parameters that would indicate matches to a known
miRNA, such as mismatches, overhangs, etc.

. miRCat: It inputs a FASTA file of sSRNA reads, maps the reads

to a reference genome, and identifies miRNAs. Genomic hit
distribution patterns and secondary structure of genomic regions
corresponding to sSRNA hits are used for the prediction.

. FiRePat: The sRNA expression dataset generated by the

SiLoCo tool and gene expression levels from a gene expression
assay, such as a microarray or digital tag expression profiling
assay, are used to extract patterns in gene and sRNA expression

datasets by this tool. These patterns may reveal functional
targets of sSRNAs.

. SiLoCo: SiLoCo uses PatMaN program for the genome mapping

of sSRNA datasets (in FASTA format). By the relative position of
sRNAs and their abundance, SiLoCo finds sRNA-producing
loci. Only full-length perfect matches to the genome are consid-
ered. It can give output images that contain log, sSRNA expres-
sion ratio and the expression average for each locus. Multiple samples
can be compared to identity differentially expressed loci.

. SioMa: Sil.oMa allows users to upload sSRNAs data sets to be mapped

to regions in the supported genomes or a user-provided
sequence. The tool outputs text and image files, showing which sSRNAs
match and where the matches are on the reference sequence.

. RNAfold with annotation: Vienna Package is used to generate

the secondary structure of'a long (up to 1 kb) RNA sequence. This
structure is annotated by highlighting up to 20 short sequences.
miRNA candidate sequences can be shown on a precursor
hairpin. User can download the output in a PDF format.

The Plant Version Has Two Additional Tools

1.

Targets tool: It takes as input a plain text FASTA format file of
up to 50 miRNAs and runs target predictions against a chosen
transcriptome dataset. The rules used for target prediction are
based on those suggested by Allen et al. (18).

. ta-siRNA prediction tool: This tool uses an algorithm pro-

posed by Chen et al. (19) for calculating the probability of
obtaining the observed percentage (or more) of phased sSRNA
matches by chance. An adjustable P-value cutoft'is used to filter
for loci with a significant degree of 21 nt phasing. In addition,
a Web tool is provided to find target transcripts of SRNAs based
on published rules for miRNAs and for highlighting sRNA
locations on a folded RNA sequence.
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This Web server tool analyzes sSRNA sequencing data and requires
a simple input file containing a list of unique reads and its copy
numbers. The input file can be in two kinds of format: a tab-separated
file with the read sequences and its counts and a multifasta file with
read count as the description in the header. The output page
includes multiple boxes that summarize information on the current
state of the process, summary of the analysis of known microRNAs,
matching of reads to several sets of transcribed sequences, summary
of the detection of new microRNAs, and summary of the filtered
and unmapped reads. There are links on each of the boxes that lead
the user to more detailed results of each module. A Perl script for
producing proper input files using the Genome Analyzer (Illumina
Inc.) pipeline results is also available. The user can choose from a
set of species to map the raw reads. The different modules available
with miRanalyzer are described as follows.

1. Determine known miRNA sequences annotated in miRBase:
Input reads which aligned to mature(miR), star (miR*), and
hairpin sequences (pre-miR) in the miRBase repository are
reported as known miRNA reads. The order of mapping against
known miRNAs is mature, mature-star, unknown mature-star,
and precursors/hairpin. Both unique matches and nonunique
matches are allowed. Apart from the known mature-star
sequences, a library with all other theoretically possible mature-
star sequences is reported. To obtain unknown star sequences,
the secondary structures for all hairpins using RNAfold is
obtained. By means of location of mature miRNAs in the pre-
miRNA hairpin, the information of the secondary structure
and the characteristic “2-nt 3’ overhang” caused by Dicer, the
corresponding sequence pairing with the mature miRNA, is
extracted.

2. Ontological analysis:
Annotation-Modules (20) are used to precompute the signifi-
cant annotations of all target gene lists for all miRNAs from
the miRanda software or TargetScan. In this way, precomputed
ontological analyses are made available.

3. Determine other noncoding RNAs present:
miRanalyzer maps the remaining reads to databases of tran-
scribed sequences as mRNA, noncoding RNA, and (retro)-
transposons.

4. Identify putative novel miRNAs:
To detect new miRNAs, a machine learning algorithm is
used. It is based on the WEKA (21) implementation of the
random forest learning scheme (22) with the number of trees
set to 100.
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3.6. SeqBuster

SeqBuster is a Web-based toolkit to process and analyze large-scale
sRNA datasets. The Web interface is based on Dynamic HTML
(DHTML) and Common Gateway Interface (CGI) architecture.
It consists of a preanalysis and an analysis component. The Perl
language and R statistical package have been used for preanalysis
and analysis modules, respectively. The users can upload R/perl-
based packages to the server. In the preanalysis module, raw data
are annotated to known miRNA and miRNA precursors, obtained
from a miRNA and miRNA precursor databases or from a custom
database. The processed and annotated data are stored in a MySQL
database. The Web interface permits the analysis of the data using
several R-based packages, such as comparative expression levels of
individual sRNA loci between different samples and characteriza-
tion of qualitative and quantitative miRNA variability (isomiRs).
SeqBuster supports the visual display of results of each analysis
through a DHTML format. The result can be stored in the server
or downloaded to the local machine. Results data consist in a single
table containing the name of every output file resulting from a
specific analysis and may be saved permanently by the user. There
is no functionality provided in SeqBuster for estimating novel
miRNAs from the sequencing data. It was first applied to sSRNA
datasets of human embryonic stem cells. The available functions
are described briefly below.

1. Precursor miRNA, miRNA, miRNA*, mRNA mapping;:

The precursor miRNA annotation allows one mismatch, three
nucleotides in the 3’ addition variants, and the priority degree
equal to 3. For miRNAs and miRNA*annotation, the following
parameters are used: one mismatch, three nucleotides in the 3’
or 5' trimming variants, three nucleotides in the 3' addition
variants, a priority degree equal to 1 and 2 for the miRNA and
the miRNA* databases, respectively, and the parental database
was the precursor miRNA database. The parameters for the
alignment in mRNA and genome databases allows as much as
one mismatch and up to three nucleotide additions in the
3'-terminus. The priority parameters are equal to 4 and 5 for
the mRNA and genome databases, respectively.

2. IsomiR analysis of sequencing data:
To characterize variants of miRNA, an IsomiR should have a
frequency above 3 and should contribute in more than 10% to
the total number of variants annotated in the same miRNA
locus. A Z-score option is used to exclude sequencing errors as
the possible cause of the nucleotide changes observed in some
variants (23).

3. Determining differential expression:
The Willcoxon test is used to determine statistically significant
differences in the frequency distribution between samples.
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For identifying differential expression profiles, a Z-test (24) is
applied to show statistical significance in the differential expression;
P-values are corrected by the Benjamini and Hochberg (25).

4. Function enrichment analysis:

A TargetScan custom option (http: /www.targetscan.org) is
used to predict mRNA targets of the seed region isomiRs and
miRNAs, which are differently expressed between libraries.
Targets predicted by more than one enriched isomiRs or reference
miRNAs are considered. Then, ingenuity pathway analysis (IPA)
is used for the subsets of genes exclusively targeted by enriched
isomiRs and those affected by the corresponding reference
miRNAs. The P-value associated with a biological process is
calculated with the right-tailed Fisher’s exact test.

DSAP is a Web server which provides tools to analyze sRNA
sequencing data generated by SOLEXA. The dynamic Web interface
is generated using the Perl CGI library, ChartDirector for Perl and
Matrix2png. Data processing is performed using Perl and Linux
shell scripts. The input to DSAP is a tab-delimited file consisting of
all the unique sequence reads (tags) and their corresponding
number of copies generated by the Solexa sequencing platform.
The user can upload the input file through the DSAP Web inter-
face and monitor the status of their jobs through a job status bar.
The functions of DSAP suite include adaptor removal, clustering
of tags, and classification of noncoding sSRNAs and miRNAs basis
on sequencing homology search against the Rfam and miRBase
databases, respectively. DSAP also provides comparative miRNA
expression profile analysis for up to five datasets. DSAP does not
provide tools to predict unknown miRNAs. DSAP outputs a summary
of the expression levels corresponding to matched ncRNAs and
miRNAs in multicolor clickable bar charts linked to external databases.
Other forms of output include log -scaled color matrix display format
for miRNA expression levels from different jobs and a cross-species
comparative function to show the distribution of identified miRNAs
in different species as deposited in miRBase. The different func-
tionalities of DSAP are briefly described below.

1. Clustering:
Sequence tags retained after the cleanup step with 100% sequence
identity and identical sequence length are grouped as nonredun-
dant sequence clusters. Each sequence cluster has a representative
Cluster ID and its total read count. Supermatcher, based on the
Smith-Waterman algorithm, from the EMBOSS (26) analysis
package is used for the entire sequence alignment.

2. ncRNA matching:
miRNA precursors from the Rfam database are used as a refer-
ence database to separate ncRNAs other than miRNAs in the
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3.8. mirTools

nonredundant sequence tag clusters. BLAST is applied to identify
representative sequence clusters originating from rRNAs, tRNAs,
snRNAs, snoRNAs, or other annotated ncRNAs (27).

3. Known miRNA matching:
Representative sequence clusters remaining after ncRNA
matching are compared with known mature miRNA sequences
from miRBase with BLAST (hits with perfect alignments).
Representative sequence clusters that show low sequence

homology with known miRNAs are grouped as putative novel
miRNAs.

4. Comparative miRNA analysis and cross-species distribution
of miRNAs:
DSAP displays non-normalized miRNA expression levels from
different jobs or experimental results (in tab-delimited format)
from other miRNA expression analyses, such as stem-loop
real-time PCR, microarray, or SOLiD sequencing using a log,-
transformed color matrix. DSAP can also show the distribution
of identified miRNAs in different species from miRBase which
provides a global view on the convergence and divergence of
the identified miRNAs.

Currently available tools, except mirTools, do not provide Web-
based approaches to analyze multiple transcriptomes. miRTools
was developed to characterize the sRNA transcriptome from deep
sequencing data. mirTools is programmed in Perl and the Web
server is hosted on an Apache 2.0 HTTP server under a Linux
operating system. Users can submit raw data, a trimmed FASTA
file obtained from preprocessed raw data, and access the results of
the analysis through a front end which is implemented in PHP
language scripts. mirTools also makes scripts available which are
meant to remove adapters from raw reads. Its functionalities
include classification of reads to known miRNAs, noncoding RNA,
genomic repeats, or coding sequences; detailed annotation of known
miRNAs, such as miRNA /miRNA*, absolute /relative reads count,
and the most abundant tag; discovery of the novel miRNAs and
identification of the difterentially expressed miRNAs can be determined.
These functionalities of miRTools are briefly described below.

1. Read filter:
Low-quality reads are filtered out to exclude those most likely
to represent sequencing errors and 3/5’ adaptor sequences.
Reads are trimmed into clean, full-length reads and formatted
into a nonredundant FASTA file. Each unique read is given a
sequence tag and an expression profile (the number of counts).

2. sRNA annotation:
All unique sequence tags are mapped onto the reference
genome using the SOAP program (28). These unique sequence
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tags are also aligned against miRBase (29), Rfam (8), repeat
database produced by RepeatMasker (30), and the coding
genes of the reference genome. This kind of mapping classifies
the sequences into the following categories: known miRNA,
degradation fragments of noncoding RNA, genomic repeats,
and mRNA. In case of conflict, a hierarchy is conducted to
assign the tag into a unique category, which starts with noncoding
RNA, then known miRNA, followed by repeat-associated RNA
and mRNA.

3. Difterential expression detection:
The statistical significance (P-value) is inferred based on a
Bayesian method (31). In default, a specific miRNA is deemed
to be significantly differentially expressed when the P-value
given by this method is <0.01 and there is at least a twofold
change in normalized sequence counts.

4. Novel miRNA prediction:

Sequences that do not fall into above annotation categories
but matched on the reference genome are used to detect
candidate novel miRNA genes. In default, 100 nucleotides of
genomic sequence flanking each side of these sequences are
extracted and their RNA secondary structures are predicted
using RNAfold (32). Novel miRNAs are identified by folding
the flanking genomic sequence using the miRDeep program.

E-miR provides scripts to generate an expression matrix for all
know noncoding RNAs detected in the input data and reports
transcripts per million and square root transformed expression
levels. It generates Bed and Wig files for data visualization in the
UCSC browser. E-miR does not include modules for predicting
novel miRNA transcripts or other novel noncoding RNA tran-
scripts and statistical inference of differential expression between
(groups of) samples. The program can be downloaded from
the Web page; E-miR does not host a Web server for the users to
upload their data to be processed. E-miR offers the option of
choosing between two different short read aligners, namely, Eland
and Bowtie.

The public miRNA target prediction databases enable users to
search the targets of one gene per query. Expression profiling can
give to hundreds of differentially expressed genes; it is extremely
cumbersome for users to manually associate hundreds of genes
with the corresponding miRNAs targeting them. SigTerms integrates
miRNA-mRNA target predictions with gene expression data on a
large scale. It is desktop software application which, for a given
target prediction database, retrieves all miRNA:mRNA functional
pairs represented by an experimentally derived set of genes.
Furthermore, for each miRNA, the software computes an enrichment
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3.11. Small RNA
Workbench

statistic for overrepresentation of predicted targets within the
gene set using Fisher’s exact test. This can help to show roles for
specific miRNAs and miRNA-regulated genes in the system under
study. Currently, the software supports searching of results from
PicTar, TargetScan, and miRanda algorithms. In addition, the
software can accept any user-defined set of gene-to-class associa-
tions for searching, which can include the results of other target
prediction algorithms, as well as gene annotation or gene-to-path-
way associations. The software is a set of excel macros and very easy
to use. Predicted targets by the three different algorithms are pre-
compiled in the required format and are made available from the
Web site. A more detailed section on how to use SigTerms is
described in Subheading 4.

We are developing the Small RNA Workbench (http:/genboree.
org), a complex online system, powered by the Genboree discovery
system, that enables the users to perform both primary and secondary
sRNA analysis. The system enables users to formally characterize
their own samples and upload the corresponding sequence files.
In the first step, adapters are removed and a quality filter is applied;
the result is one of representative compressed sSRNA tags. Users
can specify the adapter and control the quality filtering parameters.
The resulting sequences are mapped against the target genome
using software, such as Pash (33) and bwa (34), allowing up to 100
matching locations for each tag, with up to two mismatches. The
mapping can be performed against a known assembled genome; a
user has also the choice to upload his/her own genome definition.
The following step is that of basic accounting of the sequencing
tags, ¢.g., how many reads overlap with each category of features.
By default, the Small RNA Workbench accounts for known sRNAs,
such as miRNAs, piRNAs, sno/sca RNAs, and for well-defined
genomic features, such as genes, CpG islands, and extensive categories
of repeats. The users can also upload their own regions of interest
and get a customized accounting of the sSRNA tags. The results are
made available in Excel spreadsheets for selected genomic feature
sets and in annotation tracks. The tag density maps are computed
and exposed for visualization in both the Genboree browser and
also to the UCSC genome browser. The above steps conclude the
primary analysis.

Often, however, users have biologically relevant questions that
go beyond primary analysis. The Small RNA Workbench attempts
to bridge the gap between primary analysis and testable hypothesis
and publication quality figures in several ways. Typically, users would
design an experiment combining multiple samples, with a collection
of phenotypical labels. To enable impact analysis and leveraging of
previous studies, the workbench enables users to import miRNA
profiles from other studies. As a quick path to discovery, the
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workbench can generate basic heatmaps using R, using miRNA
profiles data, and applying normalizations, such as Z-score normali-
zation. In addition, it can generate PCA plots using a wide variety
of clustering metrics by employing the QIIME package (35).
To gain further insight, the workbench provides basic facilities
for machine learning algorithms, such as random forest (22)
and selection of discriminating miRNAs (36). Users can also
perform general comparison of miRNA profiles between groups of
samples, computing fold changes per miRNA, employing user-
directed normalization schemes. It implements a key part of
SigTerms, the miRNA-mRNA correlation. Specifically, using miRNA
profiles, user-supplied gene lists, and known databases, such as PicTar,
Miranda, and TargetScan, the workbench computes enrichment
of miRNA-mRNA interactions. Finally, the workbench employs a state-
of-the-art novel miRNA detection methods (6).

4. Notes

4.1. How to Use
SigTerms?

4.2. FindSignifi-
cantTerms

The SigTerms software tool consists of the following Microsoft
Excel macros for use in Excel.

1. FindSignificantTerms — Finds the significantly enriched term
classes within a set of genes of interest.

2. CountTermToGene — Generates the Counts worksheet by
adding up the term-to-gene associations from the Annotation
worksheet.

3. DoSimulationTesting — Runs a number of random simulations
in order to measure the true significance of a low-enrichment
P-value for a term-to-gene set association.

To start up SigTerms, open the “SigTerms.xls” workbook in
Excel. From the main menu, click “Tools,” then “Macro,” and
“Macros.” Select the name of the macro you wish to run. Click the
“Run” button. A step-by-step procedure of using different macros
is described below.

1. Open “SigTerms.xls” spreadsheet in Excel.

2. Open the appropriate Annotation workbook (see Sub-
heading 4.1.1 for details) for your array.

3. Create a new blank spreadsheet in the Annotation workbook.
Put your set of genes (the Entrez gene identifier) of interest in
the first column of the new sheet.

4. Place the worksheet with the selected gene list at the front
of any other spreadsheets. Run the “FindSignificantTerms”
macro. On the displayed form, specify the total population
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4.2.1. Annotation
Workbook

4.2.2. Total Population
of Genes for Computing
Enrichment P-Values

4.3. CountTermToGene

of genes for the purposes of computing enrichment P-values
(see Subheading 4.1.2 for more details). The number of genes
that are to be written out for each term can be limited by speci-
tying a maximum P-value.

5. Hit the OK button. Two sheets are produced in the Annotation
workbook: (a) the “Enriched Terms” sheet includes for each
term the number of occurrences for the term in the gene set of
interest and the probability (by one-sided Fisher’s exact test) of
finding the same number of occurrences or more of the term
by chance and (b) the “Terms with Genes” sheet includes the
same information as the “Enriched Terms” sheet, but in addi-
tion lists each gene that fell under a given term with that term,
there being one row for each gene—term pair.

The Annotation workbook contains two worksheets named
“Counts” and the Annotation worksheet. The former lists each gene
class term, along with the total number of times the term occurred
in the Annotation worksheet.

The Annotation worksheet contains the gene-to-class associa-
tions in the following format.

1. Rows: Genes are listed starting from the second row, one gene
per row.

2. Columns: The first and second columns may include any
relevant information pertaining to the genes. The third and
fourth columns list the Entrez identifier and the gene symbol
(title description), respectively. Gene class associations for
each gene are listed beginning from the fifth column. Starting
from the fifth column, the top row lists the gene class type
(e.g., “GO” or “TargetScan_pred”).

The total number of genes of the population from which the user-
specified gene set was selected can be obtained in the following
ways.

1. If the user-specified gene set was collected from a set of profiling
experiments, use the total number of unique-named genes
(no duplicates, no genes, or ESTs without an Entrez identifier,
and no RNA probes with ambiguous gene mappings) present
in the array platform.

2. Use the total number of genes listed in the Annotation
worksheet.

The SigTerms Web page hosts a set of precompiled Annotation
workbooks for several types of gene class associations of potential
interest (e.g., Gene Ontology annotations, miRNA targeting
predictions, oncogenic signatures, etc. ). Ifusers create anew Annotation
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sheet, the “CountTermToGene” macro needs to be run in order
to generate the Counts worksheet.

1. Repeat steps 1-3 under Subheading 4.1.
2. Run the “DoSimulationTesting” macro. In the form displayed,

enter the number of simulations you want to run and the number
of genes you want to sample from your population in each test
(the same number of genes that you had input into the
“FindSignificantTerms” macro).

. Hit the OK button on the form. One or more new sheets are

generated in the current workbook. Each of the columns in
these new sheets contains a set of P-values generated from a
single simulation test (P-values greater than 0.05 for a simula-
tion are not listed). These simulation results can be used in
order to estimate the true significance of a P-value obtained
from the set of genes of interest.
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Chapter 20

Integrated miRNA Expression Analysis and Target Prediction

William Ritchie and John E.J. Rasko

Abstract

The accurate prediction of microRNA targets is essential to understanding their function. Commonly used
software produces a prohibitive number of predicted targets for each microRNA. Here, we describe procedures
that refine these predictions by integrating available software and expression data from experiments available
online. These procedures are tailored to experiments, where predicting true targets is more important than
detecting all putative targets. Our approach is tailored to the experimental biologist who seeks to identify
a workable set of putative microRNA target genes for further characterization.

Key words: MicroRNA, Target genes, MicroRNA expression, Gene ontology, mimiRNA, Non-
coding RNA, mRNA

1. Introduction

Bioinformatics prediction of microRNA targets has provided
substantial insights into microRNA functions and their impact on
gene regulation. Because the most efficient algorithms produce
prohibitively large lists comprising hundreds of putative microRNA
targets, complementary strategies can be adopted to reduce this list
for time-consuming wet-lab testing.

Here, we present two strategies that increase the accuracy of
predicted targets in exchange for sensitivity. The first technique
called multitargeting (Fig. 1, 3.1) takes advantage of the fact that
microRNAs that target the same gene multiple times can be detected
with higher signal-to-noise ratios than those that target the same
gene once (1). The second technique uses readily available expression
data to identify mRNAs for which the expression appears to
be dependent on changes in microRNA expression (Fig. 1, 3.2).
The expression of microRNAs that inhibit mRNAs should be neg-
atively correlated with the expression of their bona fide targets.

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_20, © Springer Science+Business Media, LLC 2012
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3.1 Genes with 3 or more 3.2 Genes with expression levels that inversely
predicted target sequences correlate with microRNA expression
(multitargeting) (mimiRNA)
; ®a e ® miRX
Y miRX Relative [® @ o @ ®
\ expressio o9,
| nlevel @ @ Y000 geneA

Multiple tissue types

User seeks microRNA target gene prediction

7geneA 7geneB?geneC

3.3 Integration of experimenal evidence from
miRX Jarsace geneA

Previous experimental
validation

Fig. 1. Three independent approaches to discovering microRNA targets. This figure summarizes and cross references
the three approaches designed to assist the experimental biologist in refining putative microRNA target gene predictions
(detailed in the text). For a given microRNA “miRX,” the investigator can take advantage of the fact that bone fide target
gene UTRs often contain multiple predicted target sequences (3.1 multitargeting). Additionally, our online Web tool
“mimiRNA” can be used to identify mRNAs for which the expression is inversely correlated with changes in microRNA
expression (3.2 mimiRNA). Integration of search results with experimentally confirmed target genes is the final means of
distilling data (3.3 integration).

In this guide, we use the TargetScan (2) algorithm and the
miRBase version of the miRanda (3) algorithm. Because they use
different criteria to predict targets, we consider these algorithms to
be complementary and results from both should be considered for
subsequent investigation. The principles underlying these two algo-
rithms are explained in Subheading 4 (see Note 1). We also use the
TarBase (4) Web site that compiles a list of experimental evidence
supporting microRNA targets (Fig. 1, 3.3). This evidence ranges
from the “gold standard” Luciferase assay to much weaker evidence,
such as changes in mRNA expression subsequent to microRNA
knockdown or knock-in. Finally, we use the mimiRNA (5) server
that provides useful tools for the analysis of microRNA targets,
such as expression profiling and multitargeting.

2. Materials

A computer with an Internet connection is required. The investigator
begins with the official gene symbol of an mRNA gene of interest
(“Albg,” for example) or the official miRBase (http: /www.mirbase.org/)
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name of a microRNA of interest (“has-mir-99a,” for example).
Microsoft Excel orits equivalentin free software, such as OpenOffice
or StarOffice, is also required.

3. Methods

3.1. Using
Multitargeting

to Discover MicroRNA
Targets (Miranda

and TargetScan)

With TargetScan

1.

Go to TargetScan (http: /www.targetscan.org/). Select the
species, paste or type your microRNA identifier in the section
“Enter a microRNA name,” and click “Submit.”

. In the results page, in the “Conserved sites” column, in the

subcolumn named “total,” search for the number 3 or above.
This corresponds to genes with at least three conserved predicted
sites for the inputted microRNA. The gene symbols correspond-
ing to these rows in the left column are the targets of interest.
If no such genes are found, the threshold should not be reduced
to select genes with less sites because there is insufficient proof
that this increases prediction accuracy. Users should instead
use the same approach with the miRanda algorithm or use the
approach described in Subheading 3.2.

With miRanda

1.

Go to the miRBase implementation of miRanda (http: /www.ebi.
ac.uk/enright-srv/microcosm). Click on the Search button.

. Select the genome, paste your microRNA identifier in the section

“Enter microRNA id,” and click “Search.”

. At the top of the Target Listing page, next to “Download

Table,” click on the “TXT” link. This allows you to download
the results in text format. Your browser should prompt you to
save this file. Save it in a convenient place on your computer.

. Right click (Ctrl+ click on Mac) the saved folder and select

“Open With,” and then Excel. Make sure that Excel recog-
nizes the individual columns (there should be 13 columns) of
this file. Select the column with gene names (column “M”).
Copy this column.

. Go to mimiRNA’s multitool (http: //mimiRNA.centenary.org.

au/mep/MultiT.htm) and paste the list in the text area
next to “Input list of microRNAs or Genes.” Click “Find
multiple occurrences.” The results page shows you genes with
three or more targets for your microRNA. This function of
mimiRNA can be used for lists of genes or microRNAs from
any source.
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3.2. Using Expression 1.

Data to Discover

Targets 2
3

3.3. Combining 1.

Experimental

Evidence

from TarBase

Rasko

Go to mimiRNA (http: /mimiRNA.centenary.org.au). Click
option 5 “Which genes does my microRNA target.”

. Select your microRNA in the scroll-down menu. In the “Integrate

with data from” section, select “targetScan” or “miRanda.” This
allows you to integrate predictions of these algorithms with
those made by mimiRNA. Click “Find correlated genes.”

. The right column is a list of gene symbols for which the expres-

sion is negatively correlated with the input microRNA and are
therefore potential targets. Gene symbols with a “>>>” symbol
were also predicted targets according to TargetScan (or
miRanda). Each gene can be clicked to go to its Entrez Gene
description at the NCBI Web site.

Go to mimiRNA’s experimental evidence Web tool (http:/mim-
iRNA.centenary.org.au/mep /expEv.htm). This tool combines
an input list of targets with experimental evidence taken from
the TarBase.

. Select an organism and a microRNA of interest from the

pull-down menus. If the microRNA of interest is not in the pull-
down menu, this means that there is no experimental evidence
supporting it from TarBase. In the text box next to “Input list
of microRNA targets,” paste a list of microRNA targets, each
target separated by a new line. The input can be a list of targets
found by miRanda as described in Subheading 3.1 or by any
other target prediction program.

. Click “Combine experimental evidence.” This displays the

common targets between the input list and targets with experi-
mental evidence compiled in TarBase.

Investigators can further explore the type of evidence supporting

targets by selecting the microRNA, its target gene, and organism
at http: /diana.cslab.ece.ntua.gr/tarbase /. Clicking on the “+” sign
next to “Experimental Conditions” on the results page shows
if the evidence is strong (existence of Direct Support) or weak
(Indirect Support).

4, Notes

1.

There are many available programs dedicated to microRNA
target prediction. In this chapter, we use TargetScan and the
miRBase version of miRanda for three main reasons. They
have relatively low false-positive rates (<30%), they are hosted
on reliable servers, but also the two approaches (and therefore
the set of targets they predict) are different.

The miRBase version of miRanda searches for exact matches
between the 3'UTR of mRNA genes and the seed region
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(generally, nucleotide positions 2-9) of the microRNA (6).
It then uses a thermodynamic model to evaluate whether the
duplex formed between the whole microRNA sequence and
the mRNA gene is stable. The microRNA/mRNA pairs for
which these conditions are true in at least two other species are
retained as predictions.

TargetScan v5 relies on the complementarity between the
mRNA and the microRNA seed sequences. Each seed that
binds to an mRNA sequence is attributed a score based on
the degree of conservation of the region to which the seed
binds, whether the complementarity to the seed region is 8 or 7
nucleotides long, and whether it has an A at position 1. TargetScan
also calculates a context score, which depends on the AU
composition of the flanking region and the distance of the
target site to the 3'UTR end.

TargetScanis, therefore, biased toward conserved microRNA
targets, whereas miRanda is biased toward microRNAs that
bind with higher calculated affinity to their target.

2. mimiRNA is an online resource that integrates expression data
at the time of writing from over 1,483 samples and permits
visualization of the expression of 635 human microRNAs
across 188 different tissues or cell types. mimiRNA uses a natural
language classification algorithm to automatically pair microRNA
and mRNA experiments from separate sources. This enables it
to provide reliable expression profiles and to discover functional
relations between microRNAs and mRNAs, such as microRNA
targets. All the expression data can be downloaded from the
mimiRNA Web site by clicking on the link next to “Download
normalised microRNA expression data” and “Download norma-
lised mRNA expression data.” mimiRNA also incorporates a
decision tree algorithm to discover distinguishing microRNA
features between two tissue or cell types.
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miRNAs in Human Gancer
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Abstract

MicroRNAs (miRNAs) are small (~18-25 nucleotides), endogenous, noncoding RNAs that regulate gene
expression in a sequence-specific manner via the degradation of target mRNAs or the inhibition of protein
translation. miRNAs are predicted to target up to one-third of all human mRNAs. Each miRNA can target
hundreds of transcripts and proteins directly or indirectly, and more than one miRNA can converge on a single
target transcript; thus, the potential regulatory circuitry afforded by miRNAs is enormous. Increasing evidence
is revealing that the expression of miRNAs is deregulated in cancer. High-throughput miRNA quantification
technologies provide powerful tools to study global miRNA profiles. It has become progressively more
apparent that, although the number of miRNAs (~1,000) is much smaller than the number of protein-coding
genes (~22,000), miRNA expression signatures more accurately reflect the developmental lineage and tissue
origin of human cancers. Large-scale studies in human cancer have further demonstrated that miRNA expres-
sion signatures are associated not only with specific tumor subtypes but also with clinical outcomes.

Key words: MicroRNA, Noncoding RNA, Cancer

1. Introduction

Cancer is a disease involving multistep changes in the genome (1).
Recent studies have focused mainly on protein-coding genes, and
little is known about the alterations of functional noncoding
sequences in cancer (2—4). MicroRNAs (miRNAs) are small (~18-25
nucleotide), endogenous, noncoding RNAs that regulate gene
expression in a sequence-specific manner (5-8). Rapidly accumu-
lating evidence indicates that miRNAs are involved in the initiation
and progression of cancer in several ways. First, miRNAs act as key
regulators of various fundamental biological processes that share
common pathways with cancer, such as development, differentiation,
apoptosis, and cell proliferation (5-7). Second, increasing evidence
shows that the expression of miRNAs is markedly deregulated in
cancer due to multiple genomic and epigenetic alterations (2, 9-22),
and third, several miRNAs have been shown to serve as tumor
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suppressor genes or oncogenes (3, 12, 19, 20, 23-34). The inves-
tigation of miRNAs in cancer may provide novel strategies for both
the diagnosis and treatment of this disease.

2. Biogenesis
of miRNAs

With the exception of those from the Alu repeat regions, which are
transcribed by RNA polymerase IIT (Pol III) (35), most miRNA
genes are derived from primary miRNA transcripts (pri-miRNAs)
which are produced by Pol II and contain a 5’ cap and a poly(A) tail
(36, 37). The pri-miRNA is cleaved within the nucleus by a multi-
protein complex called Microprocessor, which is composed of the
RNase III enzyme Drosha and the double-stranded RNA-binding
domain (dsRBD) protein DGCRS /Pasha (38—42), into a ~70-nt
hairpin precursor known as pre-miRNA. Next, the pre-miRNA is
exported into the cytoplasm by Exportin-5 viaa Ran-GTP-dependent
mechanism (43-45). The pre-miRNA is further cleaved into a
mature ~22-nt miRNA:miRNA* duplex by an RNase III enzyme,
Dicer, in association with its partners, TRBP /Loquacious and PACT
in human cells (46, 47). Subsequently, an RNA-induced silencing
complex called RISC is assembled with the protein Argonaute (Ago)
2 (48, 49). The miRNA strand is selectively incorporated into the
RISC complex (50, 51) and guides the complex specifically to its
mRNA targets through base-pairing interactions (Fig. 1).

\ Transcription: Pol Il promoter

pr]—miFINA

\ Cropping: Drosha

N

_{3_ Export: Exportin-5
pre-miFlQ\\
L Dicing: Dicer

.

mature miRNA

Silencing: RISC complex

Fig. 1. Biogenesis of miRNAs. miRNA genes are derived from primary miRNA transcripts
which are produced by Pol Il and contain a 5’ cap and a poly(A) tail. The pri-miRNA is
cleaved within the nucleus by a multiprotein complex called Microprocessor into a ~70-nt
hairpin precursor known as pre-miRNA. Next, the pre-miRNA is exported into the cyto-
plasm by Exportin-5.The pre-miRNA is further cleaved into a mature ~22-nt miRNA:miRNA*
duplex by an RNase Ill enzyme, Dicer. Subsequently, an RNA-induced silencing complex
called RISC is assembled with the protein Argonaute (Ago) 2. The miRNA strand is selec-
tively incorporated into the RISC complex and guides the complex specifically to its mRNA
targets through base-pairing interactions.
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3. miRNA Silencing
Mechanisms

miRNAs can downregulate the expression of their target genes via
two different mechanisms; the mechanism used depends on the
complementarity between the miRNA and its target. miRNAs with
perfect or near-perfect complementarity to the target sequence
induce the cleavage and degradation of the transcript by initiating
deadenylation and decapping of the mRNA (52). However, most
miRNAs bind impertfectly to their target sequences and function
by repressing protein translation. The underlying molecular mech-
anisms resulting in this repression have been studied intensively
using in vitro cell-free systems (53). Recently, Wakiyama et al.
established a cell-free system derived from human embryonic kid-
ney (HEK) 293 cells and demonstrated that efficient miRNA-
guided translational repression requires a m’G-cap as well as a
poly(A) tail (54); this is consistent with a previous report using a
rabbit reticulocyte lysate system (55). In addition, a study utilizing
extracts from mouse Krebs-2 ascites cells (56) showed that inhibi-
tion of translation initiation can be due to changes in ribosome
recruitment to the mRNA as well as targeting of the mRNA cap
structure. The dilemma of how the miRNA ribonucleoprotein
complex (miRNPs) that is bound to the 3' UTR of a target mRNA
interferes with the initiation of translation was resolved by
Kiriakidou et al. (57). They identified a motif (MC) within the Mid
domain of Ago proteins, which bears significant similarity to the
m’G cap-binding domain of eIF4E, an essential translation initia-
tion factor. In their model, the Ago proteins compete with the
elF4E for cap binding and thus repress the initiation of translation.
Inhibition of translation initiation by m7-2 was similarly observed
in a cell-free system from Drosophila embryos. Interestingly, meir-2
induced the formation of structures (heavier than 80S) known as
“pseudo-polysomes,” which resemble cytoplasmic processing bod-

ies (P bodies) (58).

4, Oncomirs
in Cancer

Changes in miRNA expression and function may contribute to the
initiation and maintenance of tumors. Such miRNAs have been
referred to as “oncomirs,” and they may serve as both tumor
suppressors and oncogenes (3). The first indication of miRNAs as
tumor suppressors came from a report by Calin et al. where they
found that patients diagnosed with B-cell chronic lymphocytic
leukemia (B-CLL) have frequent deletions or downregulation of
the mir-15a and mir-16-1 genes on chromosome 13ql14.3 (23).
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A follow-up study demonstrated that mir-15a4 and mir-16-1
negatively regulate the antiapoptotic protein BCL2 at a posttran-
scriptional level (59), and their function in leukaemogenesis and
lymphomagenesis has been supported by additional studies (9, 10,
60). Some other miRNAs have also been shown to function as
tumor suppressor genes, for example, the /ez-7 family, which are
negative regulators of RAS (26). Other miRNAs can function as
oncogenes. The mir-17-92 cluster was found by He et al. (25) to
be upregulated in 65% of B-cell lymphomas, and its overexpression
accelerated the development of malignant lymphomas in a trans-
plantation mouse model. Upregulation of mi7-21 has been reported
in glioblastomas (24) and breast cancer (61), where it exerts an
antiapoptotic function. mir-155 is remarkably overexpressed and
linked to tumorigenesis (likely in cooperation with MYC) in pedi-
atric Burkitt, Hodgkin, primary mediastinal, and diffuse large-B-
cell lymphomas (62—65) as well as in breast cancer (61). In addition,
mir-372 and mir-373 have been implicated as oncogenes in testicular
germ cell tumors (28).

5. Deregulation of
miRNAs in Gancer

The underlying mechanisms of miRNA deregulation in human
cancer are not well understood, however, recent findings indicate
that multiple processes are involved (21). It has been well docu-
mented that most primary miRNAs are transcribed from Pol 11
promoters that are regulated by transcription factors (5-8, 36, 37),
and several examples of miRNA deregulation in cancer due to tran-
scriptional deregulation have been reported (27, 29, 66-68).
Recent studies also suggest that epigenetic alterations play a critical
role in deregulating miRNA expression in human cancers (12, 21,
69), and that mutations may contribute to the downregulation of
mature miRNAs (10). Over 50% of miRNAs are aligned to genomic
fragile sites or regions associated with cancers (13), and several
groups have provided evidence that DNA copy number abnormali-
ties are involved in miRNA deregulation (14, 23, 25). Finally, the
key proteins in the miRNA biogenesis pathway may be dystunc-
tional (70) or deregulated in cancer (71-74), thereby enhancing
tumorigenesis (75). Thus, transcriptional deregulation, epigenetic
alterations, mutations, DNA copy number abnormalities, and
defects in the miRNA biogenesis machinery might contribute
either alone, but more likely together, to the deregulation of miR-
NAs in human cancer.

Global expression of miRNAs is seemingly deregulated in most
cancer types, according to reports from recent high-throughput
studies (2, 9-11, 21, 76, 77). Interestingly, some studies suggest
that miRNA expression may be widely downregulated in human
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tumors relative to normal tissues, as revealed by bead-based flow
cytometry (9) and miRNA microarrays (21). However, other
microarray studies have reported a tumor-specific pattern of down-
and upregulation of miRNA genes (10, 11, 76). The selection of
control samples may therefore be critical in the interpretation of
these results. For example, normal ovaries are composed mainly
of stroma, with smaller amounts of surface epithelium, thus the
whole ovary may not serve as an optimal control for epithelial
ovarian cancer studies (78). Recently, miRNA profiles in ovarian
cancer were reported by several independent groups, using different
control samples (17, 20, 21, 79). Although the overall conclusion
of these studies is consistent, i.c., the expression of miRNAs is
highly deregulated in ovarian cancer, the detailed expression pat-
terns of each study are distinct, highlighting the challenge of deter-
mining an appropriate control tissue sample for profiling studies.

Transcriptional regulation is one of the key steps controlling
the expression of miRNA, and several studies have demonstrated
that miRNA deregulation in cancer can be due to changes in
miRNA transcription. The expression of several miRNAs, including
the oncogenic miRNA mir-17-92 cluster, is regulated by the tran-
scriptional factor c-Myc (27, 66). It has been shown that ¢-Myc is
amplified and overexpressed in several types of human tumors,
which suggests that this may contribute to the upregulation of
mir-17-92in cancer (27, 66). In addition, the miRNA tumor sup-
pressor mir-34 is regulated by the transcription factor p53 (29,
80-84), and p53 inactivation is believed to decrease mir-34 expres-
sion in human cancers (85). Finally, activation of the transcrip-
tional factor HIF may be important to the upregulation of mir-210
expression in human cancer (67, 68, 86). Taken together, an
increasing amount of evidence indicates that transcriptional dereg-
ulation plays an important role in the deregulation of miRNAs in
human cancer.

Epigenetic changes such as DNA methylation and histone modi-
fication play an important role in chromatin remodeling and in the
general regulation of protein-coding gene expression in human can-
cer (87). Likewise, such mechanisms may also function to affect
miRNA expression in cancer. To test this hypothesis, several groups
treated cancer cell lines with DNA-demethylating reagents and /or
histone deacetylase inhibitors in vitro and monitored miRNA expres-
sion by microarray analysis (12, 76, 88, 89). The results suggest that
epigenetic alterations may play a critical role in regulating miRNA
expression in human cancers, and therefore epigenetic treatments
may provide novel strategies for cancer therapy.

Alterations in DNA copy number is one mechanism that can
modity gene expression and function, and DNA dosage alterations
in somatic cells are frequent contributors to cancer (90). The first
example of a miRNA gene with an alteration in DNA copy number
in cancer was reported in CLL patients. The genes mir-16-1 and



300 X. Zhong et al.

mir-15a on chromosome 13q14 were deleted in more than 50% of
the CLL patients studied, with concurrent reduced expression in
~65% patients (23). Additional studies demonstrated that these
two miRNAs suppress BCL2 expression and may serve as tumor
suppressor genes in this disease (59). Deletions of mir-16-1 and
mir-15a were later identified in epithelial tumors, such as pituitary
adenomas (91), and in ovarian and breast cancers (14). In 2004,
the amplification of C1307f25 on chromosome 13q31-32 was first
reported in lymphoma patients (92). Interestingly, this amplified
region contains seven miRNAs as a polycistronic cluster, and there
was an increased expression of primary and mature miRNAs derived
from this locus in this type of lymphoma (25, 93). We now know
that this miRNA cluster actually serves as an oncogene in human
cancer (25, 94, 95) by altering the balance between cell death
and proliferation via a ¢-Myc mediated pathway (27, 95). Using a
bioinformatics based approach on data obtained from public data-
bases, Calin et al. (13) compared 186 miRNA loci to the sequences
of previously reported nonrandom genetic alterations and found
that miRNA genes frequently reside in fragile sites, as well as in
minimal regions of loss of heterozygosity, minimal regions of
amplification, and common breakpoint regions. Recently, this find-
ing was experimentally confirmed in an array-based comparative
genomic hybridization (aCGH) study in 227 human tumors (14).
A more recent study has suggested that a loss in genomic copy
number may account for the downregulation of approximately
15% of miRNAs in advanced ovarian tumors (21). These findings
support the notion that alterations in the DNA copy number of
miRNA genes are highly prevalent in cancer and may account in
part for miRNA gene deregulation.

6. miRNA-Based
Cancer Therapy

The binding of miRNAs to their targets are governed by the rules of
Watson—Crick base pairing. Therefore, an obvious molecule that
could be used to inhibit an miRNA is an anti-miRNA oligonucle-
otide (AMO), which competitively blocks the interaction between
the miRNA and its target (96). AMOs can be chemically modified in
a variety of ways to improve their stability. One example is a locked
nucleic acid (LNA), often referred to as inaccessible RNAs, which is
a bicyclic high-affinity RNA analogue where the ribose moiety is
chemically locked in an RNA-mimicking N-type (C3'-endo) confor-
mation by the introduction of an extra 2'-O, 4'-C methylene bridge
(97). The locked ribose conformation enhances base stacking and
backbone pre-organization and significantly increases the thermal
stability upon hybridization with complementary single-stranded
RNA target molecules. In addition, LNAs are compatible with
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RNase H cleavage and display high aqueous solubility and low
toxicity in vivo (98). Other oligonucleotide analogues, such as mor-
pholinos (99), 2'-O-methyl- (100),and 2'- O-methoxyethyl-modified
(2’-MOE) oligonucleotides (101) have also been shown to be efh-
cient in functionally inhibiting miRNAs. Besides chemical modifica-
tions, some improvements in inhibitor potency have been observed
by increasing the length of the AMOs (102). Optimized secondary
structural elements that flank the antisense core have also been
shown to be highly potent and specifically block RISC activity
in vitro for extended periods of time, thus suggesting structures
surrounding or adjacent to the antisense core sequence are major
determinants of inhibitor potency (103). In summary, a combina-
tion of optimization of sequences, structures, and/or chemical
modifications may be required to produce a potent AMO.

Since protein-coding tumor suppressor genes can inhibit tumor
growth, it has been proposed that restoring tumor suppressive miR-
NAs may also have an antitumorigenic effect. An example of miRNA
replacement therapy is with m4r-15and mir-16, which target BCL2
(10) and are often deleted in CLL patients (23). It has been reported
that the transfection of mir-15/16 expressing constructs resulted in
the reduction of BCL2 protein levels and increased apoptosis in
cancer cell lines. This study highlights the possibility of treating
tumors displaying BCL2 overexpression by restoring mir-154 and
mir-16-1 expression. Another therapeutic candidate is mir-124n,
whose expression is downregulated in acute lymphoblastic leukemia
(ALL) due to hypermethylation of the promoter as well as histone
modifications, resulting in an upregulation of the expression of tar-
get genes, including CDK6, and the phosphorylation of retinoblas-
toma (Rb). Accordingly, forced expression of pre-mir-124a led to
decreased tumorigenicity in a xenogeneic mouse model of ALL
(104). Mendell et al. have recently demonstrated that mir-26a in
hepatocellular carcinoma (HCC) represents an additional example
of'a tumor suppressing miRNA, and that systemic administration of
this miRNA using adeno-associated virus (AAV) in an animal model
of HCC results in inhibition of cancer cell proliferation, induction
of tumor-specific apoptosis, and significant protection from disease
progression without toxicity (105).
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Chapter 22

Blood-Based miRNA Preparation for Noninvasive
Biomarker Development

Svenja Debey-Pascher, Jing Chen, Thorsten Voss,
and Andrea Staratschek-Jox

Abstract

This chapter describes several methods for the isolation of miRNAs from peripheral whole blood samples
or constituent fractions thereof, such as peripheral blood mononuclear cells, plasma, and serum. The
methods described here are recently introduced protocols dedicated to the isolation of total RNAs includ-
ing small RNAs, e.g., miRNeasy Kit and PAXgene Blood miRNA Kit, or alternatively for the enrichment
of low-molecular-weight RNA (LMW RNA) fractions including small RNAs, e.g., using the miRNeasy
Kit. Furthermore, modifications of classical RNA purification protocols to facilitate the recovery of small
RNAs are highlighted.

Key words: miRNA, Peripheral blood mononuclear cells, Peripheral blood, RNA stabilization,
Low-molecular-weight RNA, Small RNA enrichment

1. Introduction

Today, gene expression studies have been widely accepted as a
powertul tool to investigate the transcriptome of a given source to
describe disease-specific signatures as well as to identify pathoge-
netic relevant genes and its deregulated transcription. In peripheral
blood, gene expression profiling is used to associate specific blood-
based signatures with the occurrence of a variety of diseases such as
infectious disease (1, 2), cardiovascular disease (3, 4), autoimmune
disease (5), and cancer (reviewed in ref. 6, 7). Moreover, specific
signatures are used to achieve differential diagnosis of hematologi-
cal neoplasias such as leukemia (reviewed in ref. 8, 9).

In addition to the mRNA expression approach, the expression
profiling of microRNAs (miRNAs) was established to further
characterize tissue specific signatures. These miRNAs belong to the

Jian-Bing Fan (ed.), Next-Generation MicroRNA Expression Profiling Technology: Methods and Protocols,
Methods in Molecular Biology, vol. 822, DOI 10.1007/978-1-61779-427-8_22, © Springer Science+Business Media, LLC 2012
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small noncoding RNA fraction comprising RNA molecules of up
to 24-nucleotide in length (10). miRNAs were found to play
important roles as major switches in processes such as develop-
ment, cell proliferation, hematopoietic differentiation, regulation
of the development of a lymphoid lineage, oncogenic transforma-
tion, and apoptosis (reviewed in ref. 11, 12). miRNAs represent a
family of functional RNAs of 19-23 nt cleaved from 60- to 110-nt
hairpin precursor microRNAs (pre miRNA) by Dicer, which is a
RNase III enzyme (13). Pre miRNAs in turn are processed from
the primary transcript (pri RNA) by the RNase III enzyme, Drosha.
The regulatory role of miRNAs is conducted by translational
repression or degradation of specific target mRNAs (14, 15).

Many reports have already described altered expression of
miRNAs in cancer samples compared with normal tissues includ-
ing breast cancer (16), sarcomas (17) leukemias (18, 19), lympho-
mas (20), prostate cancer (21), or other types of diseases such as
autoimmune diseases (22) and diabetes (23) or viral infections
(24). These data indicate that investigating miRNA expression
can be used for the identification of new and early diagnostic as
well as prognostic and clinical markers, to define tumor subtypes
and to classify human cancer entities. Interestingly, miRNAs were
reported to be actively secreted by tumor cells through the forma-
tion of microvesicles (25, 26). Such microvesicles can be traced
back to peripheral blood indicating that peripheral blood might
be a perfect source to monitor tumor-associated miRNA expres-
sion signatures for early diagnosis and prediction of therapeutic
outcome (27). Subsequently, the most recent blood-based discase
specific miRNA signatures were identified in patients suffering
from multiple sclerosis (28) rheumatoid arthritis (29), stroke (30),
coronary artery disease (31) and different types of cancer (32-36)
indicating that similar to mRNA profiles, miRNA profiles in
peripheral whole blood or compartments thereof (e.g., cells,
serum, plasma) also can reflect the disease specific alteration of
other tissues and thus can be used as an easily accessible surrogate
tissue in clinical settings. Such array based miRNA profiles can be
established with high accuracy and reliability due to recent estab-
lished protocols (37, 38).

In general, blood sampling for diagnostic and prognostic appli-
cations in most clinical trials is widely established and recently sev-
eral protocols have been developed for the isolation of small RNAs
from blood and serum samples as well as for other tissues. In this
chapter we describe several options for the isolation of miRNAs
either from stabilized whole blood samples or from isolated periph-
eral blood mononuclear cells (PBMC) and from plasma/serum
samples. The protocols described here are either newly developed
(miRNeasy Kit, PAXgene Blood miRNA System) or represent
modifications of common RNA purification protocols to enable
the recovery of small RNAs within these protocols. Of note is that
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miRNAs, in general, can be isolated along with the total RNA
fraction. Alternatively, miRNA can be enriched using the low-
molecular-weight RNA (LMW RNA) fraction containing all RNA
molecules <200 nt including tRNA, 58 rRNA, and 5.8S rRNA, as
well as small RNAs such as miRNA and short interfering RNA
(siRNA). Depending on the selected isolation methods subsequent
analyses can yield significantly different results (38). Therefore, the
appropriate method has to be carefully chosen depending on the
aim of the respective study.

2. Materials

2.1. Blood Collection

2.2. Serum/Plasma
Isolation

2.3. PBMC Isolation

[ I ST NS ]

—

. BD Vacutainer® CPT™ Cell Preparation Tube with Sodium

Citrate (Becton Dickinson) for subsequent isolation of periph-
eral PBMC.

. PAXgene Blood RNA collection tubes (Becton Dickinson) for

direct stabilization of whole blood RNA.

. Vacutainer tubes containing anticoagulant (e.g., BD Vacutainer

plastic EDTA tube, 10 mL, lavender top (Becton Dickinson))
for separation of plasma.

. Vacutainer tubes (containing either no additive or a clot activator)

for separation of serum.
Clot activator and silica gel:

For example BD Vacutainer Plus plastic serum tube, 10 mL,
red top (Becton Dickinson).

For example BD Vacutainer Plus plastic serum tube (transport
tube), 10 mL, mottled red /gray top (Becton Dickinson).

No additive:

For example BD Vacutainer Plus tube with clear BD Hemogard
closure, 3 mL, clear top (Becton Dickinson).

. BD Vacutainer™ holder (Becton Dickinson).

. BD Safety-Lok™ blood collection set (Becton Dickinson).

. Serological pipettes of appropriate volumes (sterile).
. Centrifuge tubes.
. Cryovials.

. Benchtop centrifuge (NOT refrigerated) with swing-out rotor

and appropriate carriers.

. Serological pipettes of appropriate volumes (sterile).

2. Benchtop centrifuge with appropriate carriers.

. 50-mL centrifuge tubes.
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2.4. RNA Isolation:
General User Supplied
Equipment Required

2.5. PAXgene Blood
miRNA Kit
(PreAnalytiX)
Including the
Following Components

4. 1x PBS.

(92}

0 NN O\ Ul N~

10.

N O\ gk W

. Trypan Blue.

. Pipettes (1 ulL—4 mL).

. Sterile, acrosol-barrier, RNase-free pipette tips.

. RNase-free 1.5-mL or 2-mL microcentrifuge tubes.
. Graduated cylinder.

. Vortex mixer.

. Crushed ice.

. Permanent pen for labeling.

. Variable-speed microcentrifuge capable of attaining 1,000-

8,000 x g, and equipped with a rotor for 2-mL microcentrifuge
tubes for centrifugation at 4°C and at room temperature
(15-25°C).

. Shaking incubator capable of incubating at 55°C and 65°C

and shaking at 400 rpm, not exceeding 1,400 rpm (e.g.,
Eppendort® Thermomixer Compact, or equivalent).

Disposable gloves

. PAXgene RNA Spin Columns (red).

. PAXgene Shredder Spin Columns (lilac).

. Microcentrifuge Tubes (1.5 mL).

. Processing Tubes (2 mL).

. Buffer BM1 (resuspension buffer).

. Buftfer BM2 (binding buffer).

. Bufter BM3 (wash buffer concentrate); Note: Before using for

the first time, add the required volume of ethanol (96-100%)
as indicated on the bottle to obtain a working solution.

. Buffer BM4 (wash buffer concentrate); Note: Before using for

the first time, add the required volume of ethanol (96-100%)
as indicated on the bottle to obtain a working solution.

. Buffer BR5 (elution buftfer).
10.
11.
12.
13.
14.
15.
16.

RNase-Free Water.

Proteinase K.

RNase-Free DNase Set.

RNase-Free DNase I (lyophilized) 1,500 U.
Buffer RDD (DNA digestion buffer).
RNase-Free Water.

Secondary Hemogard Closures.
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2.6. Blood miRNA: User
Supplied Reagents/
Equipment

2.7. PAXgene Blood
RNA Kit (PreAnalytiX)

2.8. PAXgene Blood
RNA: User Supplied
Reagents/Equipment

2.9. miRNeasy® Mini
Kit (QIAGEN) Including
the Following
Components

2.10. miRNeasy®: User
Supplied Reagents

N~

B N

O 0 N O Ul

N OV Uk W

—

. Ethanol (96-100%, purity grade p.a).
. Isopropanol (100%, purity grade p.a).
. Centrifuge capable of attaining 1,000-8,000 x g, and equipped

with a swing-out rotor and buckets to hold PAXgene Blood
RNA Tubes.

. BR1 Resuspension Buftfer.

. BR2 Binding Buftfer.

. BR3 Wash Buffer 1.

. BR4 Wash Buffer 2 (concentrate), Note: Before using for the

first time, add 4 volumes of ethanol (96-100%, purity grade
p.a.) as indicated on the bottle to obtain a working solution.

. BR5 Elution Buffer.

. RNase-Free Water.

. Proteinase K (green lid).

. PAXgene RNA Spin Columns (red).
. Processing Tubes (2 mL).

10.
. Microcentrifuge Tubes (1.5 mL).
12.
13.
14.
15.

Secondary BD Hemogard™ Closures.

DNase 1, RNase-Free 1,500 U.

RDD DNA Digestion Buffer (white lid).
DNase Resuspension Buffer (tube, lilac lid).
PAXgene Shredder Spin Columns (lilac).

. Ethanol (96-100%, purity grade p.a.)
. Centrifuge capable of attaining 3,000-5,000 x g, and equipped

with a swing-out rotor and buckets to hold PAXgene Blood
RNA Tubes.

. RNeasy® Mini Spin Columns (each packaged with a 2-mL

Collection Tube).

. Collection Tubes (1.5 mL).
. Collection Tubes (2 mL).

. QIAzol Lysis Reagent.

. Buffer RWT.

. Buffer RPE.

. RNase-Free Water.

. Chloroform (without added isoamyl alcohol).
. Ethanol (70% and 96-100%).
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2.11. RNeasy®
MinElute Cleanup Kit
(QIAGEN) Including the
Following Components

2.12. RNeasy® User
Supplied Reagents

2.13. RNeasy Mini Kit
(QIAGEN) Including the
Following Components

2.14. RNeasy User
Supplied Reagents

2.15. TRIzol® RNA
Isolation

2.16. TRIzol® User
Supplied Reagents

2.17. QlAamp
Girculating Nucleic
Acid Kit (QIAGEN)
Including the
Following Components

S.D-Pascher et al.
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. RNeasy® MinElute Spin Columns (each in a 2-mL Collection

Tube).

. Collection Tubes (1.5 mL).

. Collection Tubes (2 mL).

. Buffer RLT.

. Buffer RPE (concentrate); Note: Before using for the first

time, add 4 volumes of ethanol (96-100%) as indicated on the
bottle to obtain a working solution.

. RNase-Free Water.

. Ethanol (80% and 96-100%).

. RNeasy Mini Spin Columns (pink).

. Collection Tubes (1.5 mL).

. Collection Tubes (2 mL).

. Buffer RLT.

. Buffer RW1.

. Bufter RPE (concentrate). Note: Before using for the first

time, add 4 volumes of ethanol (96-100%) as indicated on the
bottle to obtain a working solution.

. RNase-Free Water.

. 14.3 M B-mercaptoethanol (B-ME).

2. 96-100% ethanol.

[ SO ST NS ]

[© NN 2 T G I S R

. 70% ethanol.

. TRIzol® Reagent (Invitrogen).

. Chloroform.
. Isopropyl alcohol.
. 75% Ethanol (in DEPC-treated or RNAse-free water).

. RNase-free water.

. QIAGEN Mini columns.

. Tube Extenders.

. Collection Tubes (2.0 mL).
. Elution Tubes (1.5 mL).

. VacConnectors.

. Buffer ACL.
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7.

10.
11.
12.

2.18. QlAamp: User
Supplied Reagents/
Equipment

N~

N O\ Ul

12.

13.
14.

2.19. Pure Link miRNA
Isolation Kit
(Invitrogen) Including
the Following
Components

[ 2 W= RIS B NS T

Buffer ACB (concentrate). Note: Before use, add 200 mL
isopropanol (100%) to 300 mL bufter ACB concentrate to obtain
500 mL Buffer ACB. Mix well after adding isopropanol.

. Buffer ACW1 (concentrate). Note: Before use, add 25 mL

ethanol (96-100%) to 19 mL buffer ACWI1 concentrate to
obtain 44 mL Buffer ACW1. Mix well after adding ethanol.

. Buffer ACW2 (concentrate). Note: Before use, add 30 mL

ethanol (96-100%) to 13 mL buffer ACW2 concentrate to
obtain 43 mL Buffer ACW2. Mix well after adding ethanol.

Bufter AVE (purple caps).
QIAGEN Proteinase K.
Carrier RNA (red caps).

. DPipette tips (adjustable).
. Water bath or heating block capable of holding 50 mL centri-

fuge tubes at 60°C.

. Heating block, or rocking platform capable of holding 2-mL

collection tubes at 56°C.

. Microcentrifuge with rotor for 2 mL tubes.
. 50-mL centrifuge tubes.
. Vacuum manifold (e.g., QIAvac 24 Plus, QIAGEN).

. Vacuum regulator (QIAGEN) for easy monitoring of vacuum

pressures and easy releasing of vacuum.

. Vacuum pump capable of producing a vacuum of -800 to

-900 mbar.

. Additional Buffer ATL as lysis agent (QIAGEN).
10.
11.

Additional isopropanol (100%, 7 mL per extraction).

RNase-Free DNase set with Buffer RDD (QIAGEN for 50
on-column digestion).

One additional 2-mL collection tube per sample (QIAGEN,
1,000 collection tubes).

Optional: VacValves (QIAGEN).
Optional: QIAvac Connecting System (QIAGEN).

. Binding Buffer (L3).

. Wash Buffer (W5).

. Sterile, RNase-free Water (pH >7.0).
. Spin Cartridge in Collection Tubes.
. Wash Tubes and Recovery Tubes.
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2.20. Pure Link miBNA:

1. 96-100% ethanol.

User Supplied 2. 70% ethanol.
Reagents/Equipment 3. Samples (total RNA).

4. Microcentrifuge capable of centrifuging >10,000 x g.
3. Methods

3.1. Preparation of
Different Blood Based
Fractions Prior to RNA
Extraction

3.1.1. Blood Collection

Peripheral blood consists of different components, ¢.g., the cellu-
lar fraction including the PBMC-fraction, the erythrocyte fraction,
plasma and serum, respectively. Depending on the purpose of the
underlying study, each of these fractions as well as the whole
peripheral blood sample can be used as a primary source for RNA
extraction. Next, the procedure of blood collection as well as the
separation of the different blood components is described.

Blood and plasma/serum collection should be performed accord-
ing to standard clinical venipuncture techniques. The following
protocol is according to the BD Vacutainer® Evacuated Blood
Collection Tubes Product Insert (Form No 8363769, 11,/2010)
and the PAXgene Blood RNA Tube Product Circular (PAXgene
blood collection, PreAnalytiX).

Since BD Vacutainer® Tubes and PAXgene tubes contain anti-
coagulants and chemical additives respectively, it is important to
prevent possible backflow from the tubes during blood withdrawal.
To prevent backflow, the following precautions should be taken
when drawing blood into the tube:

1. Hold the patient’s arm in a downward position during the
blood collection procedure.

2. Hold the tube with the stopper upright to prevent possible
backflow from the tube.

3. Loosen the tourniquet as soon as the blood starts to flow into
the tube, or within 2 min of application.

4. Take care that the tube contents do not touch the stopper or
the end of the needle during the collection procedure.

(a) Prior to the blood withdrawal procedure select the
appropriate number and type of tubes. Note: Ensure that
the blood collection tubes are at room temperature
(18-25°C) prior to use and properly labeled with patient
identification.

(b) Open the needle package and thread the needle onto
holder. Do not remove the needle shield.

(c) Insert the tube into the holder and leave in this position.
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3.1.2. Stabilization and
Storage of Whole Blood
Based RNA Using PAXgene
Blood RNA Tubes

(d)
(¢)

(k)

Select a site for venipuncture.

Apply the tourniquet. Disinfect the venous puncture site
and allow the skin to dry. Note: Never touch the veni-
puncture area after disinfection.

Remove the needle shield and perform the venipuncture
by leaving the patient’s arm in a downward position.

Push the collection tube onto the needle thereby penetrat-
ing the diaphragm of the stopper.

As soon as blood flows in the collection tube, release the
tourniquet. Take care that no contents of the tube have
contact with the stopper or the end of the needle during
blood withdrawal.

When multiple tubes are collected, remove the first tube
from the holder when blood flow ceases and place a new tube
into the holder. Note: Complete filling is important espe-
cially if PAXgene Blood RNA Tubes are used. Underfilled
tubes are the main reason for reduced RNA vyields. During
filling of the succeeding tube, gently invert the previous tube
8-10 times to mix anticoagulant additive /chemical with the
blood. Note: Do not shake the blood samples since this can
cause hemolysis. Note: When using the BD Vacutainer®
Safety-Lok™ blood collection set, a reduced draw (~ 0.5 mL)
will occur on the first tube due to the trapped air in the blood
collection set tubing. If only one PAXgene blood RNA tube
is drawn, a “discard tube” should be added prior to drawing
blood into the PAXgene blood RNA tube. Otherwise, the
PAXgene blood RNA tube should be the last tube drawn in
the blood collection procedure.

After the last tube has been drawn and mixed as described
above, withdraw the needle from the vein and apply pres-
sure to the puncture site until bleeding stops using dry,
sterile gauze. If desired, apply a bandage. Note: The top of
the stopper may contain residual blood after phlebotomy.
Appropriate precaution should be taken when handling
tubes, due to blood contamination. Consider any needle
holder that comes in contact with blood as hazardous.

After collection, discard the needle into a sharps container.
Note: Do not reshield the needle.

. According to the manufacturer, the use of PAXgene tubes

enables the immediate stabilization of RNA in whole blood
samples during blood collection. To further allow for stabiliza-
tion PAXgene blood RNA tubes should be stored upright at
room temperature (18-25°C) for at least 2 h and up to 72 h.
After this incubation proceed to RNA isolation or store at =20

or —

80°C for long-term storage.
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2. To freeze PAXgene™ blood RNA tubes, deposit the tubes

upright in a wire rack. Note: according to PreAnalytiX guide-
lines for Freezing PAXgene™ Blood RNA Tubes it is impor-
tant not to deposit and freeze tubes in a styrofoam tray, because
this may damage the tubes. If the tubes are to be stored below
-20°C, first freeze the tubes —20°C for 24 h before transfer-
ring the tubes to =70 or -80°C.

. To thaw PAXgene™ blood RNA tubes, incubate the tubes in a

wire rack for approximately 2 h at ambient temperature (18-22°C)
as recommended by the manufacturer, but do not incubate them
at temperatures above 25°C. One suggestion is to remove the
tubes from the freezer the afternoon before processing, thaw
overnight, and process the tubes the next day. After thawing, care-
fully invert the tubes ten times before starting RNA preparation.

3.1.3. Plasma/Serum/ Blood Plasma Preparation. The preparation of blood plasma and
PBMC Isolation from blood serum is according to a protocol established by Prolmmune
Whole Blood Limited (PR31 Version 1.0, 03,/2009).

1. For blood collection use vacutainer tube(s) containing ~1.8 mg

K,EDTA per mL blood (may vary depending on manufacturer,
for blood donation procedure see Subheading 3.1.1). Allow
complete filling of the blood collection tubes to ensure the
correct blood-to anticoagulant ratio.

. Mix blood and anticoagulant by inverting Vacutainer tubes

carefully 10 times and store at room temperature until
centrifugation.

. Perform centrifugation of samples immediately for 10 min at

1,000-2,000 RCF (generally 1,300 RCF) at room tempera-
ture (refer to speed recommended by the manufacturer). Note:
Do not apply brake to stop centrifuge. After centrifugation the
plasma fraction (top) is separated from the residual blood com-
ponents (bottom).

. Carefully collect the supernatant (plasma) at room tempera-

ture in a centrifuge tube. Take care not to disturb the bottom
layer or transfer any additional blood components.

. Check plasma for turbidity. Recentrifuge turbid samples and

carefully collect the supernatant to remove remaining insoluble
material.

. Aliquot the plasma into labeled cryovials and store at -80°C if not

used immediately. Label cryovials with the relevant information,
including details of respective additives present in the blood.

Blood Serum Preparation. The serum preparation procedure is accord-
ing to the protocol for Preparation of Blood Plasma and Serum
described by Prolmmune Limited (PR31 Version 1.0, 03,/2009).
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3.1.4. PBMC Preparation
Using the BD Vacutainer®
CPT™ Cell Preparation
Tubes with Sodium Citrate

1.

For blood collection use Vacutainer tube(s) without any addi-

tion of an anticoagulant (for blood donation procedure see
Subheading 3.1.1).

. To allow clotting, incubate the blood samples at room tem-

perature for 30—45 min (maximum 60 min) in an upright posi-
tion. In the case of using a clot-activator tube, carefully mix the
blood and clot activator by inverting the Vacutainer tubes care-
fully 5-6 times before incubation.

. Perform centrifugation for 15 min (usually 1,000-2,000 RCEF,

refer to the speed recommended by the manufacturer). Note:
Do not apply brake to stop centrifuge. Carefully collect the
supernatant (serum) at room temperature in a centrifuge tube.
Take care not to disturb the bottom layer or to transfer any
other blood components. Use a clean pipette for each tube.

. Check serum for turbidity. Recentrifuge turbid samples and

carefully collect the supernatant to remove remaining insoluble
material.

. Aliquot serum into cryovials and store at -80°C if not used

immediately. Label cryovials with the relevant information,
including details of additives present in the blood.

The PBMC fraction includes all blood cells with a round nucleus
(e.g., lymphocytes, monocytes and macrophages) and can be iso-
lated using a density gradient centrifugation. Here the use of the
BD Vacutainer® CPT™ Tube with sodium citrate is described in
accordance with the manufacturer’s recommendations (Becton
Dickinson: Vacutainer® CPT™ Cell Preparation Tubes with Sodium
Citrate Product Insert).

1.

Properly label the BD Vacutainer® CPT™ Tube with sodium
citrate with the patient’s identification. The tubes should be at
room temperature (18-25°C).

. Perform blood collection according to the standard technique

for BD Vacutainer® Brand Blood Collection Tubes (for blood
donation procedure see Subheading 3.1.1).

. Store the tube upright at room temperature, until the centrifu-

gation step. Note: For best results blood samples should be
centrifuged within 2 h after blood collection.

. Gently invert the blood sample (8-10 times) immediately prior

to centrifugation. Make sure that the proper centrifuge car-
rier /adapter is used.

. Centrifuge tubes in a horizontal rotor (swing-out) for

20-30 min at 1,500-1,800 RCF at room temperature
(18-25°C).

. After centrifugation, PBMC and platelets will be in a white frac-

tion underneath the plasma fraction. Invert the unopened tube
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3.2. RNA Extraction

3.2.1. Isolation of Total RNA
Including the LMW RNA
Fraction from PMBC using
TRIzol® and the RNeasy®
MinElute Cleanup Kit

RNA Isolation with TRIzol®
Reagent

gently 5-10 times to resuspend the cells into the plasma. To
collect the PBMC transfer the entire contents of the tube above
the gel barrier into a separate 50-mL centrifuge tube containing
35 mL PBS. Mix the cells by inverting the tube 5 times.

7. Centrifuge for 10 min at 300 RCF at room temperature. Carefully
remove the supernatant without disturbing the cell pellet.

8. Fill up the volume to 10 mL with PBS. Close the tube and
resuspend the cells by inverting the tube five times.

9. Count the cell number by trypan blue dye and centrifuge the
cell suspension for 10 min at 300 RCF. Remove as much super-
natant as possible without disturbing the cell pellet.

10. Cells could be either lysed directly by adding appropriate
amount of TRIzol® Reagent (see RNA-Isolation with TRIzol®
reagent, Subheading 3.2.1) or alternatively cryopreserved in
DMSO containing medium before RNA isolation. Note: cryo-
preservation of viable PBMC has a negative impact on mRNA
as well as on miRNA composition ((38) and SDP, AS]J, unpub-
lished results). We therefore suggest to directly lyse cells in
TRIzol® Reagent and store TRIzol® lysates at ~-80°C instead of
cryopreserving PBMC in liquid nitrogen.

As described blood based RNA can be extracted from whole blood
as well as from fractions thereof (e.g., PBMC, plasma or serum).
Depending on the input source different extraction protocols have
to be followed which are described in more detail below. Figure 1
gives a brief overview of all these different methods and the respec-
tive outcomes.

This protocol is for the isolation of total RNA based on Invitrogen’s
TRIzol® reagent according to the manufacturer’s recommenda-
tions (Part No. 15596018.pps, Rev. date: 12 Jun 2007,

Invitrogen).

1. Isolate PBMC as described in Subheading 3.1 .4, steps 1-9 (PBMC
preparation with BD Vacutainer® CPT™ Cell Preparation
Tubes with Sodium Citrate).

2. Add 1 mL TRIzol® Reagent/1x107 cells and lyse cells by
repetitive pipetting. Allow for complete dissociation of nucleo-
protein complexes by storing the samples at room temperature
for 5 min. At this step TRIzol® lysates can be stored at -80°C
until further processing. Otherwise continue with step 3.

3. Add 0.2 mL chloroform per initial mI. TRIzol® used for the
initial homogenization and shake vigorously by hand for 15 s.

4. Let rest at room temperature for 3 min.
5. Centrifuge at no more than 12,000 x g, for 10 min at 4°C.

6. Transfer the upper aqueous phase to a fresh tube. Note: avoid
transfer of genomic DNA from the interphase.
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PAXgene Blood miRNA PAXgene Blood RNA
system system
RNeasy
(3.23) Mini Kit
¢ (3.2.3.)
total RNA LMW RNA
c
< Plasma/serum >
QlAmp Circulating miRNeasy
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Fig. 1. Overview of different miRNA isolation options from PBMC (a), whole blood samples
collected in PAXgene Blood RNA Tubes (b) and from serum or plasma samples, respec-
tively (c). LMW RNA: low-molecular-weight fraction (RNA<200 nt). When following the
respective protocols as described in the text, total RNA including the LMW RNA fraction
can be isolated from each source. Numbers in brackets refer to the relevant chapters.

7. Add 0.5 volumes of isopropanol per mL TRIzol® used for the
initial homogenization, mix by inverting the tube and incubate
at room temperature for 10 min.

8. Centrifuge at no more than 12,000 x g, for 30 min at 4°C.
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RNeasy® MinElute Cleanup

9. Remove the supernatant and wash the RNA pellet twice with
1 mL 70-80% EtOH per mL TRIzol® used for the initial
homogenization. Mix the sample by vortexing and centrifuge
at no more than 7,500 x g, for 5 min at 4°C.

10. Remove the supernatant and let the RNA dry (5-10 min).
Avoid complete drying of the RNA pellet since this will greatly
decrease solubility.

11. Resuspend the RNA in RNase-free water by passing the RNA
sample through a pipette tip a few times, and incubate for
5-10 min at 55°C. Then store on ice or at -80°C until further
processing.

The RNeasy® MinElute Cleanup protocol (QIAGEN) was adapted
to isolate total RNA, including small RNAs <200 nucleotides
(miRNA).

Note: A maximum of 45 pg RNA in a maximum volume of
200 pL can be cleaned up in this protocol. This amount corresponds
to the binding capacity of the RNeasy® MinElute spin column.
Do not overload the column as this will significantly reduce RNA
yield and purity.

1. Adjust the RNA sample to a volume of 100 pL with RNase-
free water. Add 350 pL buffer RLT, and mix well.

2. Add 700 pL ot 96-100% ethanol to the diluted RNA, and mix
well by pipetting. Do not centrifuge. Proceed immediately to
step 3.

3. Transfer 700 pL of the sample (1,150 pL total) to an RNeasy®
MinElute spin column placed in a 2-mL collection tube (sup-
plied). Close the lid gently, and centrifuge for 15 s at 8,000 x g4
(10,000 rpm). Discard the flowthrough. Transfer the remain-
ing sample (450 pL) to the RNeasy® MinElute spin column
and repeat the centrifugation. Discard the flowthrough.

4. Place the RNeasy® MinElute spin column in a new 2-mL col-
lection tube (supplied). Add 500 pL. Buffer RPE to the spin
column. Close the lid gently, and centrifuge for 15 s at 8,000 x g4
(10,000 rpm) to wash the spin column membrane. Discard the
flowthrough. Reuse the collection tube in step 5. Note: Bufter
RPE is supplied as a concentrate. Ensure that ethanol is added
to Buffer RPE before use.

5. Add 500 pL of 80% ethanol to the RNeasy® MinElute spin
column. Close the lid gently, and centrifuge for 2 min at
8,000x4 (10,000 rpm) to wash the spin column membrane.
Discard the flowthrough and collection tube.

Note: After centrifugation, carefully remove the RNeasy®
MinElute spin column from the collection tube so that the column
does not contact the flowthrough. Otherwise, carryover of ethanol
will occur.
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3.2.2. Isolation of Total
RNA Including the LMW
RNA Fraction from PBMC
using the miRNeasy Kit

6.

Place the RNeasy® MinElute spin column in a new 2-mL
collection tube (supplied). Open the lid of the spin column,
and centrifuge at full speed for 5 min. Discard the flowthrough
and collection tube.

. Place the RNeasy® MinElute spin column in a new 1.5-mL col-

lection tube (supplied). Add 14 pLL RNase-free water directly
to the center of the spin column membrane. Close the lid gen-
tly, and centrifuge for 1 min at full speed to elute the RNA.

To avoid damage to their lids, place the spin columns into the

centrifuge with at least one empty position between columns.
Orient the lids so that they point in a direction opposite to the
rotation of the rotor (e.g., if the rotor rotates clockwise, orient the
lids counterclockwise). It is important to dry the spin column
membrane since residual ethanol may interfere with downstream
reactions. Centrifugation with the lids open ensures that no etha-
nol is carried over during RNA elution. Store RNA on ice or at -80°C
until further processing.

The following procedure is according to the miRNeasy Mini
Handbook (QIAGEN)

1.

Prepare PBMC as described under Subheading 3.1.4, steps
1-9.

. Loosen the cell pellet thoroughly by flicking the tube. Add

700 pl. QIAzol Lysis Reagent to a maximum of 1x 107 cells.
Vortex or pipette to mix. Note: Incomplete loosening of the
cell pellet may lead to inefficient lysis and reduced RNA yields.

. If processing <3 x 10° cells, homogenize the cells by vortexing

for 1 min.

Note: Incomplete homogenization leads to significantly
reduced RNA vyields and can cause clogging of the RNeasy
Mini spin column. Note: Homogenized cell lysates can be stored
at —-70°C for several months.

. Place the tube containing the homogenate on the benchtop at

room temperature (15-25°C) for 5 min. This step promotes
dissociation of nucleoprotein complexes.

. Add 140 pL chloroform to the tube containing the homogenate

and cap it securely. Shake the tube vigorously for 15 s. Thorough
mixing is important for subsequent phase separation.

. Place the tube containing the homogenate on the benchtop at

room temperature for 2—3 min.

. Centrifuge for 15 min at 12,000 x4 at 4°C. After centrifuga-

tion, heat the centrifuge up to room temperature (15-25°C) if
the same centrifuge will be used for the next centrifugation
steps. After centrifugation, the sample separates into 3 phases:
an upper, colorless, aqueous phase containing RNA; a white
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Enrichment of the LMW
RNA Fraction Using the
miRNeasy Kit and RNeasy

MinElute Cleanup Kit

interphase; and a lower, red, organic phase. The volume of the
aqueous phase should be approximately 350 plL.

Note: If you want to purify a separate miRNA-enriched fraction,
follow the protocol described in Subheading 3.2.2 after perform-
ing this step.

8.

10.

11.

12.

13.

14.

15.

Transfer the upper aqueous phase to a new collection tube
(supplied). Add 1.5 volumes (usually 525 pl.) of 100% ethanol
and mix thoroughly by pipetting up and down several times.
Do not centrifuge. Continue without delay with step 9. A pre-
cipitate may form after addition of ethanol, but this will not
affect the procedure.

. Pipette up to 700 pL of the sample, including any precipitate

that may have formed, into an RNeasy Mini spin column in a
2 mL collection tube (supplied). Close the lid gently and cen-
trifuge at 28,0004 (10,000 rpm) for 15 s at room temperature
(15-25°C). Discard the flowthrough. Reuse the collection
tube in step 10.

Repeat step 9 using the remainder of the sample. Discard the
flowthrough. Reuse the collection tube in step 11.

Add 700 pL Buffer RWT to the RNeasy Mini spin column.
Close the lid gently and centrifuge for 15 s at 8,000xyg4
(10,000 rpm) to wash the column. Discard the flowthrough.
Reuse the collection tube in step 12.

Pipette 500 pL. Buffer RPE onto the RNeasy Mini spin col-
umn. Close the lid gently and centrifuge for 15 s at 8,000 xg
(10,000 rpm) to wash the column. Discard the flowthrough.
Reuse the collection tube in step 13.

Add another 500 pL Buffer RPE to the RNeasy Mini spin col-
umn. Close the lid gently and centrifuge for 2 min at 8,000 x g4
(10,000 rpm) to dry the RNeasy Mini spin column membrane.
The long centrifugation dries the spin column membrane,
ensuring that no ethanol is carried over during RNA elution.
Residual ethanol may interfere with downstream reactions.
Note: Following centrifugation, remove the RNeasy Mini spin
column from the collection tube carefully so the column does
not contact the flowthrough. Otherwise, carryover of ethanol
will occur.

Optional: Place the RNeasy Mini spin column into a new 2-mL
collection tube (not supplied) and discard the old collection
tube with the flowthrough. Centrifuge in a microcentrifuge at
tull speed for 1 min. Perform this step to eliminate any possible
carryover of Buffer RPE or if residual flowthrough remains on
the outside of the RNeasy Mini spin column after step 13.

Transfer the RNeasy Mini spin column to a new 1.5-mL
collection tube (supplied). Pipette 30-50 pl. RNase-free
water directly onto the RNeasy Mini spin column membrane.
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16.

Close the lid gently and centrifuge for 1 min at 8,000x g4
(10,000 rpm) to elute the RNA.

If the expected RNA vyield is >30 pg, repeat step 15 with a
second volume of 30-50 uLL RNase-free water. Elute into the
same collection tube. To obtain a higher total RNA concentra-
tion, this second elution step may be performed by using the
first eluate (from step 15). The yield will be 15-30% less than
the yield obtained using a second volume of RNase-free water,
but the final concentration will be higher.

According to the miRNeasy Mini Handbook (QIAGEN) the LMW
RNA fraction can be enriched from PBMC or serum/plasma in a
separate fraction. For this protocol an additional RNeasy MinElute®
Cleanup Kit is required.

1.

Follow steps 1-7 of the protocol “Isolation of Total RNA
Including the LMW RNA Fraction from PBMC Using the
miRNeasy Kit” as described in Subheading 3.2.2 or steps 1-6
of the protocol “Isolation of total RNA, including the LMW
RNA fraction from serum or plasma using the miRNeasy Mini
Kit” (described in Subheading 3.2.6, step 6).

. Transfer the upper aqueous phase to a new reaction tube (not

supplied). Add 1 volume of 70% ethanol (usually 350 uL) and
mix thoroughly by vortexing. Do not centrifuge. Proceed
immediately to step 3.

. Pipette the sample (approx. 700 pL), including any precipitate

that may have formed, into an RNeasy Mini spin column placed
in a 2-mL collection tube. Close the lid gently and centrifuge
at 8,000x 4 (10,000 rpm) for 15 s at room temperature (15—
25°C). Pipette the flowthrough (which contains miRNA) into
a 2-mL reaction tube (not supplied). Discard the RNeasy Mini
spin column and follow steps 4-10.

. Add 450 pL of 100% ethanol (0.65 volumes) to the flowthrough

from step 3 and mix thoroughly by vortexing. Do not centri-
fuge. Proceed immediately to step 5.

. Pipette 700 pL of the sample into an RNeasy MinElute spin

column placed in a 2-mL collection tube. Close the lid gently
and centrifuge for 15 s at 8,000 x4 (10,000 rpm) at room tem-
perature (15-25°C). Discard the flowthrough. Repeat this step
until the whole sample has been pipetted into the spin column.
Discard the flowthrough each time.

. Optional: Add 700 pL Buffer RWT to the RNeasy MinElute

spin column. Close the lid gently and centrifuge for 15 s at
8,000x4 (10,000 rpm) to wash the column. Discard the
flowthrough. This step is optional for the miRNA-enriched
fraction because most impurities have already been removed
on the first RNeasy Mini spin column.
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3.2.3. Isolation of Total
RNA Including the LMW
RNA Fraction from Whole
Blood Samples Using the
PAXgene Blood miRNA
System

10.

. Pipette 500 pL Buffer RPE into the RNeasy MinElute spin

column. Close the lid gently and centrifuge for 15 s at 8,000 x g
(10,000 rpm). Discard the flowthrough.

. Add 500 pL of 80% ethanol to the RNeasy MinElute spin col-

umn. Close the lid gently and centrifuge for 2 min at 8,000 x4
(10,000 rpm) to dry the spin column membrane. Discard the
flowthrough and the collection tube. Note: After centrifuga-
tion, remove the RNeasy MinElute spin column from the col-
lection tube carefully so that the column does not contact the
flowthrough. Otherwise, carryover of ethanol will occur.

. Place the RNeasy MinElute spin column into a new 2-mL col-

lection tube. Open the lid and centrifuge for 5 min at 8,000 x g
(10,000 rpm).

Place the RNeasy MinElute spin column into a 1.5-mL collec-
tion tube and pipette 14 pl. RNase-free water onto the spin
column membrane. Close the lid gently and centrifuge for
1 min at 8,000 x4 (10,000 rpm) to elute the miRNA-enriched
fraction.

The PAXgene Blood miRNA System consists of PAXgene Blood
RNA Tubes for collection, stabilization and transport of blood,
and the PAXgene Blood miRNA Kit for purification of total RNA,
including RNA longer than approximately 18 nucleotides using
well-established PAXgene silica-membrane technology. The puri-
fied RNA includes both mRNA and small RNAs such as miRNA
for molecular analysis. This protocol is according to the manufac-
turer’s recommendation described in the PAXgene Blood miRNA
Kit Handbook (PreAnalytiX) and is also available as an automated
version for the QIAcube instrument (QIAGEN)).

1.

3.

Centrifuge the PAXgene Blood RNA Tube for 10 min at
3,000-5,000 x g using a swing-out rotor.

Note: Ensure that the blood sample has been incubated in the
PAXgene Blood RNA Tube for a minimum of 2 h at room
temperature (15-25°C), to achieve complete lysis of blood
cells. Note: The rotor must contain tube adapters for round-
bottom tubes. If other types of tube adapter are used, the tubes
may break during centrifugation.

. Remove the supernatant by decanting or pipetting. Add 4 mL

RNase-free water to the pellet and close the tube using a fresh
secondary Hemogard closure. If decanting the supernatant,
take care not to disturb the pellet, and dry the rim of the tube
with a clean paper towel.

Vortex until the pellet is visibly dissolved, and centrifuge for
10 min at 3,000-5,000 x4 using a swing-out rotor. Remove
the entire supernatant by decanting or pipetting and discard.
Small debris remaining in the supernatant after vortexing
but before centrifugation will not affect the procedure.
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10.

11.

12.

13.

Note: Incomplete removal of the supernatant will inhibit lysis
and dilute the lysate, and therefore affect the conditions for
binding RNA to the PAXgene membrane.

. Add 350 pL Buffer BM1, and vortex until the pellet is visibly

dissolved.

. Pipette the sample into a 1.5-mL microcentrifuge tube. Add

300 pL Buffer BM2 and 40 pL proteinase K. Mix by vortexing
for 5 s and incubate for 10 min at 55°C in a shaking incubator
at 400-1,400 rpm. After incubation, set the temperature of
the shaking incubator to 65°C for use in step 20. Note: Do not
mix Buffer BM2 and proteinase K together before adding them
to the sample.

. Pipette the sample into a PAXgene Shredder spin column (lilac)

placed in a 2-mL processing tube and centrifuge for 3 min at
full speed (do not exceed 20,000 x ).

. Caretully transfer the entire supernatant of the flowthrough

from the PAXgene Shredder spin column to a new 1.5-mL
microcentrifuge tube without disturbing the pellet in the pro-
cessing tube.

. Add 700 pL of isopropanol (100%, purity grade p.a.) and mix

by vortexing.

. Pipette 700 pL sample into the PAXgene RNA spin column

(red) placed in a 2-mL processing tube. Close the lid gently
and centrifuge for 1 min at 8,000-20,000 x 4. Place the spin
column in a new 2-mL processing tube, and discard the old
processing tube containing flowthrough.

Pipette the remaining sample into the PAXgene RNA spin col-
umn (red). Close the lid gently, and centrifuge for 1 min at
8,000-20,000 xg. Place the spin column in a new 2-mL pro-
cessing tube and discard the old processing tube containing
flowthrough.

Add 350 pL Buffer BM3 to the PAXgene RNA spin column.
Close the lid gently, and centrifuge for 15 s at 8,000-20,000 x 4.
Place the spin column in a new 2-mL processing tube, and
discard the old processing tube containing flowthrough. Note:
Bufter BM3 is supplied as a concentrate. Ensure that ethanol is
added to Buffer BM3 before use.

Add 10 pL. DNase I stock solution to 70 uL Buffer RDD in a
1.5 mL microcentrifuge tube. Mix by gently flicking the tube
and centrifuge briefly to collect residual liquid from the sides
of the tube. Note: DNase I is especially sensitive to physical
denaturation. Mixing should only be carried out by gently
flicking the tube. Do not vortex.

Pipette the DNase I incubation mix (80 pL) directly onto the
PAXgene RNA spin column membrane, and incubate on the
benchtop (20-30°C) for 15 min. Note: Ensure that the DNase
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Isolation of LMW RNA
Fraction from Whole Blood
Samples Using the PAXgene
Blood RNA System and
RNeasy Mini Kit

14.

15.

16.

17.

18.

19.

20.

21.

I incubation mix is placed directly onto the membrane. DNase
digestion will be incomplete if part of the mix is applied to and
remains on the walls or O-ring of the spin column.

Add 350 pL Buffer BM3 to the PAXgene RNA spin column.
Close the lid gently, and centrifuge for 15 s at 8,000-20,000 x g.
Place the spin column in a new 2-mL processing tube and discard
the old processing tube containing flowthrough.

Add 500 pL Buffer BM4 to the PAXgene RNA spin column.
Close the lid gently, and centrifuge for 15 s at 8,000-20,000 x g.
Discard the flowthrough. Place the spin column in a new 2-mL
processing tube and discard the old processing tube containing
flowthrough. Note: Buffer BM4 is supplied as a concentrate.
Ensure that ethanol is added to Buffer BM4 before use.

Add another 500 pL Buffer BM4 to the PAXgene RNA spin
column. Close the lid gently, and centrifuge for 2 min at
8,000-20,000 x g4. Note: After centrifugation, carefully remove
the PAXgene RNA spin column from the processing tube so
that the column does not contact the flowthrough. Otherwise,
carryover of ethanol will occur.

Discard the processing tube containing flowthrough, and place
the PAXgene RNA spin column in a new 2-mL processing
tube (supplied). Centrifuge at 8,000-20,000 x g for 1 min. It
is important to dry the spin column membrane, since residual
ethanol may interfere with downstream reactions.

Discard the processing tube containing flowthrough. Place the
PAXgene RNA spin column in a new 1.5-mL microcentrifuge
tube and pipette 40 pL Buffer BR5 directly onto the spin col-
umn membrane. Close the lid gently, and centrifuge for 1 min
at 8,000-20,000 x4 to elute the RNA. Be sure to add Buffer
BR5 directly to the spin column membrane. This wets the
entire membrane, ensuring maximum elution efficiency.

Repeat the elution step (step 18) as described, using 40 pL
Buffer BR5 and the same microcentrifuge tube.

Incubate the eluate for 5 min at 65°C in the shaking incubator
without shaking. After incubation, chill immediately on ice. This
incubation at 65°C denatures the RNA for downstream applica-
tions. Do not exceed the incubation time or temperature.

If the RNA eluate will not be used immediately, store at ~-80°C.
Since the RINA remains denatured after freezing and thawing,
it is not necessary to repeat the incubation at 65°C.

Away to enrich the portion of small RNA species from the PAXgene
Blood RNA tubes is to harvest the flowthrough of the PAXgene
RNA column after the binding step of the cellular RNA and isolate
the small RNA in a second purification using the RNeasy Mini Kit.
This protocol is adapted from Kruhoffer et al. (39) for the manual
isolation of small RNAs from single PAXgene Blood RNA tubes.
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The original method in this paper describes a partially automated
process that is more convenient for laboratories with higher sample
throughput.

1.

Centrifuge the PAXgene Blood RNA Tube for 10 min at
3,000-5,000 x g using a swing-out rotor. Ensure that the blood
sample has been incubated in the PAXgene Blood RNA Tube
for a minimum of 2 h at room temperature (15-25°C), to
achieve complete lysis of blood cells. The rotor must contain
tube adapters for round-bottom tubes. If other types of tube
adapter are used, the tubes may break during centrifugation.

. Remove the supernatant by decanting or pipetting. Add 4 mL

RNase-free water to the pellet, and close the tube using a fresh
secondary BD Hemogard closure (supplied with the kit). If
the supernatant is decanted, take care not to disturb the pellet,
and dry the rim of the tube with a clean paper towel.

. Vortex until the pellet is visibly dissolved, and centrifuge for

10 min at 3,000-5,000 xg using a swing-out rotor. Remove
and discard the entire supernatant. Small debris remaining in
the supernatant after vortexing but before centrifugation will
not affect the procedure. Incomplete removal of the superna-
tant will inhibit lysis and dilute the lysate, and therefore affect
the conditions for binding RNA to the PAXgene membrane.

. Add 350 pL resuspension buffer BRI and vortex until the pel-

let is visibly dissolved.

. Pipette the sample into a 1.5-mL microcentrifuge tube. Add

300 pL binding buffer BR2 and 40 pL proteinase K. Mix by
vortexing for 5 s and incubate for 10 min at 55°C using a shak-
ing incubator at 400-1,400 rpm. Do not mix binding buffer
BR2 and proteinase K together before adding them to the
sample.

. Pipette the lysate directly into a PAXgene Shredder spin col-

umn (lilac) placed in a 2-mL processing tube, and centrifuge
for 3 min at maximum speed (but not to exceed 20,000 x g).
Carefully pipette the lysate into the spin column and visually
check that the lysate is completely transferred to the spin col-
umn . To prevent damage to columns and tubes, do not exceed
20,000xg4. Some samples may flow through the PAXgene
Shredder spin column without centrifugation. This is due to
low viscosity of some samples and should not be taken as an
indication of product failure.

. Carefully transfer the entire supernatant of the flowthrough

fraction to a fresh 1.5-mL microcentrifuge tube without dis-
turbing the pellet in the processing tube.

. Add 350 pL ethanol (96-100%, purity grade p.a). Mix by vor-

texing, and centrifuge briefly (1-2 s at 500-1,000x4) to
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3.2.4. Isolation of the
LMW RNA Fraction from
Total RNA Samples using
the Pure Link miRNA
Isolation Kit

10.

11.

12.

13.

14.

15.

remove drops from the inside of the tube lid. The length of the
centrifugation must not exceed 1-2 s, as this may result in pel-
leting of nucleic acids and reduced yields of total RNA.

. Pipette 700 pL sample into the PAXgene RNA spin column

(red) placed in a 2-mL processing tube, and centrifuge for
1 min at 8,000-20,000 x 4. Place the spin column (PRC) in a
new 2-mL processing tube and save the old processing tube
containing flowthrough for small RNA isolation.

Pipette the remaining sample into the PAXgene RINA spin col-
umn and centrifuge for 1 min at 8,000-20,000x 4. Throw
away the spin column and save the processing tube containing
flowthrough for small RNA isolation.

Add 700 pL ethanol (98%) per 500 uL flowthrough of the
PAXgene Blood RNA binding step and mix carefully by
pipetting. In order to process the whole flowthrough of steps
9 and 10 (~1 mL), add 1.4 mL ethanol.

Apply the sample in 700 pL portions to an RNeasy mini spin
column placed in a 2-mL collection tube, centrifuge for 1 min
at 8,000-20,000 x g, discard the flowthrough after each load-
ing step. After the last loading step, discard the flowthrough
and collection tube.

Place the RNeasy mini column into a new 2-mL collection
tube and add 500 pL Buffer RPE, centrifuge for 15 s at 8,000-
20,000 x g. Discard the flowthrough.

Repeat the washing step with 500 pL. Buffer RPE and centri-
fuge for 2 min at 8,000-20,000x g to dry the spin column
membrane.

To elute, transfer the RNeasy column to a new 1.5-mL collec-
tion tube. Pipette 30-50 pLL RNase free water directly onto the
RNeasy silica-gel membrane and centrifuge for 1 min at 8,000-
20,000 xg. Alternatively, Buffer BR5 can be used for elution.

This protocol is for the enrichment of miRNA from total RNA
based on Invitrogen’s “PureLink™ miRNA Isolation Kit”
(Invitrogen #K1570-01, Instruction Manual Version C, 18 July
2005, 25-0753). Total RNAs are used as starting materials instead
of cell lysates. Figure 2 depicts the enriched LMW RNA fraction
after using the Pure Link miRNA Isolation Kit.

Start with total RNA (preferable 5 pg, minimal 1-2 pg).

1.

2.

Add 300 pL Binding Buffer to the tube (1.7 mL size) contain-
ing the RNA sample and mix well by pipetting or vortexing.
Add 300 pL 70% ethanol to the tube with well mixed binding
buffer and total RNA sample, and mix well by pipetting or
vortexing.
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Fig. 2. Isolation of the LMW RNA fraction from total RNA samples using the Pure Link
miRNA Isolation Kit. The LWM RNA fraction can be subsequently enriched from total RNA
using Invitrogen’s “PureLink™ miRNA Isolation Kit.” Bioanalyzer gel analysis (a) and elec-
tropherograms (b) for the size distribution of enriched small RNA with Pure Link miRNA
Isolation Kit in comparison to total RNA. The y-axis represents fluorescence units (FU) and
the x-axis runtime in seconds (s).

3. Load the entire mixed contents (total volume is ~600 pL) into
a clean Spin Cartridge with Collection Tube attached under-
neath. Close the lid.

4. Briefly centrifuge the Spin Cartridge with collection tube at
12,000 x g for 1 min at room temperature.

5. Throw away the Spin Cartridge; Keep the Collection Tube
with flowthrough inside.

6. Add 700 pL of 100% ethanol to the Collection Tube contain-
ing flowthrough to obtain a final concentration of ~70% etha-
nol. Mix well by pipetting or vortexing.
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3.2.5. Isolation of Total RNA
Including the LMW RNA
Fraction from Serum or
Plasma using the QlAamp®
Circulating Nucleic Acid Kit

10.

11.

12.

13.

14.

15.

16.

. Transfer 700 pL of the mixture from step 6 to a clean Spin

Cartridge with Collecting Tube underneath. Briefly centrifuge
the Spin Cartridge at 12,000 x4 for 1 min at room temperature

. Transfer the remaining mixture from step 6 to the Spin

Cartridge in the step 7 and centrifuge again at 12,000 x g4 for
1 min at room temperature.

. Discard the flowthrough in the Collection Tube. Attach the

Collection Tube without flowthrough underneath the Spin
Cartridge.

Wash the Spin Cartridge by adding 500 pLL Wash Buffer (pro-
vided in the kit, ETOH preadded) and centrifuging at

12,000xg for 1 min at room temperature. Discard the
flowthrough in the Collection Tube /Wash Tube.

Repeat the wash step one more time (step 10) with 500 pL
Wash Buffer.

Discard the flowthrough in the Wash Tube. Attach the same
Wash Tube underneath the Spin Cartridge. Centrifuge the Spin
Cartridge at maximal speed for 2 min at room temperature to
remove any residual Wash Buffer in the Spin Cartridge. Discard
the Wash Tube.

Place the Spin Cartridge in a clean 1.7-mL Recovery Tube.

Add 15 uL sterile, RNase-free water (pH >7.0) (prewarmed to
37°C) carefully to the center of the Spin Cartridge. Close the
lid. Incubate at room temperature for 2 min.

Centrifuge the Spin Cartridge at maximal speed for 2 min at
room temperature.

Store the Recovery Tube containing small RNA at -80°C for
long term storage.

According to the QIAamp Circulating Nucleic Acid Handbook
(QIAGEN) this protocol describes how to isolate circulating miR-
NAs and circulating total RNA from plasma or serum samples that
are either fresh or frozen.

1.

Pipette 400 pL. QIAGEN Proteinase Kinto a 50-mL tube (not
provided).

2. Add 3 mL of plasma into the 50-mL tube.

. Add 3.2 mL of Buffer ACL (without carrier RNA) and 1.0 mL

Buffer ATL; close the cap and mix by pulse-vortexing for 30 s.
Note: Buffer ATL should be added to the lysis mixture as the last
component. Make sure that a visible vortex forms in the tube.
In order to ensure efficient lysis, it is essential that the sample
and Buffers ACL and ATL are mixed thoroughly to yield a
homogeneous solution.

. Incubate at 60°C for 30 min.
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5.
6.

10.

11.

12.

13.

Briefly spin the tube to remove drops from the inside of the lid.

Add 9.0 mL of Buffer ACB and 7.0 mL isopropanol to the
lysate, close the cap, and mix thoroughly by pulse-vortexing
for 15-30 s.

. Incubate the lysate—Buffer ACB mixture for 5 min on ice.

. Insert the QIAamp Mini column into the VacConnector on

the QIAvac 24 Plus. Insert a 20 mL tube extender into the
open QIAamp Mini column. Make sure that the tube extender
is firmly inserted into the QIAamp Mini column to avoid leak-
age of sample. Note: Keep the collection tube for the dry spin
in step 16.

. Carefully apply the lysate from step 7 into the tube extender of

the QIAamp Mini column. Switch on the vacuum pump. When
all lysates have been drawn through the columns completely,
switch off the vacuum pump and release the pressure to 0 mbar.
Carefully remove and discard the tube extender. If removal of
DNA is not required for the analysis of miRNA, skip directly to
step 13. For fast and convenient release of the vacuum pressure,
use the Vacuum Regulator (see Ordering Information). Note:
To avoid cross-contaminations, be careful not to cross neigh-
boring QIAamp columns while tube extenders are removed.

Optional: Transfer the column from the vacuum manifold into
the 2-mL collection tube (not provided) and centrifuge the
column 1 min at 14,000 rpm. Note: This step will remove
traces of lysate that could interfere with the subsequent DNase
digestion.

Optional: Per each sample, add 10 pL. DNase I stock solution
(see above) to 70 pL Buffer RDD. Mix by gently inverting the
tube. Buffer RDD is supplied with the RNase-Free DNase Set.
Note: DNase I is especially sensitive to physical denaturation.
Mixing should only be carried out by gently inverting the tube.
Do not vortex.

Optional: Place the QIAamp Mini columns back onto their
original positions on the QIAvac 24 Plus vacuum manifold.
Pipette the DNase I incubation mix (80 pL) directly onto the
QIAamp Mini column membrane, and incubate at ambient
temperature (20-30°C) for 15 min. Note: Make sure to pipette
the DNase I incubation mix directly onto the QIAamp Mini
column membrane. DNase digestion will be incomplete if part
of the mix sticks to the walls or the O-ring of the QIAamp
Mini column.

Apply 600 pL of Buffer ACW1 to the QIAamp Mini column.
Leave the lid of the column open and switch on the vacuum
pump. After all of Buffer ACW1 has been drawn through the
QIAamp Mini column, switch off the vacuum pump and
release the pressure to 0 mbar.
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3.2.6. Isolation of Total RNA,
Including the LMW RNA
Fraction from Serum or
Plasma using the miRNeasy
Mini Kit

14.

15.

16.

17.

18.

19.

Apply 750 pL of Buffer ACW2 to the QIAamp Mini column.
Leave the lid of the column open and switch on the vacuum
pump. After all of Buffer ACW2 has been drawn through the
QIAamp Mini column, switch off the vacuum pump and
release the pressure to 0 mbar.

Apply 750 pL of ethanol (96-100%) to the QIAamp Mini
column. Leave the lid of the column open and switch on the
vacuum pump. After all of the ethanol has been drawn through
the QIAamp Mini column, switch off the vacuum pump and
release the pressure to 0 mbar.

Close the lid of the QIAamp Mini column, remove it from the
vacuum manifold and discard the VacConnector. Place the
QIAamp Mini column in a clean 2-mL collection tube (saved
from step 8) and centrifuge at full speed (20,000xg;
14,000 rpm) for 3 min.

Place the QIAamp Mini column into a new 2-mL collection
tube, open the lid, and incubate the assembly at 56°C for
10 min to dry the membrane completely. If using the same
heating block used in step 4, reduce the temperature by 4°C.

Place the QIAamp Mini column in a clean 1.5 mL elution tube
and discard the collection tube from step 16. Carefully apply
20-150 pL of Buffer AVE to the center of the QIAamp Mini
column membrane. Close the lid and incubate at room tem-
perature for 3 min.

Centrifuge at full speed (20,000 xg; 14,000 rpm) for 1 min to
clute the RNA.

This protocol has been adapted from the miRNeasy Mini Kit
(QIAGEN) and is intended as a guideline for the purification of total
RNA, including small RNAs, from serum and plasma using the
miRNeasy Mini Kit (Fig. 1c¢).

1.
2.

Prepare serum or plasma or thaw frozen samples.

Add 5 volumes of QIAzol Lysis Reagent. Mix thoroughly by
vortexing or pipetting. Incomplete homogenization leads to
significantly reduced RNA vyields and can cause clogging of the
RNeasy® Mini spin column. Homogenized lysates can be
stored at —70°C for several months.

. Place the tube containing the homogenate on the benchtop at

room temperature (15-25°C) for 5 min. This step promotes
dissociation of nucleoprotein complexes.

. Add 1 volume chloroform to the tube containing the homoge-

nate and cap it securely. Shake the tube vigorously for 15 s.
Thorough mixing is important for subsequent phase separation.

. Place the tube containing the homogenate on the benchtop at

room temperature for 2—3 min.
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6.

10.

11.

12.

13.

Centrifuge for 15 min at 12,000 x 4 at 4°C. After centrifugation,
heat the centrifuge up to room temperature (15-25°C) if the
same centrifuge will be used for the next centrifugation steps.
After centrifugation, the sample separates into 3 phases: an
upper, colorless, aqueous phase containing RNA, a white inter-
phase, and a lower, red, organic phase. Note: If you want to
purify a separate miRNA-enriched fraction, follow the protocol
described in Subheading 3.2.2.1 after performing this step.

. Transfer the upper aqueous phase to a new collection tube

(supplied). Add 1.5 volumes of 100% ethanol and mix thor-
oughly by pipetting up and down several times. Do not centri-
fuge. Continue without delay with step 8. A precipitate may
form after addition of ethanol, but this will not affect the
procedure.

. Pipette up to 700 pL of the sample, including any precipitate

that may have formed, into an RNeasy Mini spin column in a
2-mL collection tube (supplied). Close the lid gently and cen-
trifuge at 28,000 x4 (210,000 rpm) for 15 s at room tempera-
ture (15-25°C). Discard the flowthrough. Reuse the collection
tube in step 9.

. Repeat step 8 using the remainder of the sample. Discard the

flowthrough. Reuse the collection tube in step 10.

Add 700 pL Buffer RWT to the RNeasy Mini spin column.
Close the lid gently and centrifuge for 15 s at >8,000x 4
(210,000 rpm) to wash the column. Discard the flowthrough.
Reuse the collection tube in step 11.

Pipette 500 pl. Buffer RPE onto the RNeasy Mini spin col-
umn. Close the lid gently and centrifuge for 15 s at 28,000 x g4
(210,000 rpm) to wash the column. Discard the flowthrough.
Reuse the collection tube in step 12.

Add another 500 pL Buffer RPE to the RNeasy Mini spin col-
umn. Close the lid gently and centrifuge for 2 min at 28,000 x g4
(210,000 rpm) to dry the RNeasy Mini spin column mem-
brane. The long centrifugation dries the spin column mem-
brane, ensuring that no ethanol is carried over during RNA
clution. Residual ethanol may interfere with downstream reactions.
Note: Following centrifugation, remove the RNeasy Mini
spin column from the collection tube carefully so the column
does not contact the flowthrough. Otherwise, carryover of
ethanol will occur.

Optional: Place the RNeasy Mini spin column into a new 2-mL
collection tube (not supplied), and discard the old collection
tube with the flowthrough. Centrifuge in a microcentrifuge at
full speed for 1 min. Perform this step to eliminate any possible
carryover of Buffer RPE or if residual flowthrough remains on
the outside of the RNeasy Mini spin column after step 12.
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3.3. Quantification
and Quality Control

3.3.1. Quantification
and Determination

of Quality of total RNA
Including Small RNAs

14.

15.

Transfer the RNeasy Mini spin column to a new 1.5-mL
collection tube (supplied). Pipette 30-50 uL. RNase-free water
directly onto the RNeasy Mini spin column membrane. Close
the lid gently and centrifuge for 1 min at >8,000xyg4
(210,000 rpm) to elute the RNA.

If the expected RNA vyield is >30 pg, repeat step 14 with a
second volume of 30-50 uLL RNase-free water. Elute into the
same collection tube. To obtain a higher total RNA concentra-
tion, this second elution step may be performed by using the
first eluate (from step 14). The yield will be 15-30% less than
the yield obtained using a second volume of RNase-free water,
but the final concentration will be higher.

. The concentration of RNA should be determined by measur-

ing the absorbance at 260 nm (A260) using a photometer e.g.,
a Nanodrop™ instrument (Thermo Scientific) for yield and
sample quality. The ratio of the readings at 260 nm and 280 nm
(A260,/A280) provides an estimate of the purity of RNA with
respect to contaminants that absorb UV light, such as protein.
Pure RNA has an A260,/A280 ratio of 1.8-2.2 in 10 mM Tris—
HCIL, pH 7.5. As photometric measurements are strongly pH
dependent the use of a buffered system is essential for accurate
measurements. Always calibrate the photometer with the
same dilution buffer—elution buffer ratio and always use the same
elution buffer that was used for the RNA preparation, since
some elution bufters contain small quantities of salts that could
result in high readings at low UV wavelengths.

. The integrity and size distribution of total RNA including

small RNAs can be checked by denaturing agarose gel electro-
phoresis (1% w/v) and ethidium bromide staining. The respec-
tive large ribosomal bands should appear sharp on the stained
gel. 288 ribosomal RNA (5 kb) bands should be present with
an intensity approximately twice that of the 18 S RNA (1.9 kb)
band. Beside this the fraction of small RNA species should be
clearly visible as seen in Fig. 3a. If the large ribosomal bands in
a given lane are not sharp, but appear as a smear of smaller
sized RNAs, it is likely that the RNA sample suffered major
degradation during preparation. Alternatively, capillary elec-
trophoresis instruments such as the Bioanalyzer 2100 (Agilent
Technologies), the Experion (BioRad) or the QIAexcel
(QIAGEN) can be used to analyze the quality of the extracted
RNA. If using the Agilent system in combination with com-
mon Pico or Nano LabChips (Fig. 3b), you have to keep in
mind that high amounts of small RNAs purified with the meth-
ods described above can have a negative impact on RIN values,
since the algorithm behind the RIN calculation assesses these
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Fig. 3. Determination of quality of total RNA including small RNAs. Analysis of RNA eluates
by denaturating agarose gel electrophoresis (a) or by using Agilent Bioanalyzer in combi-
nation with Agilent Nano LabChip designated for analysis of total RNA (b) or Small RNA
LabChip designated for analysis of small RNAs in the range of 6—150 nt (c). The y-axis
represents fluorescence units (FU) and the x-axis runtime in seconds(s). In (a), the enrich-
ment of LMW RNA using the PAXgene Blood miRNA extraction kit in comparison to the
PAXgene Blood RNA extraction kit is clearly visible. In (b) and (c), the total RNA samples
from the same donor prepared by the use of the PAXgene Blood miRNA kit was loaded on
the two different chips. (b) shows the whole RNA spectrum with the small RNAs at 23-28s,
whereas (c¢) shows the small RNA region in detail with distinct peaks for 5S rRNA, 5.8S
rRNA, and different tRNAs.

small RNAs as degradation products. So, the RIN and similarly
of the RQI (RNA Quality Index) of the Experion system are not
the method of choice to quality-control RNA eluates containing
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3.3.2. Quantification
and Determination
of Quality of LMW RNA
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Fig. 4. Determination of quality of LMW RNAs. LMW RNA eluate was analyzed with the
Agilent Small RNA LabChip. The y-axis represents fluorescence units (FU) and the x-axis
nucleic acid length in nucleotides (nt).

small RNAs. For the Agilent instrument, a special chip (small
RNA LabChip) system is offered that allows a more detailed
look at the small RNA species (Fig. 3c).

Compared to total RNA preparation procedures eluates generated
with methods that are designed to enrich the LMW RNA fraction
often contain low RNA concentrations. Therefore results of spec-
trophotometrical measurements can often not be used for quality
control. For small RNA size distribution and quality control, these
samples can be analyzed with the Agilent Bioanalyzer small RNA
LabChip as well. Using this system, LMW RNA samples of good
quality as seen in the electropherogram in Fig. 4 show clearly visi-
ble and distinct peaks for 5 and 5.8S rRNA as well as tRNAs.

4. Note

Please carefully follow all special notes which were already included
during the description of the protocols if necessary and also always
tollow manufactures recommendations.
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