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Preface

The discovery of microRNAs (miRNAs or miRs) heralded a new and an exciting era in 
biology and started a new chapter in human gene regulation. The miRNAs, a class of small 
endogenous noncoding RNAs (~22 nt), fine tune the gene expression at the posttran-
scriptional level through mainly binding 3′-UTR of mRNAs. They are involved in stem 
cell self-renewal, cellular development, differentiation, proliferation, and apoptosis.

Small miRNAs have big impacts in cancer development. Among the many miRNAs, a 
subset of miRNAs were identified as regulators of neoplastic transformation, tumor pro-
gression, invasion, and metastasis as well as tumor-initiating cells (cancer stem cells). The 
widespread deregulation of miRNomes in diverse cancers when compared to normal tis-
sues have been unveiled. The oncomirs (oncogenic miRNAs), TSmiRs (tumor suppressive 
miRNAs), and MetastamiRs (miRNAs associated to cancer metastasis) comprise an impor-
tant part of the cancer genome and confer pivotal diagnostic and prognostic significance. 
Moreover, cancer-associated miRNAs are proving worthwhile for developing effective 
cancer biomarkers for individualized medicine and potential therapeutic targets.

This book provides the latest and foremost miRNAs knowledge of cancer research 
applications from scientists all over the world. It is organized in two parts: the first part 
begins with a general introduction of miRNA biogenesis which is followed by chapters on 
the computational prediction of new microRNAs in cancer, the innovative technologies 
for modulating miRNAs of interests, and an overview of miRNA-based therapeutic 
approaches for cancer treatment. The second part of the book provides experimental and 
computational procedures in miRNA detection with diverse techniques, miRNA library 
construction, epigenetic regulation of miNRAs, microRNA::mRNA regulatory networks 
predicted with computational analysis in cancer cells or tissues, and the principle of design-
ing the miRNA-mimics for miRNA activation. These chapters have been written for prac-
tical use in laboratories for graduate students, postdoctoral fellows, and scientists in cancer 
research. The contributors have shared their most valuable experiences in the translation 
of miRNA knowledge into cancer research.

MicroRNA is a fast growing field, and microRNA knowledge is a pivotal element of cancer 
biology. An individual miRNA interferes with a broad range of mRNAs; conversely, a single 
mRNA could be targeted by a variety of miRNAs. The complexity of miRNA::mRNA interac-
tion is far-reaching and a bit beyond our understanding to date. This book is expected to provide 
the basic principles of experimental and computational methods for microRNA study in cancer 
research and provide a firm grounding for those who wish to develop further applications.

I am especially indebted to Prof. Shu Zheng and Dr. Suzanne D. Conzen for giving 
me the opportunity to gain substantial experience in cancer research. I would like to thank 
Dr. Gunglin Li for his kind support. Without their confidence and continuous support, 
many things would not have been possible. I also thank Prof. John Walker for his encour-
agement. Finally, I am grateful to all of the contributing authors for providing such high 
quality manuscripts. Additional thanks go to Zineb Elkadiri and the Humana Press for 
their excellent assistance.

Wei Wu  
Calgary, AB, Canada
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Chapter 1

MicroRNA Biogenesis and Cancer

Julia Winter and Sven Diederichs 

Abstract

MicroRNAs are short non-coding RNA molecules that are involved in diverse physiological and  
developmental processes by controlling the gene expression of target mRNAs. They play important roles 
in almost all kinds of cancer where they modulate key processes during tumorigenesis such as metastasis, 
apoptosis, proliferation, or angiogenesis. Depending on the mRNA targets they regulate, they can act as 
oncogenes or as tumor suppressor genes. Multiple links between microRNA biogenesis and cancer high-
light its significance for tumor diseases. However, mechanisms of their own regulation on the transcrip-
tional and posttranscriptional level in health and disease are only beginning to emerge. Here, we review 
the microRNA-processing pathway as well as recent insights into posttranscriptional regulation of 
microRNA expression.

Key words: microRNA, miRNA, Biogenesis, Processing, Cancer, Tumor, Posttranscriptional 
regulation

The first microRNA (miRNA) was discovered in 1993 in the 
nematode Caenorhabditis elegans. This noncoding RNA termed 
lin-4 modulates the expression of lin-14, a protein-coding gene 
that is relevant for developmental timing in C. elegans (1–3). The 
authors already proposed a regulatory mechanism through bind-
ing of the miRNA to the 3′ untranslated region (3′-UTR) of the 
target mRNA (1, 3).

Also the next miRNA identified, let-7, was a 22 nucleotide 
(nt) regulatory RNA important in the larval development of  
C. elegans (4, 5). Shortly after its discovery in C. elegans, let-7 had 
been identified in humans, Drosophila melanogaster, and several 
other bilaterian animals, and many other miRNA genes have been 
discovered in a wide range of species (6–10).

1. From an Oddity 
of Nematodes  
to the Human 
MicroRNA World

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_1, © Springer Science+Business Media, LLC 2011
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Mammalian miRNAs are short (20–23 nt), highly conserved 
molecules (11, 12) that seem to have evolved independently of 
plant miRNAs as their sequences and biogenesis pathways differ 
substantially (13, 14).

They are localized throughout the whole genome: in intronic 
or exonic regions of protein-coding or non-coding genes. 
Approximately 50% of all human miRNAs are interconnected in 
genomic clusters and transcribed from a single polycistronic tran-
scription unit (15–17). Many miRNAs have multiple paralogues 
that could be the result of gene duplications. The sequence as 
well as the genomic loci of the pri-miRNA varies while identical 
mature miRNAs are generated and consequently identical mRNAs 
are targeted by these isoforms. To date, more than 700 miRNAs 
are registered for the human species alone and the number is still 
increasing (18).

MiRNAs bind to their targets through imperfect base pairing. 
Perfectly matched sequence complementarity is required only 
between the “seed” region of the miRNA (=nt 2–7 of the mature 
sequence) and the target mRNA (19). Such binding leads to 
either degradation, destabilization, or translational inhibition of 
the mRNA and consequently silences gene expression (20). As 
these binding sites are primarily located in the 3′ UTR of the tar-
get mRNA, some genes avoid miRNA regulation with the help of 
very short 3′ UTRs that are specifically depleted of these sites 
(21). However, miRNA-binding sites can also be located in the 5′ 
UTR or the coding region of a gene (22, 23). As binding between 
miRNA and target mRNA does not require perfect complemen-
tarity, a single miRNA can affect a broad range of mRNAs and 
consequently the whole miRNA family possesses the potential to 
target and regulate thousands of genes (24, 25). The estimation 
that approximately one third of the protein-coding genes are con-
trolled by miRNAs indicates that almost all cellular pathways are 
directly or indirectly influenced by miRNAs.

Because imperfect base pairing between the miRNA and its 
target as well as alternative 3′ UTRs have to be taken into consid-
eration, the identification of miRNA targets is still very challeng-
ing (26–29). Recently, a new in vivo method has been published 
that possesses the potential to substitute the algorithm-based bio-
informatic target search. Argonaute high-throughput sequencing of 
RNAs isolated by crosslinking immunoprecipitation (HITS-CLIP) 

2. Never Change  
a Winning Team: 
miRNAs are Highly 
Conserved 
Molecules

3. Perfect Couples 
Not Required: 
Imperfect 
Complementarity 
Increases the 
Number of 
Potential Targets
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directly identifies protein–RNA interactions in living tissues by 
covalently crosslinking the complexes and subsequently sequencing 
the Ago-bound RNA molecules (30–32).

Aberrant miRNA expression and function is frequently observed 
in many diseases including cancer (33–35). MiRNAs exhibit 
tumor suppressing (e.g., miR-15a/16-1 (36) and let-7 (37, 38)) 
or oncogenic (e.g., miR-17-92 (39)) activities depending on their 
respective target genes (40). As miRNA expression patterns 
strongly correlate with tumor type and stage (41, 42), miRNAs 
can be used as clinical markers for cancer diagnosis and prognosis 
(43, 44). Genome-wide miRNA profiling uncovered a general 
downregulation of miRNAs in cancerous tissues, but next to this 
general trend, individual miRNAs can be upregulated (35). At 
least three different mechanisms have been proposed to be respon-
sible for altered miRNA expression in tumors: localization of 
miRNAs inside or close to cancer-associated genomic regions 
(42, 45, 46), epigenetic regulation of miRNA expression (47–50), 
or abnormalities in miRNA processing (51–53).

In cancer, multiple lines of evidence suggest an important 
role of posttranscriptional regulation of miRNA expression dur-
ing the miRNA-processing pathway (54). First, the global down-
regulation of miRNA expression in tumors points toward 
processing defects in cancer affecting the general expression level 
of mature miRNAs (35). In addition, individual miRNAs exhibit 
defects in processing with normal pre-miRNA levels coinciding 
with reduced mature miRNA levels (35, 42, 52, 55–57) as shown 
for miR-143 and miR-145 in colorectal adenocarcinomas (53) or 
miR-7 in glioblastomas (51). Owing to retained pre-miR-31 in 
the nucleus, mature miR-31 is absent in several cell-lines, for 
example, the breast cancer cell-line MCF-7, despite substantial 
pri- and precursor levels (52).

Hence, in this introductory chapter, we focus on the miRNA 
biogenesis pathway (Fig. 1), regulatory mechanisms therein, and 
their aberrations in cancer. In addition, the miRNA pathway is 
also of greatest importance for future drug developments because 
a functional miRNA machinery is a compulsory prerequisite for 
any RNA interference (RNAi)-based therapy approach. The 
siRNA-based drug only provides the specificity component that 
targets, for example, a driving oncogene in a tumor cell. However, 
the miRNA machinery must be functional to mediate the siRNA-
induced knockdown. Thus, a detailed understanding of the 
mechanisms and players in miRNA biogenesis and function in 
physiological settings as well as malignant diseases is essential for 
the successful development of RNAi-based drugs.

4. A Multi-talented 
Family: miRNAs 
and Cancer: Tumor 
Suppressors and 
Oncogenes from 
One Tribe
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Fig. 1. The canonical miRNA biogenesis pathway. MiRNAs are mainly transcribed by Polymerase II before Drosha 
cleaves off the ss flanking region to generate the pre-miRNA that is exported to the cytoplasm in a Ran-GTP-
dependent manner by Exportin-5. Several miRNAs are cleaved by Ago2, generating the ac-pre-miRNA. Subsequent 
to Dicer cleavage, the miRNA-duplex is unwound and the passenger strand degraded. The guide strand is then 
incorporated into the RISC where gene silencing can be accomplished via mRNA target cleavage, translational 
repression, or mRNA deadenylation.
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The majority of miRNAs is polyadenylated and capped, indicators 
of Polymerase II (Pol II)-mediated transcription (58, 59). In 
addition, an association with Pol III instead of Pol II was reported 
for the promoter of the miR-517-cluster (C19MC) (60). But as 
more recent data proposed a nonprotein-coding Pol II to be 
responsible for the transcription of this cluster (61), evidence is 
not clear whether other polymerases than Pol II are involved in 
miRNA transcription.

MiRNAs are under the control of a wide range of transcription 
factors, including tumorigenic regulators. Both tumor suppres-
sors and oncogenes can influence miRNA expression: While c-Myc 
binds to the miR-17-92-locus and activates the expression of this 
cluster (62), miR-34 is a direct target of p53 (63). However, also 
the methylation status of promoter sequences significantly contrib-
utes to transcriptional miRNA regulation: inhibiting DNA meth-
ylation and histon deacetylases upregulates the expression of several 
miRNAs, especially miR-127 (48, 49). Let-7a-3, a gene that is 
located in CpG islands and heavily methylated in healthy human 
tissue, is hypomethylated in some lung adenocarcinomas (64).

After transcription, pri-miRNAs, which are usually composed of a 
33 base pair (bp) hairpin stem, a terminal loop, and flanking sin-
gle-stranded (ss) DNA regions of several kilobases (kb) length, 
are processed by Drosha (RNASEN). This cleavage step occurs 
11 bp apart from the stem of the hairpin and therefore already 
defines the 5′ end of the mature miRNA (65). Drosha generates 
a 2 nt overhang at its 3′ end, a characteristic feature of RNase III 
endonucleases (66, 67). This can occur co-transcriptionally and 
therefore prior to splicing (68, 69).

Drosha is part of two different complexes: It is either affiliated 
with several RNA-associated proteins including RNA helicases and 
nuclear riboproteins or a component of the so-called microproces-
sor complex that predominantly facilitates pri-miRNA cleavage 
(70). The microprocessor complex is composed of Drosha and its 
directly interacting dsRNA-binding protein (dsRBP) DGCR8 (Di 
George syndrome Critical Region 8, called Pasha in D. melano-
gaster or C. elegans) (70–74) that regulate each other via feedback 
mechanisms. While DGCR8 stabilizes Drosha through an interac-
tion with its C-terminal domain, the endonuclease cleaves two 
hairpin structures in the 5′ UTR and coding region of Dgcr8 
mRNA subsequently resulting in its degradation (75).

5. A Stitch in 
Time… miRNA 
Regulation  
Begins at the 
Transcriptional 
Level

6. The First Cut  
is the Deepest: 
Drosha Generates 
the Pre-miRNA
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Even though Drosha contains a dsRNA-binding domain, 
pri-miRNA association depends on DGCR8. DGCR8 downreg-
ulation leads to accumulating pri-miRNA levels and reduced lev-
els of mature miRNAs in several organisms (70–73).

DGCR8 possesses a second feature: It acts as a molecular 
ruler and determines the Drosha cleavage site that is located 
~11 bp apart from the ssRNA–dsRNA junction (SD junction). 
Therefore, DGCR8 recognizes the SD junction prior to tran-
siently interacting with the pri-miRNA to facilitate binding 
between the processing center and the cleavage site (72). The 
resulting pre-miRNA is now composed of a ~22 nt stem and a 
terminal loop. The structure of the single-stranded flanking 
regions is critical for efficient Drosha cleavage – high second-
ary structures and blunt ends disrupt processing while neither 
the stem loop structure nor the sequence of the miRNA is 
essential (76, 77).

Notable exceptions are the so-called “mirtrons” – pre-
miRNAs that correspond precisely to spliced-out introns and 
therefore circumvent the first parts of the miRNA biogenesis 
pathway (78–80). Even though Drosha-mediated processing 
is dispensable for mirtrons, the biogenesis pathway in the 
cytoplasm is identical to other miRNAs processed from pri-
miRNAs by Drosha.

Exportin-5, a Ran-GTP-dependent dsRNA-binding protein, trans-
ports various tRNAs from the nucleus into the cytoplasm and also 
mediates the export of pre-miRNAs (81–83). The specificity of 
this process depends on structural determinants on the miRNA, 
including the 3′ overhangs and a defined length of the stem. 
Consequently, Exportin-5 does not only export pre-miRNAs but 
is also capable of protecting them against nuclear degradation 
(83, 84). As this process is saturable and thus carrier-mediated, 
shRNA overexpression and efficiency of RNA experiments are 
enhanced by Exportin-5 cotransfection (85).

Prior to Dicer cleavage, the RISC-loading complex (RLC) is 
generated to provide a platform for RISC (RNA-induced 
silencing complex) assembly and cytoplasmic processing. Dicer 
and its dsRBD proteins, TRBP (Tar RNA-binding protein), and 
PACT (protein activator of PKR) associate to a complex that is 

7. Changing  
the Settings: 
Exportin-5 
Mediates Nuclear 
Export into the 
Cytoplasm

8. Getting 
Organized: Dicer, 
TRBP/PACT, and 
Ago2 form the 
RISC-Loading 
Complex
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subsequently replenished by the core component Ago2 
(Argonaute-2). The exported pre-miRNA only accedes after the 
formation of this ternary complex (86–90).

Although neither TRBP nor PACT is required for processing 
activity itself and the in vitro reconstitution of the RLC is accom-
plished by Dicer, TRBP, and Ago2 alone, both dsRBD proteins 
seem to enhance RISC formation because depletion of TRBP or 
PACT reduces the efficiency of posttranscriptional gene silencing 
and both proteins have been shown to participate in the recruit-
ment of Ago2 (88–90).

For some highly complementary miRNAs, Ago2 cleaves the 3′ 
arm in the middle of the hairpin to generate a nicked hairpin that 
is processed as efficiently as noncleaved miRNAs, the ac-pre-
miRNA (91). This additional cleavage step might explain the 
early association of Ago2 with the RLC, even before the pre-
miRNA (86–90). Even though the function and the molecular 
determinants for this cleavage reaction remain to be elucidated in 
detail, a role in strand separation can be proposed as shown for 
siRNAs. Therefore, passenger strand cleavage affects thermody-
namic stability and subsequently facilitates strand separation of 
siRNAs (92–95).

Once the RLC is formed, the endonuclease Dicer cleaves off the 
loop of the pre-miRNA to generate the miRNA duplex (96). As 
Drosha already determined one end of the mature miRNA, Dicer 
cleavage defines the other mature miRNA end with 2 nt protrud-
ing overhangs (97–101).

In contrast to Drosha, Dicer does not require a “molecular 
ruler” protein. Structural determinants of the pre-miRNA hairpin 
are sufficient to predict the cleavage site (72). The Dicer endonu-
clease is composed of a PAZ domain located in the middle region 
of the protein that is connected to two RNase III domains 
(RIIID) via a long positively charged helix (65, 102). The PAZ 
domain binds to the protruding ends while the helix spans the 
stem to direct the catalytic centers to the predicted cleavage sites 
(103–106). The two RNase III domains act as an intramolecular 
dimer in which the two catalytic sites are located closely to each 
other. RIIIDa cleaves the 3′ strand of the duplex, whereas RIIIDb 
cuts the complementary strand generating the characteristic 2 nt 

9. Generating  
an Additional 
Precursor: Ago2 
Cleaves the 
Pre-miRNA

10. The Final Cut: 
Dicer Cleaves off 
the Loop
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overhang (65, 102). The distance between the PAZ domain and 
the catalytic center was calculated as 65 Å which is consistent with 
the length of the cleaved product (65, 102).

Dicer is an evolutionary highly conserved protein that is indis-
pensable in all organisms tested so far (98–100). Its abrogation 
leads to decreased or absent levels of mature miRNAs and even to 
lethality in early developmental stages of mice, accentuating the 
imperative of miRNA biogenesis (107). Even though the human 
genome contains only one Dicer gene, the number varies among 
species. Drosophila melanogaster contains two Dicer homologues 
that associate with different dsRBDs and maintain distinct func-
tions. Dicer-1, associated with Loquacious-1 (Loqs-1), is essential 
for miRNA biogenesis, whereas Dicer-2 together with R2D2 plays 
an important role in siRNA production (108–110).

Following Dicer cleavage, the ternary complex dissociates and the 
miRNA duplex is separated into the functional guide strand and 
the subsequently degraded passenger strand (87).

Little is known about the process of strand separation. Even 
though an association between several helicases (e.g., p68, p72, 
Gemin3/4, Mov10) and RISC formation has been reported, 
a general helicase responsible for duplex unwinding has not 
been identified so far (110–114). As RISC loading is an ATP-
independent process (93), helicases might be dispensable but 
helpful tools for the unwinding of several miRNAs (115). P68 is 
sufficient to separate the let-7-duplex as shown via recombinant 
protein and knockdown experiments but has no effect on siRNA 
unwinding (110–114). As mentioned above, Ago2-cleavage in 
the middle of the passenger strand might also facilitate strand 
separation (91–95).

Both strands of the miRNA duplex possess the potential to be 
either incorporated into the RISC or to be degraded. Consequently, 
one miRNA duplex is able to give rise to two individual mature 
miRNAs with varying targets due to differing seed regions (19). 
In mammals, thermodynamic stability of the two terminal base 
pairs provides the decisive criterion for strand selection. The 
strand with the more stable base pair at the 5′ end is typically 
degraded, whereas the one with the less stable terminal base pair 
is incorporated into the RISC (116, 117).

11. Unwinding the 
Duplex: Separating 
the Passenger and 
Guide Strand

12. Passenger  
or Guide: That  
is the Question
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Owing to the existence of multiple Ago proteins, the guide 
strands are arranged into various RISCs. While sorting in A. thal-
iana depends on the 5′ terminal nucleotide (118), D. melano-
gaster takes the number of bulges and mismatches of the duplex 
as determinants for strand selection (108, 119). Despite distinct 
biogenesis pathways, miRNAs and siRNAs participate in a com-
mon sorting step where siRNA-like duplexes are incorporated 
into an Ago2-RISC by R2D2 while less complementary duplexes 
are incorporated into a RISC composed of Ago1 (108, 119). A 
sorting step in humans has not been identified so far. Even though 
antibody experiments accentuated the increased association 
between miRNAs and Ago2 or Ago3 (120), all four Ago proteins 
are capable of binding miRNAs sequence independently (121).

At least three independent mechanisms of miRNA-mediated 
mRNA silencing have been discovered so far: target cleavage, 
translational inhibition, and mRNA decay (20, 122). Because 
exclusively human Ago2 possesses slicing activity, different RISCs 
might fulfill different gene-silencing strategies (121, 123). In 
situations of perfect complementarity, the Ago2-RISC cleaves the 
mRNA (124). The decision whether RISCs containing the mature 
miRNA in combination with Ago1, Ago3, or Ago4 undergo 
translational inhibition or decay depends on specific features of 
the mRNA rather than the Ago protein or the miRNA, which was 
shown to be able to act via both pathways (125). The number 
and localization of miRNA-binding sites, the RNA context, and 
the structure of the miRNA-mRNA-duplex including number, 
type, and position of mismatches seem to be pivotal (26).

Translational inhibition is achieved via various mechanisms: 
Ago proteins compete with eIF6 or eIF4E to inhibit the associa-
tion of the CAP structure with the elongation factor or the join-
ing of the small and large subunits of the ribosome while 
configuration of the closed loop mRNA is prevented by an ill-
defined mechanism that includes deadenylation (126, 127). 
However, translation-elongation blockage, ribosome drop-off 
promoting premature dissociation of the mRNA, or potentially 
cotranslational protein degradation by so far unknown proteases 
inhibit translation as well (128, 129).

In addition, miRNAs trigger deadenylation and subsequent 
decapping to initiate degradation of the mRNA target (130–133). 
The accumulation of miRNAs and Ago proteins in P-bodies, sites 
of enriched untranslated mRNAs and mRNA turnover enzymes, 
might be a consequence rather than a cause of target mRNA 
silencing (125, 134).

13. Sssshhh… 
Silencing the 
Target Gene
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In general, mature miRNAs might be rather stable. More than 
48 h after the depletion of miRNA-processing factors, mature 
miRNAs are still detected (70, 73, 135) and binding to Ago pro-
teins even extends the life-span of miRNAs (136). Because cer-
tain miRNAs (e.g., miR-29b) are degraded much more rapidly 
than others (136) and degradation occurs at the precursor level as 
well, this might be an additional regulation step of the processing 
pathway. In contrast to C. elegans and A. thaliana, nucleases pro-
moting the degradation of human miRNAs remain to be eluci-
dated (137, 138).

Globally decreased miRNA abundance coinciding with constant 
pre-miRNA levels in various cancerous tissues is partially due to 
aberrant expression of processing components (42, 52). Inhibiting 
the biogenesis pathway via shRNAs against Drosha, DGCR8, or 
Dicer enhances tumorigenesis and transformation properties 
in vivo and in vitro, including colony formation and growth in 
soft agar. Injecting these processing-defective cells into nude mice 
increases the invasiveness of the tumor as well as protein levels of 
the oncogenes k-ras and c-myc (139).

Aberrant expression levels of Drosha and Dicer have been 
reported in a number of cancers (139–143). Dicer activity can also 
be reduced by frameshift mutations in the TRBP-gene, prohibit-
ing TRBP binding to the amino-terminal DExD/H-box-helicase 
domain (144). This interaction generally leads to conformational 
changes and subsequent activation of Dicer (145). In addition, 
Dicer mRNA is controlled by let-7 targeting its 3′ UTR creating a 
negative feedback loop with its product (146).

Increased mature miRNA levels are detected after Ago1–4 
overexpression, most probably due to the stabilizing activity of 
this protein family on miRNAs (91). Three human Ago proteins 
(Ago1, Ago3, and Ago4) are frequently deleted in Wilms tumors 
while Ago1 was reported to be overexpressed in renal tumors that 
lack the Wilms tumor suppressor gene WT1 (147, 148). Generally, 
Ago proteins are controlled by posttranslational modifications: 
Hydroxylation stabilizes and phosphorylation guides Ago2 to 
P-bodies (149–151).

Ectopic Ago2 expression increases gene silencing of siRNA 
duplexes or shRNA constructs that possess perfect complementarity 
to their targets. Depending on the endonuclease activity of Ago2, 
this observation can be used to improve siRNA experiments 
(91, 152).

14. Recycling  
of miRNAs

15. Regulating  
the Regulators: 
Aberrant 
Expression of 
Processing Factors 
in Tumors
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For some time, miRNA biogenesis was thought to be controlled 
mainly at the transcriptional level. As mentioned above, different 
activators or repressors as well as the methylation status of distinct 
promoters are able to fulfill this regulation (48, 49, 64, 153). 
However, not only the observation that each miRNA located in 
the same cluster can be transcribed and regulated independently 
but also the restriction of individual posttranscriptional regula-
tion steps to single miRNAs led to the conclusion that processing 
is neither universal to all miRNAs nor restricted to the regulation 
of processing factors (54).

MiRNA-specific posttranscriptional regulation has been described 
predominantly at the level of the microprocessor complex.

The heterogeneous ribonucleoprotein A1 (hnRNP A1), an 
RNA-binding protein implicated in various pathways of RNA pro-
cessing, exclusively binds the terminal loop of the potential oncogene 
pri-miR-18a but not to any of the other six neighboring miRNAs that 
are located in the miR-17-92-cluster. This association increases 
Drosha processing mediated by structural modifications (154). In the 
light of hnRNPA1’s ability to bind to the terminal loops of let-7a-1 
and miR-101, as well, and the finding that ~14% of all miRNAs con-
tain highly conserved terminal loops and could thus be subject to 
similar regulatory mechanisms, it needs to be determined whether 
this mechanism is restricted to pri-miR-18a (154, 155).

Posttranscriptionally enhanced Drosha processing is also detected 
for miR-21, a miRNA that is upregulated in almost all types of can-
cer, mediating invasion and metastasis (156). In vascular smooth 
muscle cells, TGF-b and BMP signaling recruit SMAD proteins 
together with the helicase p68 to pri-miR-21 resulting in increased 
Drosha cleavage and consequently upregulated levels of mature 
miR-21 (157). P68 has also been shown to facilitate pri- to pre-
miRNA processing of several miRNAs after p53 interaction (158).

Lin-28 can affect let-7 processing at both levels, processing 
by Drosha or Dicer. As this pluripotent RNA-binding protein is 
exclusively highly expressed in undifferentiated and cancer cells, it 
was considered as a potential target for cancer treatment (159). 
Binding to conserved nucleotides in the loop region selectively 
blocks Drosha cleavage (160–162) while the activation of TUT4 
(terminal uridylytransferase 4) induces uridylation of pre-let-7 at 
its 3′ end. This subsequently leads to pre-miRNA degradation 
and inhibition of Dicer cleavage (163–165).

Posttranscriptional regulation also relies on sequence variations in 
the small regulatory RNAs, for example, RNA-editing events or 
single nucleotide polymorphisms (SNPs). Despite the dispens-
ability of specific sequences for Drosha cleavage (45, 84), a G-U 
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to All miRNAs
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SNP in miR-125a blocks processing and consequently reduces 
the levels of mature miR-125a (166).

Adenosine-to-Inosine editing either takes place in the 
nucleus or in the cytoplasm. Enzymes that mediate deamination 
(ADARs) modify miRNA sequences and subsequently influence 
processing by Drosha (167, 168), Dicer (169, 170), or even 
change the targets of the miRNA (171). Editing of pri-miR-142 
prevents Drosha cleavage resulting in subsequent degradation of 
the miRNA by the ribonuclease Tudor-SN (167, 168), whereas 
the editing event in pri-miR-151 inhibits Dicer cleavage (169, 
170). However, this posttranscriptional regulation can also 
increase processing and consequently the number of mature 
miRNAs (169).

In summary, deregulated miRNA processing occurs in tumorous 
cells and might be one reason for aberrant expression patterns 
frequently observed in cancer with a notable global downregula-
tion of mature miRNAs (35, 44). Reduced expression of Dicer 
associates with poor prognosis in lung cancer (142), and the 
knockdown of Drosha, Dgcr8, or Dicer enhances tumorigenesis 
and transformation properties in vivo and in vitro (139). MiRNA 
biogenesis is not universal to all miRNAs but can even be specific 
for a single miRNA that is posttranscriptionally regulated by edit-
ing or miRNA-specific processing factors such as hnRNP A1, 
SMAD proteins, or lin-28 (54, 172). Therefore, unraveling the 
mechanisms underlying miRNA regulation is a central challenge 
in the coming years to gain knowledge of their many roles in 
health and disease. In addition, the miRNA pathway is also of 
great importance to future RNAi-based drug developments 
because these therapy approaches require an efficient and prop-
erly working miRNA machinery. Hence, gaining deeper insights 
in the mechanisms and modulators of miRNA biogenesis and 
function is also essential for the successful development and appli-
cation of RNAi-based drugs.
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Chapter 2

Computational Identification of miRNAs Involved in Cancer

Anastasis Oulas, Nestoras Karathanasis, and Panayiota Poirazi 

Abstract

Changes in the structure and/or the expression of protein-coding genes were thought to be the major 
cause of cancer for many decades. However, the recent discovery of non-coding RNA (ncRNA) transcripts 
suggests that the molecular biology of cancer is far more complex. MicroRNAs (miRNAs) are key players 
of the family of ncRNAs and they have been under extensive investigation because of their involvement in 
carcinogenesis, often taking up roles of tumor suppressors or oncogenes. Owing to the slow nature of 
experimental identification of miRNA genes, computational procedures have been applied as a valuable 
complement to cloning. Numerous computational tools, implemented to recognize the characteristic fea-
tures of miRNA biogenesis, have resulted in the prediction of multiple novel miRNA genes. Computational 
approaches provide valuable clues as to which are the dominant features that characterize these regulatory 
units and furthermore act by narrowing down the search space making experimental verification faster and 
significantly cheaper. Moreover, in combination with large-scale, high-throughput methods, such as deep 
sequencing and tilling arrays, computational methods have aided in the discovery of putative molecular 
signatures of miRNA deregulation in human tumors. This chapter focuses on existing computational 
methods for identifying miRNA genes, provides an overview of the methodology undertaken by these 
tools, and underlies their contribution toward unraveling the role of miRNAs in cancer.

Key words: MicroRNAs, Gene prediction, Software tools comparison, Cancer

Current estimates show that while over 30% of vertebrate genomes 
are transcribed (1), only 1% represents protein-coding genes; the 
rest are believed to be various types of non-coding RNA (ncRNA) 
genes. Currently, only ~700 human microRNA (miRNA) genes 
exist in the miRNA registry,1 and it is anticipated that there may 
be thousands more. The role of these molecules in cancer has 

1. Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_2, © Springer Science+Business Media, LLC 2011

1 miRBase, release 13.0.
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lately received a great deal of the scientific community’s atten-
tion. Specifically, recent findings indicate that alterations in the 
expression of several miRNAs are often present in human cancers, 
suggesting potential roles of miRNAs in carcinogenic processes. 
For example, the expression levels of let-7 (2), miR-15a/miR-16-1 
cluster (3), and neighboring miR-143/miR-145 (4) are found to 
be reduced in some malignancies, suggesting their potential role 
as tumor suppressors. In contrast, some other miRNAs such as 
the miR-17-92 cluster (5–7) and miR-155/BIC (8) are overex-
pressed in various cancers, suggesting a possible oncogenic role. 
Furthermore, some miRNAs with altered expression levels appear 
to be associated with certain genetic alterations, such as deletion, 
amplification, and mutation. Regions that are prone to such 
genetic alterations are commonly referred to as cancer-associated 
genomic regions (CAGRs) and fragile sites (FRA) (9). MiRNA 
genes located within or in close proximity to these regions have 
been suggested to be associated with chromosomal events lead-
ing to carcinogenesis, as graphically illustrated in Fig. 1.

The large amount of unexplored non-coding regions in the 
human genome combined with the increasing importance of 
miRNAs in cancer highlights the need for fast, flexible, and reliable 
miRNA identification methods. Toward this goal, a number of 
different computational methods have been used to identify 

Fig. 1. MiRNAs as cancer players. Computational prediction initiates the search for putative miRNAs that play a role in 
tumorigenesis. Some of these proposed mechanisms are experimentally proven, like the deletion of miR-15a/miR-16a 
cluster in B-CLL (3, 49), the c-myc overexpression by the reposition near a putative miR promoter (9), or miR143/miR-
145 cluster downregulation in colon cancers (4). Figure adopted with permission from Calin et al. (9).
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miRNA genes. Early studies focused on scanning for hairpin 
structures conserved between closely related species such as 
Caenorhabditis elegans and Caenorhabditis briggsae (10, 11), or 
using homology between known miRNAs and other regions in 
aligned genomes like human and mouse (12). Other approaches 
relied on conserved regions of synteny – conserved clustering of 
miRNAs in closely related genomes – to predict novel miRNAs 
(12). Subsequent computational studies utilized profile-based 
detection (13) as well as secondary structure alignment (14) of 
miRNAs using sequence conservation across multiple, highly 
divergent organisms (i.e., mouse and fugu).

The main drawback of the abovementioned tools is that they 
undertake a pipeline approach by applying stringent cut-offs and 
eliminating candidate miRNAs as the pipeline proceeds (10, 11). 
This results in the loss of numerous true miRNAs along the line. 
The use of homology by some tools (12–14) to detect novel miR-
NAs based on their similarity to previously identified miRNAs is 
another drawback. These methods obviously fall short when scan-
ning distantly related sequences or when novel miRNAs lack 
detectable homologs.

The next generation of computational tools relied on more 
sophisticated machine learning algorithms such as support vector 
machine tools (SVMs) capable of taking into account multiple 
biological features such as free energy of the hairpin structure, 
paired bases, loop length, and stem conservation to predict novel 
miRNAs (15–17). Two very effective computational studies uti-
lized hidden Markov models (HMMs) and a Bayesian classifier 
(18, 19) to simultaneously consider sequence and structure fea-
tures at the nucleotide level for predicting miRNA genes. These 
studies, however, did not integrate conservation information in 
their algorithms, an important feature of the majority of miRNA 
genes. More recently, two computational tools miRRim (20) and 
SSCprofiler (21) also employing HMMs proved to be very effec-
tive, achieving high performance on identifying miRNAs in the 
human genome.

With the advent of large-scale, high-throughput methods 
such as tiling arrays or deep sequencing, the identification of 
novel miRNA genes is taking a different turn (22–24). These 
methods are exceptionally useful as they produce large datasets 
that offer a relatively accurate expression map for small RNAs in 
the genome. However, as large-scale expression data are usually 
limited by the specific tissue and developmental stage of their 
samples, only the coupling of such data to computational tools 
(as done in two recent studies (20, 21)) can facilitate rapid and 
precise detection of novel miRNAs while at the same time giving 
greater credence to computational predictions.
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In the following paragraphs, we overview the representative 
examples of miRNA gene prediction tools and highlight their 
most important characteristics. The tools are organized according 
to the biological features they implement.

The initial computational tools for miRNA identification were 
based on sequence conservation with already cloned miRNAs. 
For instance, Quintana et al. (25) predicted 34 novel miRNAs 
using tissue-specific cloning. Almost all of these miRNAs were 
conserved in the human genome and frequently in non-mammalian 
vertebrate genomes such as pufferfish. One interesting observa-
tion was that certain miRNAs showed increased expression in 
heart, liver, or brain when compared with the entire miRNA pop-
ulation known at the time, proposing a role of these miRNAs in 
tissue specification or cell lineage decision.

Early computational methods for miRNA gene prediction relied on 
rules derived from sequence and structural features of miRNA pre-
cursors as well as their degree of conservation across species. The 
use of conservation was usually limited to pairwise comparison of 
closely related species. MiRscan (11) and MiRseeker (10) are two 
representative approaches for this category of tools. The MiRscan 
(11) tool implements a probabilistic method that uses known miR-
NAs as a training set in order to derive new miRNAs based on their 
degree of similarity. Specifically, the tool was developed as follows:

 1. A total of 36,000 conserved sequences between C. elegans 
and C. briggsae (WU-BLAST cut-off E < 1.8) were scanned 
using RNAfold in search for hairpin structures.

 2. Fifty of them, which have previously been reported as real 
miRNAs, were used as the training set in order to derive 
statistical information regarding a set of characteristic features 
(shown in Fig. 2).

 3. Using the trained algorithm, all 36,000 sequences were eval-
uated with respect to their potential as miRNA precursors. 
Identification of new miRNA precursors by MiRscan is 
achieved via the use of a sliding window of 21 nt that is shifted 
across each hairpin candidate searching for the presence of 
specific miRNA features. These features include:

Complementary base pairing;●●

High degree of 5●● ¢ and 3¢ conservation;
Certain degree of bulge symmetry;●●

Specific distance from the loop;●●

Initial pentamer properties.●●

2. Tool Comparison

2.1. Sequence-Based 
Prediction

2.2. Sequence, 
Structure, and Closely 
Related Species 
Conservation
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MiRseeker (10) is another tool belonging to the same category. 
It has been used for predicting miRNA genes in two Drosophila 
species, namely Drosophila melanogaster and Drosophila pseudoob-
scura, via the use of the following three-step pipeline approach:

 1. The two genomes are aligned to find all conserved regions.
 2. MiRseeker, which includes MFOLD, is used to identify 

miRNA genes. A very important feature of MiRseeker 
which enhances its prediction power is the consideration of 
pattern divergence. As per the authors’ report, there is less 
selective pressure and hence less conservation in the loop 
sequences.

 3. The method is evaluated according to its ability to assign high 
scores to 24 known Drosophila miRNAs.

Another approach that has been used to predict novel human 
miRNAs is known as phylogenetic shadowing (26, 27). This 
approach uses multiple sequence comparisons of closely related 
species and allows the identification of conserved regions. 

2.3. Multiple Species 
Conservation and 
Conserved Regions  
of Synteny

Fig. 2. Criteria used by MiRscan to identify miRNA genes among aligned segments of 
two genomes. The typical hairpin-like structure of miRNAs and the seven components 
of the MiRscan score for mir-232 of Caenorhabditis elegans/Caenorhabditis briggsae. 
Figure adopted with permission from Lim et al. (11).
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The method is based on observing conserved islands of a specific 
length, which are considered likely to be miRNA genes, in an 
otherwise unconserved region (26). An example of phylogenetic 
shadowing application to the identification of miRNA genes is 
found in (27), using the following steps:

 1. Sequences from more than 100 miRNA regions in ten differ-
ent primates are compared in order to infer a characteristic 
profile:

Variation in the loop sequences;●●

Conservation in stem of hairpins;●●

Significant decrease in conservation of sequence flanking ●●

the hairpins.

 2. This profile is used to identify new miRNAs in pairwise align-
ments of more divergent species such as human and mouse or 
human and rat.

 3. Additional filtering is performed according to the folding 
energy of candidate sequences.

A total of 976 potential human miRNAs have been identified 
using this method. This set contains over 80% of all known human 
miRNAs in version 3.1 of the miRNA registry (http://microrna.
sanger.ac.uk/sequences/). Northern blot analyses combined 
with database searches reach a conservative estimate of 200–300 
verified novel human miRNAs, a twofold increase over previous 
studies (28). Strong conservation over all species is only evident 
for two well-known miRNA genes.

Another approach is the use of full genome sequence align-
ment (12, 29, 30). The motivation being that human and mouse 
miRNAs should reside in conserved regions of synteny. A repre-
sentative study using full genome alignments is found in (12), 
whereby:

 1. The BLAT comparison tool (31) is used to compare the entire 
set of human and mouse precursor and mature miRNAs in 
the miRNA registry, version 2.2 (http://microrna.sanger.
ac.uk/sequences/).

 2. The results are further filtered using secondary structure pre-
diction tools, like MFOLD and other criteria (such as G:U 
base pairing).

 3. Characteristic features of some miRNAs are used to identify 
miRNA gene clusters and display conservation in the location 
of the clusters in comparison with other neighboring genes.

The findings of this work included the prediction of 80 new 
putative miRNAs genes.

The computational approaches described so far utilize infor-
mation regarding closely related species and homology searches 

http://microrna.sanger.ac.uk/sequences/
http://microrna.sanger.ac.uk/sequences/
http://microrna.sanger.ac.uk/sequences/
http://microrna.sanger.ac.uk/sequences/
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using sequences of already cloned miRNAs. These methods 
proved to be successful, leading to the prediction of multiple new 
miRNA genes. However, as they were bound by species similarity 
they eventually reached a prediction limit. To overcome this 
obstacle, researchers turned their attention to the prediction of 
miRNAs that do not show conservation to other known miRNAs 
and are not highly conserved across closely related species.

miRAlign (14) is one of the first tools that detects new miRNAs 
based on both sequence and structure alignments without imple-
menting conservation features. The main characteristics that dif-
ferentiate this tool from the existing homolog search methods are:

 1. By applying a relatively loose conservation of the mature 
miRNA sequence, it has the ability to find distant homologs.

 2. It considers more structural properties by introducing a struc-
ture alignment strategy that can use each single miRNA as a 
query for genomic searches.

The tool has been shown to perform better in comparison with 
other tools such as BLAST or ERPIN (32), and its main advantage 
is the prediction of more distant miRNA homologs or orthologs.

A Hidden Markov Model (HMM) is a statistical model in which 
the system being modeled is assumed to be a Markov process with 
unobserved state.

 1. A highly specific probabilistic co-learning method was hand-
crafted, based on the paired HMM.

 2. This method combines both sequence and structural character-
istics of miRNA genes in a probabilistic framework and simulta-
neously decides if a miRNA gene and the mature miRNA are 
present by detecting the signals for the site cleaved by Drosha.

 3. miRNA gene candidates are finally filtered using conservation 
across multiple divergent species.

Most recently, two freely available prediction tools (SSCprofiler 
(21) and miRRim (20)) have been shown to predict miRNA 
genes with high accuracy.

 1. SSCprofiler utilizes profile HMM trained to recognize key 
biological features of miRNAs such as sequence, structure, 
and conservation in order to identify novel miRNA precur-
sors as shown in Fig. 3.

 2. SSCprofiler is trained to learn the characteristic features of 
human miRNA precursors with high accuracy, and the trained 
model is applied on CAGRs in search of novel miRNA genes.

2.4. A More General 
Model for miRNA Gene 
Prediction

2.5. The Next 
Generation of Tools

2.5.1. HMM Tools

2.5.1.1. ProMir – Nam 
et al. (18)

2.5.1.2. SSCprofiler Oulas 
et al. (21)
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 3. Predictions are ranked according to expression information 
from a recently published full genome tiling array study (23), 
and the top four scoring candidates have been verified experi-
mentally using Northern blot.

MiRRim is similar to SSCprofiler as it also uses an HMM algo-
rithm that considers structure and conservation features for pre-
dicting novel miRNA genes. However, sequence information is 
not taken into consideration by the algorithm. The main concep-
tual differences between the two tools are provided in Table 1.

A naive Bayes classifier is a simple probabilistic classifier based on 
applying Bayes’ theorem (from Bayesian statistics) with strong 
(naive) independence assumptions. In simple terms, a naive Bayes 
classifier assumes that the presence (or absence) of a particular 
feature of a class is unrelated to the presence (or absence) of any 
other feature. Depending on the precise nature of the probability 
model, naive Bayes classifiers can be trained very efficiently in a 

2.5.1.3. MiRRim – Terai 
et al. (20)

2.5.2. Bayes Classifiers

Fig. 3. The supervised procedure of training hidden Markov models (HMMs) for miRNA precursor identification. Biological 
features of miRNA biogenesis and conservation across other organisms are used as input for training. Initially, secondary 
structure prediction is performed using programs such as RNAfold. Every nucleotide position is henceforth represented 
by an “M” for match and an “L” for loop. This information is aligned integrated with conservation and sequence informa-
tion for every nucleotide position and used to train the HMM. Once trained, the HMM can be utilized to analyze sequences 
of desired length and assign a likelihood score. The higher the score, the greater the chances of a candidate sequence 
being a true miRNA precursor. Figure adopted with permission from Oulas et al. (21).
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Table 1 
Comparison of SSCprofiler and miRRim tools

SSCprofiler miRRim

Biological features of 
miRNAs

Sequence, structure, and 
conservation

Structure and conservation

Negative data Selected from 3¢-UTRs, and 
filtered according to conserva-
tion and a minimum energy 
score to ensure that they 
resemble true miRNAs in both 
structure and conservation

Randomly selected 200 nt-long 
genomic regions with different 
degrees of conservation. No 
requirements for resemblance with 
true miRNAs

Sensitivity/specificity 
(validation set)

HMM score: 3 
Sens: 88.95%

 Spec: 84.16%

 
Sens: ~70% 
Spec: ~90%

Generalization (blind 
test set)

Identification of 219 previously 
unseen miRNAs with an 
accuracy of 72.15%

No evaluation of performance on  
a blind test set

Scanning procedure 104 nt sliding window, shifted 
1 nt at a time for positive as 
well as negative data

Size of sliding window and shift step 
unclear. Positive data ranged 
between 160 and 236 nt, negative 
data were 200 nt, implying a larger 
window and thus a smaller  
search space

Total number of hits For a coverage of 96.0% (HMM 
threshold 11), ~5,800  
miRNA hits for 350 MB 
(CAGRs) of the human 
genome

For a coverage of 91.0%, ~4,000 
miRNA hits for the whole human 
genome

Expression information 
using high-through-
put methods

Tiling array data from HeLa  
and HepG2 cells

No expression information is 
provided

Experimental 
verification

Successful verification of four top 
scoring miRNA candidates via 
Northern blot

No experimental verification is 
provided

supervised learning setting. An advantage of the naive Bayes clas-
sifier is that it requires a small amount of training data to estimate 
the parameters (means and variances of the variables) necessary 
for classification.

 1. This method generates the model automatically and identifies 
rules based on the miRNA gene sequence and structure; thus 
allowing the prediction of nonconserved miRNAs.

 2. In addition, the method uses a comparative analysis over mul-
tiple species to reduce the false positive (FP) rate.

2.5.2.1. NaiveBayes – 
Yousef et al. (19)
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 1. The miRDeep algorithm uses a probabilistic model of miRNA 
biogenesis to score compatibility of the position and fre-
quency of sequenced RNA (Solexa sequencing as well as 454 
deep sequencing) with the secondary structure of the miRNA 
precursor.

 2. The authors demonstrate the accuracy and robustness of the 
tool using published C. elegans data and data generated by 
deep sequencing human and dog RNAs.

 3. miRDeep reports altogether ~230 previously unannotated 
miRNAs, of which 4 novel C. elegans miRNAs have been vali-
dated by Northern blot analysis.

SVMs are a set of related supervised learning methods used for 
classification and regression. Viewing input data as two sets of 
vectors in an n-dimensional space, an SVM will construct a sepa-
rating hyperplane in that space, one which maximizes the margin 
between the two data sets.

Multiple studies have utilized SVMs to predict novel miRNA 
genes, some of which are listed below:

 1. Xue et al. (17) proposed a set of novel features of local con-
tiguous structure–sequence information for distinguishing 
the hairpins of real pre-miRNAs and 1,000 pseudo pre-miRNAs. 
Remarkably, the SVM classifier built on human data can also 
correctly identify up to 90% of the pre-miRNAs from other 
species, including plants and virus, without utilizing any com-
parative genomics information.

 2. Sewer et al. (34) focused on genomic regions around already 
known miRNAs in order to incorporate the observation that 
miRNAs are occasionally found in clusters. Starting with the 
known human, mouse, and rat miRNAs, the authors scanned 
20 kb of flanking genomic regions for the presence of puta-
tive precursor miRNAs. Each genome was analyzed sepa-
rately, allowing the evaluation of the species-specific identity 
and genome organization of miRNA loci. Only cross-species 
comparisons were used to make conservative estimates of the 
number of novel miRNAs. This ab initio method predicted 
between 50 and 100 novel pre-miRNAs for each of the con-
sidered species. Around 30% of these miRNAs have already 
been experimentally verified in a large set of cloned mamma-
lian small RNAs (24).

In addition to miRNA gene prediction tools, a number of methods 
have been developed to complement such tools and help to maxi-
mize their prediction accuracy.

RNAmicro is designed specifically to work as a “sub-screen” 
for large-scale ncRNA surveys with RNAz. RNAz is an SVM-based 

2.5.3. Other Probabilistic 
Tools

2.5.3.1. miRDeep – Marc R 
Friedländer et al. (22)

2.5.3.2. SVM Tools –  
(15–17, 33, 34)

2.6. Methods Designed 
to Complement Other 
Tools

2.6.1. RNAmicro (16)
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classification tool which combines comparative sequence analysis 
and structure prediction (35). RNAmicro tries to provide an 
annotation of the RNAz survey data, in order to provide a 
more balanced trade-off between sensitivity and specificity. 
Thus, the goal of RNAmicro is a bit different from that of spe-
cific surveys for miRNAs in genomic sequences; in the latter 
case, one is interested in very high specificity so that the candi-
dates selected for experimental verification contain as few FPs 
as possible.

RNAmicro is an SVM-based method which, in order to clas-
sify the miRNA precursors, evaluates the information contained 
in multiple sequence alignment.

RNAmicro consists of the following components:

 1. A pre-processor that performs the following three actions:

  a.  Identifies conserved hairpin-structure regions in a multiple 
sequence alignment. Extracted windows of length L are 
used in one-nucleotide steps from the input alignment.

  b.  RNAalifold algorithm (Vienna RNA Package) is used to 
compute consensus sequence and structure (36).

  c.  The consensus secondary structure which is obtained in 
“dot-parenthesis” notation is further analyzed.

 2. A module that computes a vector of numerical descriptors 
from each hairpin structure.

 3. A SVM that classifies the candidate based on its vector of 
descriptors.

Another study describes a SVM classifier that can separate 
between true and false Drosha processing sites. The biological 
relevance of this tool is based on the assumption that mature 
miRNAs are processed from long hairpin transcripts by Drosha, 
and that this processing defines the mature product and is char-
acteristic for all miRNA genes. This classifier can predict the 
exact location of 5¢ microprocessor processing sites in human 
5¢-miRNAs with 50% accuracy. It is also important to mention 
that if the predicted site is wrong then the actual site is within 
two nucleotides of the predicted site, in about 90% of the cases. 
Even though Microprocessor SVM is not effective as a stand-
alone tool, it can be useful as:

 1. A post-processor for existing tools that only predict whether 
hairpins are likely miRNAs.

 2. A complementary miRNA gene classifier that performs better 
than currently available methods for predicting unconserved 
miRNAs. As a consequence, other prediction tools can be 
improved upon post-processing using this method.

2.6.2. Microprocessor  
SVM (15)
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In order to stress the importance of miRNA gene prediction tools 
in identifying miRNA genes implicated with various types of can-
cers, it is necessary to provide representative examples.

 1. These include miRNAs predicted by sequence homology to 
already cloned miRNAs, such as miR-143 (25) involved in 
colorectal cancer (4), miR-125b (lin-4) and miR-145 which 
are implicated in breast cancer (37), miR-106a which is 
believed to play a regulatory role in colon, pancreas, and 
prostate cancer (38), and miR-155 which is associated with 
HL, BCL, pediatric BL, breast, and lung cancer as well as 
poor survival (8, 39–42).

 2. Another large study utilized conservation with mouse and 
Fugu rubripes sequences and the score given by the program 
MiRscan (28) in order to predict novel miRNAs associated 
with cancer. These included mir221/222 which are involved 
in Papillary thyroid carcinoma (43) and glioblastomas (44), 
hsa-mir-192 which is shown to have reduced expression in 
colorectal neoplasia (4), hsa-mir-196a-1 which was cloned 
from human osteoblast sarcoma cells (45), and hsa-mir-210 
which is implicated in Kaposi’s sarcoma-associated herpes 
virus infections (46). The majority of these miRNA genes 
were identified computationally and their implication in can-
cer confirmed by experimental methods.

 3. In a recent large-scale bioinformatics study, Calin et al. (9) 
made use of the miRNA registry as well as bibliography for 
CAGRs, to show that over 80 known miRNAs reside within 
CAGR and fragile sites. This was one of the first large-scale 
computational studies to indicate a direct connection between 
genomic location of miRNAs and regions prone to genetic 
alteration in cancer. This study has provided the raw material 
for undergoing experiments aiming to verify these 
connections.

 4. Recently, a sophisticated computational tool (SSCprofiler 
(21)) scanned over 70 CAGRs and resulted in the prediction 
of four novel candidate miRNAs, all of which were verified by 
tilling array data as well as Northern blot analysis.

This section underlies the capabilities and limitations of the 
numerous available computational methods for miRNA gene 
prediction.

3. Examples of 
Computationally 
Predicted miRNAs 
Involved in Cancer

4. Tool Criteria  
for Success
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 1. The general rule is that, the more biological information inte-
grated in the computational tool the more successful it will 
be.

 2. As indicated in Table 2, early tools making use of sequence 
and the closely related species conservation alone did not 
achieve very high prediction accuracy.

 3. Subsequent methodologies taking into account additional 
biological information, such as structure and multiple species 
conservation for filtering their predictions, showed significant 
improvements.

 4. Another important criterion for success is the simultaneous 
consideration of biological information. Considering all fea-
tures at once, preferably at the nucleotide level, is more infor-
mative and more efficient than undertaking a pipeline 
approach, which utilizes the different features sequentially to 
predict novel miRNAs.

 5. Sophisticated machine learning algorithms process all the 
biological features in parallel in order to build predictive 
models. This is a significant improvement to linear approaches 
adopted by initial brute-force methods (see Table 2).

 6. Successful training of learning algorithms requires caution 
when selecting positive and negative training examples. 
Online databases may contain false-positives, and the defini-
tion of a negative miRNA is still uncertain.

 7. The use of 3¢ UTR regions to draw negative miRNA genes 
has been the norm in most studies mostly because there was 
no documented miRNA gene within these regions. However, 
recently a small percentage of miRNA genes have been shown 
to exist within 3¢ UTRs.

 8. Evaluating the performance of prediction tools by measuring 
sensitivity as well as specificity. However, these measures are 
greatly affected by the quality as well as the number of nega-
tive and positive samples (19). Hence, the prediction accu-
racy of one tool may change if the dataset from another study 
is used and vice versa. In general, computational miRNA gene 
prediction lacks a benchmark dataset.

 9. There is still ample space for improvement in the field of com-
putational prediction of miRNA genes, besides the great 
advances in the last years.

 10. As more biological information regarding miRNA biogenesis 
and regulation is made available, computational tools incor-
porating this information will become much more effective.

 11. Perhaps novel biological information will shed some light 
into one of the bottlenecks of in silico prediction of miRNAs, 
namely the identification of the mature miRNA sequence on 
the miRNA precursor.
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 12. It is also important to mention that miRNA gene prediction 
is currently addressed as a 2D problem. Secondary structure 
prediction algorithms only follow 2D rules and do not por-
tray a complete tertiary picture. Tools capable of predicting 
tertiary structure of miRNAs (such as pseudoknots (47)) will 
transform a 2D problem into a 3D one, reflecting the condi-
tions found in the cell more accurately.

 13. As a final note, it is important to stress that the development 
of computational tools is tightly linked to biological research. 
The successful evolution of these tools demands that devel-
opers keep up with novel biological findings that may change 
the way information should be used. A characteristic example 
of this is the use of Drosha processing sites in the Micro-
processor (15) study mentioned above. It was recently shown 
that intronic microRNA precursors may bypass Drosha pro-
cessing (48).
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Chapter 3

The Principles of MiRNA-Masking Antisense 
Oligonucleotides Technology

Zhiguo Wang 

Abstract

MiRNA-masking antisense oligonucleotides technology (miR-mask) is an anti-microRNA antisense 
oligodeoxyribonucleotide (AMO) approach of a different sort. A standard miR-mask is single-stranded 
2¢-O-methyl-modified oligoribonucleotide (or other chemically modified) that is a 22-nt antisense to a 
protein-coding mRNA as a target for an endogenous miRNA of interest. Instead of binding to the target 
miRNA like an AMO, an miR-mask does not directly interact with its target miRNA but binds to the 
binding site of that miRNA in the 3¢ UTR of the target mRNA by fully complementary mechanism. In 
this way, the miR-mask covers up the access of its target miRNA to the binding site so as to derepress its 
target gene (mRNA) via blocking the action of its target miRNA. The anti-miRNA action of an miR-
mask is gene-specific because it is designed to be fully complementary to the target mRNA sequence of 
an miRNA. The anti-miRNA action of an miR-mask is miRNA-specific as well because it is designed to 
target the binding site of that particular miRNA. The miR-mask approach is a valuable supplement to the 
AMO technique; while AMO is indispensable for studying the overall function of an miRNA, the miR-
mask might be more appropriate for studying the specific outcome of regulation of the target gene by the 
miRNA. This technology was first established by my research group in 2007 (Xiao et al., J Cell Physiol 
212:285–292; Wang et al., J Mol Med 86:772–783, 2008) and a similar approach with the same concept 
was subsequently reported by Schier’s laboratory (Choi et al., Science 318:271–274, 2007).

Key words: MiRNAs, Gene expression, MiRNA-masking antisense oligonucleotides, Anti-miRNA 
antisense

Each single miRNA may regulate as many as 1,000 protein-coding 
genes and each gene may be regulated by multiple miRNAs 
(1, 2). This implies that the binding action of miRNAs is sequence-
specific but not gene-specific; any genes carrying the binding motifs 
for a particular miRNA may be the targets for this miRNA. Similarly, 
the action of anti-miRNA antisense (AMO) (3–7) is not gene-specific 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_3, © Springer Science+Business Media, LLC 2011
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either, but miRNA-specific. These properties of miRNAs and 
AMOs may present the obstacles in miRNA research and develop-
ment as therapeutic agents since they may elicit unwanted side 
effects and toxicity through their nongene-specific functional 
profiles. For example, knockdown of miR-21 in cultured glioblas-
toma cells resulted in a significant drop in cell number. This reduction 
was accompanied by increases in caspase-3 and -7 enzymatic 
activities and TUNEL staining (8, 9). Similarly, in MCF-7 human 
breast cancer cells, miR-21 also elicits antiapoptotic effects (10, 
11). In HeLa cells, however, miR-21 does the opposite; the inhi-
bition of miR-21 increased the number of surviving cells (12). 
Moreover, the inhibition of miR-21 in A549 human lung cancer 
cells fails to alter cell death or growth (12). Evidently, a single 
miRNA can have three different actions – antiapoptotic, proapop-
totic, or neutral in different cell types. Ji et al. (13) found that 
miR-21 inhibition upregulates and miR-21 overexpression down-
regulates the expression of PTEN protein in vascular smooth mus-
cle cells (VSMCs). They further revealed that the effects of miR-21 
on its downstream Akt that mediates survival signal in a cell, with 
miR-21 inhibition downregulating and overexpression upregulating 
Akt protein level, are consistent with the expression changes of 
PTEN. In contrast to PTEN, miR-21 knockdown decreases and 
overexpression increases the expression of antiapoptotic Bcl-2 protein. 
The authors suggested that Bcl-2 might be an indirect target of 
miR-21 in VSMCs by suppressing expression of a gene that nega-
tively regulates Bcl-2 expression or that miR-21 might be able to 
directly affect Bcl-2 expression via binding to the sequence outside 
the 3¢ UTR (13). Similar upregulation of Bcl-2 by miR-21 was also 
observed in MCF-7 breast cancer cells (10). Regulation of PTEN/
Akt and Bcl-2 by miR-21 is in agreement with its cytoprotective 
ability against apoptosis. Two most recent studies revealed that the 
tumor suppressor protein programmed cell death 4 (PDCD4) is a 
functionally important target for miR-21 in breast cancer cells (14) 
and in colorectal cancer cells (15). Based on these targeting mecha-
nisms, miR-21 is expected to affect tumorigenesis. Taking the 
concept of “miRNA as a regulator of a cellular function”, one can just 
focus on what miR-21 does on cancer progression. However, if one 
wants to understand the mechanisms using miR-21 loss-of-function 
strategy, the AMO technology will fall short due to their lack of 
gene specificity. By knocking down miR-21, one will potentially 
alter the expression of all miR-21 target genes mentioned above 
and it would be hard to predict whether miR-21’s action would be 
antiapoptotic, proapoptotic, or neutral.

To emasculate the problem, we have developed the miRNA-
masking antisense oligonucleotides technology (miR-mask) that 
provides a gene-specific strategy of miRNA loss-of-function for 
studying miRNA function and mechanisms. Using the miR-mask 
approach, one is now able to dissect the role of each of the target 
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genes of an miRNA, say the survival and apoptotic genes for miR-21. 
For instance, one can use an miR-mask on PTEN specifically to 
explore the role of miR-21 regulation of cell death. Soon after 
our publication of this technology, Choi et al. (16) also published 
a study using essentially the same strategy and named the tech-
nology “target protector”. For convenience and clarity, I suggest 
using miR-mask as a unified name.

The miR-mask technology is an alternative to the AMO 
approach. But unlike AMO, which acts in a nongene-specific man-
ner, the miR-mask finds its particular value in targeting miRNA in a 
gene-specific fashion. It is particularly useful when inhibiting miRNA 
action on a specific protein-coding gene without affecting the level 
of this miRNA and its silencing effects on other genes are required.

We have validated the miR-mask technology by testing its 
application to the cardiac pacemaker channel-encoding genes 
HCN2 and HCN4 (17). We created miR-masks that are able to 
bind to HCN2 and HCN4 and prevent the repressive actions of 
miR-1 and miR-133. These miR-masks resulted in enhanced 
protein expression of the pacemaker channels and increased pace-
maker activities revealed by whole-cell patch-clamp recordings. 
Functionally, the miR-masks for HCN channels cause acceleration 
of heart rate in rats, simulating “biological pacemakers” (17).

This technology has also been validated by a recent study in 
which the authors investigated the role of zebrafish miR-430 in 
regulating expression of TGF-b nodal agonist squint and antago-
nist lefty, the key regulators of mesendoderm induction and left–
right axis formation (16). They designed miR-masks, which they 
called target protector morpholinos, complementary to miRNA 
binding sites in target mRNAs in order to disrupt the interaction of 
specific miRNA–mRNA pairs. Protection of squint or lefty mRNAs 
from miR-430 resulted in enhanced or reduced nodal signaling.

The miR-mask strategy was developed to interfere with function 
of the endogenous miRNAs in a gene-specific and miRNA-specific 
manner. The idea behind that is to use an miR-mask to regulate 
the protein expression of the target gene (mRNA) by interfering 
with the action of a particular miRNA on this gene. Two prereq-
uisites must be fulfilled: (1) the presence of a recognition motif 
for an miRNA within the 3′ UTR of the target gene and (2) the 
presence of a fragment with unique sequences containing the 
miRNA-binding motif which is sufficiently long (~22 nts) for 
miR-mask binding. The first prerequisite ensures the miRNA 
specificity of miR-mask action and the second the gene specificity 
of miR-mask action.

2. The Advantage 
of the miR-Mask 
Technology
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An miRNA-mask is designed to fully base pair with the binding 
motif of an endogenous miRNA in the 3¢ UTR of the target 
mRNA. Upon delivery into the cell, the miR-mask is expected to 
bind itself to the region so as to block the access of that endoge-
nous miRNA to the site of action. In this way, the miR-mask 
disrupts miRNA:mRNA interaction to relieve the repressive 
action of the miRNA on the target gene to promote the protein 
expression of that gene.

The miR-mask approach differs from the AMO approach in 
several aspects, despite that they both can result in enhancement 
of gene expression by removing the repressive effects of a particu-
lar miRNA on protein translation of the target mRNA.

 1. An AMO is designed to entirely base pair with the sequence 
of the target miRNA, whereas an miR-mask is designed based 
on the sequence of the target site for an miRNA in the 3¢ 
UTR of the target mRNA. In other words, miR-mask acts 
like a protector of the gene from being inhibited by miRNA.

 2. An AMO interacts with (binds to) its target miRNA and may 
well cause degradation of that miRNA such that all functions 
of that miRNA are deemed to be eliminated, whereas an miR-
mask interacts with (binds to) its target mRNA and does not 
induce miRNA degradation such that the function of that 
miRNA on other genes is intact. In this sense, an miR-mask 
is not only a target protector but also an miRNA protector.

 3. The action of an AMO is miRNA-specific but not gene-specific 
and it may well induce enhancement of expression of multiple 
genes regulated by the same target miRNA, whereas an miR-
mask is expected to be gene-specific because it is fully com-
plementary to the target mRNA sequence and is 
miRNA-specific as well because it is designed to target the 
binding site of that miRNA. Hence, an miR-mask is expected 
to derepress only the target gene.

 4. An AMO acts to disrupt miRNA:mRNA interaction by creat-
ing an AMO:miRNA interaction, whereas an miR-mask dis-
rupts miRNA:mRNA interaction by creating an ASO:mRNA 
interaction (ASO: anti-mRNA antisense oligomer).

The miR-mask approach also differs from the conventional anti-
sense technique in the following two aspects, despite that they 
both are entirely complementary to the target sequences.

 1. A conventional antisense oligodeoxynucleotide (ASO) in 
theory can be designed to target any part of the protein-coding 
region of a gene (though the sequences from the translation 
start codon are frequently used), whereas an miR-mask is 
limited to the target site of an miRNA in the 3¢ UTR of a 
protein-coding gene.
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 2. The efficacy of an miR-mask on gene expression depends on 
the basal activity of the endogenous miRNA on the target 
mRNA, while that of a conventional ASO depends on the 
interaction between the ASO and the target gene.

 3. A conventional antisense ODN binds to its target site in the 
coding region of a gene and hinders the protein translation 
process. Conversely, an miR-mask binds to the 3¢ UTR and 
masks the target site of an miRNA so as to block the action of 
the endogenous miRNA and enhance protein translation. 
Thus, the two techniques produce exactly opposite outcomes: 
one inhibits but the other enhances gene expression.

A comparison of the miR-mask, the AMO, and the conventional 
antisense ODN techniques is summarized in Fig. 1.

 1. Analyze sequences to identify the binding site(s) for an 
endogenous miRNA of interest, in the 3′ UTR of the target 
mRNA. For example, we have shown that the muscle-specific 

3. Designing  
and Validating 
miR-Masks
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Fig. 1. Schematic presentation of actions of miRNA-masking antisense oligonucleotide (miR-mask) compared with the 
conventional antisense oligodeoxynucleotide (ASO) and anti-miRNA antisense inhibitor oligonucleotide (AMO) technolo-
gies. Synthetic nucleic acids are introduced into the cells. ASO binds to the coding region of the target mRNA and hinders 
the translation process; AMOs bind to the target miRNA, resulting in miRNA cleavage; miR-masks bind to the binding site 
of miRNAs in 3¢ UTR of the target mRNA and prevent miRNAs from binding to the target mRNA, leading to a relief of 
translational repression without affecting miRNAs.
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miRNA miR-133 represses the protein expression of HERG 
K+ channel gene KCNH2, contributing to the increased 
risk of pathologic long QT syndrome in diabetic cardiomyo-
pathy (17). We did a study to see if we could relieve the 
repression to reduce the arrhythmogenic potential in diabetic 
hearts. For this end, the first step is to analyze the 3′ UTR of 
KCNH2 around the region containing the binding sequence 
for miR-133.

 2. Design an oligonucleotide fragment of around 22 nts or 
longer fully antisense to the region covering the binding 
sequence of the miRNA of interest.

 3. Blast search to verify the uniqueness of the fragment to ensure 
gene specificity. Once confirmed, the fragment is considered 
an miR-mask.

 4. Chemically synthesize the miR-mask using services provided by 
commercial companies such as IDT Technologies or Ambion. 
Remember to chemically modify the oligonucleotide.

 5. Transfect the miR-mask into cells to study the enhancing 
effects on protein expression of the target gene. In the case of 
an miR-mask for KCNH2 and miR-133, we expect to see an 
increase in the HERG protein level.

Like miR-Mimics (see Chapter 15), the functional activities of 
miR-masks must be verified with several approaches including 
luciferase reporter gene assay, western blot analysis, qRT–PCR 
quantification, and functional assays.

The miR-mask approach is a valuable supplement to the AMO 
technique; while AMO is indispensable for studying the overall 
function of an miRNA, the miR-mask might be more appropriate 
for studying the specific outcome of regulation of the target 
gene by the miRNA. (1) The major advantage of this technology 
is that it offers a gene-specific miRNA-interfering strategy, 
which in many situations is highly desirable. (2) This expression-
enhancing action of miR-mask is unique and could have many 
applications. (3) The characteristic dual specificities (miRNA 
specificity and gene specificity) of miR-mask may be particularly 
useful for the miRNA:mRNA interactions consequent to poly-
morphisms in the protein-coding genes that create new binding 
sites for miRNAs.

4.  Summary
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Chapter 4

The Concept of Multiple-Target Anti-miRNA Antisense 
Oligonucleotide Technology

Zhiguo Wang 

Abstract

The multiple-target AMO technology or MT-AMO technology is an innovative strategy, which confers on 
a single AMO fragment the capability of targeting multiple miRNAs. This modified AMO is single-stranded 
2¢-O-methyl-modified oligoribonucleotides carrying multiple AMO units, which are engineered into a 
single unit and are able to simultaneously silence multiple-target miRNAs or multiple miRNA seed families. 
Studies suggest that the MT-AMO is an improved approach for miRNA target finding and miRNA function 
validation; it not only enhances the effectiveness of targeting miRNAs but also confers diversity of actions. 
It has been successfully used to identify target genes and cellular function of several oncogenic miRNAs and 
of the muscle-specific miRNAs (Lu et al., Nucleic Acids Res 37:e24–e33, 2009). This novel strategy may 
find its broad application as a useful tool in miRNA research for exploring biological processes involving 
multiple miRNAs and multiple genes, and the potential as an miRNA therapy for human disease such as 
cancer and cardiac disorders. This technology was developed by my research laboratory in collaboration 
with Yang’s group (Lu et al., Nucleic Acids Res 37:e24–e33, 2009), and it is similar but distinct from 
the miRNA Sponge technology developed by Sharp’s laboratory in 2007 (Ebert et al., Nat Methods 
4:721–726, 2007) and modified by Gentner et al. (Nat Methods 6:63–66, 2009).

Key words: miRNAs, Multiple-target AMO technology, AMO, One-drug, multiple-targets

One of the indispensable approaches in miRNA research as 
well as in miRNA therapy is to inhibit miRNAs to achieve 
miRNA-loss-of-function outcomes. The base pair interaction 
between miRNAs and mRNAs is essential for the function of 
miRNAs; therefore, the most logical approach of silencing 
miRNAs is to use a nucleic acid that is antisense to the miRNA 
(1–5). These anti-miRNA oligonucleotides (AMOs) specifically 
and stoichiometrically bind, and efficiently and irreversibly silence, 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_4, © Springer Science+Business Media, LLC 2011
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their target miRNAs. The AMO approach has been used in 
numerous studies to identify many cellular functions of miRNAs 
and has been considered a plausible strategy for miRNA therapy 
of human disease (1–5).

However, it has become clear that a particular condition may 
be associated with multiple miRNAs, and a given gene may be 
regulated by multiple miRNAs. For example, a study directed to 
the human heart identified 67 significantly upregulated miRNAs 
and 43 significantly downregulated miRNAs in failing left ventricles 
vs. normal hearts (6). No less than five different miRNAs have 
been shown to critically involve in cardiac hypertrophy (7–11). 
Similarly, Volinia et al. conducted a large-scale miRNA analysis on 
540 solid tumor samples, including lung, breast, stomach, prostate, 
colon, and pancreatic tumors (12). Their survey revealed 15 miRNAs 
upregulated and 12 downregulated in human breast cancer tissues. 
Similar changes of multiple miRNAs were also found in other five 
solid tumor types. Many of these miRNAs have been reported to 
regulate cell proliferation or apoptosis, and some of them have 
been considered oncogenic miRNAs or tumor-suppressor miRNAs. 
These observations have led many in the field to speculate that mul-
tiple miRNAs work in a combinatorial fashion and act in concert 
to target a single transcript (13). Moreover, many miRNAs are 
members of families that share a seed sequence, but may have one 
or more nucleotide changes in the remaining sequence. These 
related miRNAs are expected to regulate similar target mRNAs, 
and if coexpressed in a tissue it may be necessary to inhibit all of 
them at once to observe phenotypic effects.

These properties of miRNA regulation may well create some 
uncertainties of outcomes by applying the AMO technology to 
silence miRNAs, since knocking down a single miRNA may not 
be sufficient, and certainly not optimal, to achieve the expected 
interference of cellular process and gene expression, which are 
regulated by multiple miRNAs. These facts also prompted us to 
raise several pertinent questions. Whether targeting a single 
miRNA is adequate for tackling a pertinent pathological condition? 
Whether simultaneously targeting multiple miRNAs relevant 
to a particular condition offers an improved approach than tar-
geting a single miRNA using the regular AMO techniques? How 
can we concomitantly silence multiple miRNAs to achieve an 
interference of a cellular function?

Tools that allow multi-miRNA knockdown will be essential 
for the identification and validation of miRNA targets. For such 
applications, cotransfection of multiple AMOs targeting various 
isoforms is possible (14). In this respect, genetic approaches 
are superior for studying individual miRNA family members, 
whereas miRNA sponges (15) or multiple AMOs are appropri-
ate for studying miRNA families whose members only contain a 
common seed sequence; single AMO studies may simplify the 
study of nearly identical miRNA paralogs. Combinations of 
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AMOs targeting unrelated miRNAs have also been used to 
disrupt more than one miRNA in the same transfected cells, obvi-
ating the need to make and combine multiple genetic knockouts. 
Because combinatorial control of targets by miRNAs may be 
common (16), this approach may prove particularly important 
for uncovering networks of miRNAs that act together. Vermeulen 
et al. (17) showed that cotransfection of a six AMO mixture can 
effectively derepress reporters for each individual miRNA. 
Functional studies also suggest that cotransfection of AMOs is 
effective. For instance, Pedersen et al. (18) tested that the efficacy 
of five interferon-b-induced miRNAs with seed matches to 
Hepatitis C genes in antiviral activity; indeed, simultaneous 
cotransfection of all five AMOs, but not controls, significantly 
enhanced the Hepatitis C RNA production.

Coapplication of multiple AMOs, while effective in some 
cases, may be problematic in that control of equal transfection 
efficiency is difficult if not impossible. To tackle the problem, an 
innovative strategy, the multiple-target AMO technology or 
MT-AMO technology, which confers a single AMO fragment the 
capability of targeting multiple miRNAs has been developed in 
my laboratory (19), which follows our original “single-agent, 
multiple-targets” theory (20). This modified AMO carries mul-
tiple antisense units, which are engineered into a single unit that 
is able to simultaneously silence multiple-target miRNAs. Studies 
suggest the MT-AMO is an improved approach for miRNA target 
gene finding and for studying functions of miRNAs. This novel 
strategy may find its broad application as a useful tool in miRNA 
research for exploring biological processes involving multiple 
miRNAs and multiple genes, and the potential as an miRNA ther-
apy for human disease such as cancer and cardiac disorders.

We have validated the technique with two separate MT-AMOs: 
anti-miR-21/anti-miR-155/anti-miR-17-5p (MT-AMO21/155/17) 
and anti-miR-1/anti-miR-133 (MT-AMO1/133). miR-21, miR-
155, and miR-17-5p are proven oncogenic miRNAs overexpress-
ing in several solid cancers (12, 21), and miR-1 and miR-133 are 
muscle-specific miRNAs crucial for myogenesis. We first tested the 
ability of MT-AMO21/155/17 and MT-AMO1/133 to inactivate their 
respective target miRNAs by luciferase reporter assays. We then 
evaluated the effects of the two MT-AMOs on the protein levels of 
predicted target genes tumor suppressor genes TGFBI, APC, and 
BCL2L11 for miR-21, miR-155, and miR-17-5p, respectively, and 
HCN2 (a subunit of pacemaker channel) and Cav1.2 (a-subunit of 
L-type Ca2+ channel encoded by CACNA1C) for miR-1 and miR-
133, respectively. We further demonstrated that MT-AMO21/155/17 
induced MCF-7 human breast cancer cell death with a greater 
efficacy and potency than the regular singular AMOs.

Most human diseases are multifactorial and multistep processes. 
Targeting a single factor (molecule) may not be adequate and 
certainly not optimal in cancer therapy, because single agent is 
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limited by incomplete efficacy and dose-limiting adverse effects. 
If related factors are concomitantly attacked, better outcomes are 
expected, and the current combination pharmacotherapy was 
developed for this reason: a combination of two or more drugs or 
therapeutic agents given as a single treatment that successfully 
saves lives. The “drug-cocktail” therapy of AIDS is one example 
of such a strategy (22), and similar approaches have been used for 
a variety of other diseases, including cancers (23–27). However, 
the current drug-cocktail therapy is costly and may involve 
complicated treatment regimen, undesired drug–drug interactions, 
and increased side effects (23). There is a need to develop a strategy 
to avoid these problems, and our “one-drug, multiple-target” 
strategy is highly desirable (20). However, it is nearly impossible 
to confer the ability of single compound to act on multiple-target 
molecules on the traditional pharmaceutical approaches or the 
currently known antigene strategies.

The MT-AMO technology was developed to enable an AMO 
to target multiple miRNAs in order to effectively interfere with 
expression of a protein-coding gene that is regulated by these 
multiple miRNAs so as to effectively alter a relevant cellular function 
and physiological process. In theory, it mimics the well-known 
drug-cocktail therapy. But it is devoid of the weaknesses of the 
drug-cocktail therapy, involving complicated treatment regimens, 
undesirable drug–drug interactions, and increased side effects. 
The MT-AMO technology offers resourceful combinations of 
varying AMOs for concomitantly targeting multiple miRNAs for 
studying or treating biological and pathophysiological processes 
involving multiple factors.

 (a) Select a particular gene, a particular cellular function, or a 
particular disease for your study. Then determine, based on 
published studies, the miRNAs that can target the gene under 
test or that are known to be associated with or implicated in 
this gene or cellular function or disease (Fig. 1);

 (b) Design anti-miRNA oligonucleotides fragments (AMOs) 
exactly antisense to the selected miRNAs for your study. Then 
link these AMOs in the orientation of 5¢-end to 3¢-end together 
to form a long MT-AMO. Note that an AMO can be a RNA 
or a DNA (ODN, oligodeoxynucleotide); for commercial 
synthesis, an ODN is less costly than a RNA fragment. For 
example, we have tested an MT-AMO designed to integrate the 
AMOs against miR-21, miR-155, and miR-17-5p into one AMO 
(MT-AMO21/155/17);

2. Designing 
MT-AMOs
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 (c) A linker (CTTAAATG) may be inserted into between every 
two AMOs to connect the two adjacent antisense units. This 
design gives you an MT-AMO that contains all the AMOs 
needed to knockdown the miRNAs relevant to the gene or 
cellular function or disease of your interest.

 (d) Synthesize the designed MT-AMO fragment with chemical 
modifications

 (e) Store the MT-AMO construct at −80°C for future use;
 (f) Construct a negative control MT-AMO (NC MT-AMO) for 

verifying the effects and specificity of the effects of the MT-AMO. 
This NC MT-AMO should be designed based on the sequence 
of the MT-AMO; simply modifying the MT-AMO to contain 
**~5 nts mismatches at the 5¢-end “seed site” to make it expect-
edly able to destruct the binding to the target miRNAs.

The MT-AMO technology is a simple and efficient approach to 
study a complicated, multifactorial cellular process that is regu-
lated by multiple miRNAs. When containing AMO units towards 

3.  Summary

MT-AMO1/2/3/4/na

b MT-AMO21/155/17-5p

AMO17-5p

5'-CTACCTGCACTGTAAGCACTTTGCTTAAATG

AMO20a

CTACCTGCACTATAAGCACTTTACTTAAATG

AMO106b

ATCTGCACTGTCAGCACTTTACTTAAATG

AMO93

ACTACCTGCACTGTAAGCACTTTG-3'

AMO4AMO1 AMO2 AMO3 AMOn

linker

Fig. 1. Design of multiple-target anti-miRNA antisense oligomers (MT-AMO). (a) Schematic 
illustration of an MT-AMO. An MT-AMO incorporates multiple AMO units targeting different 
miRNAs. The number of AMO units in an MT-AMO is in theory unlimited; but longer 
sequence of an MT-AMO may create secondary structure and may also increase the dif-
ficulty of being up-taken into a cell. (b) Example of an MT-AMO designed to carry three 
AMOs targeting miR-21, miR-155, and miR-17-5p used in our previous study (19). The 
sequences corresponding to the seed sites of the miRNAs are highlighted in light gray. To 
enhance the stability and affinity, MT-AMO is chemically modified to have 5 nts at both 
ends locked with methylene bridges (LNA). An 8-nts linker (highlighted in dark gray) is 
inserted to connect the two adjacent AMO units.
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miRNA seed families, MT-AMOs are capable of knocking down 
members of multiple miRNA seed families.

However, many important issues remain unresolved in validating 
the MT-AMO technology as a gene therapy strategy. The optimal 
combination of targets for an MT-AMO remains unknown.  
In the example study described above, we tested “three-in-one” 
MT-AMOs. In theory, “N-in-one” MT-AMOs (N could be any 
number of AMO units) can be designed to include more relevant 
target TFs; however, larger MT-AMOs may hinder their penetration 
into the cells and compromise the effectiveness. More rigorous 
studies are warranted to define the optimal combination of length 
and accessibility of MT-AMOs to optimize desired effectiveness. 
Our work did not allow us to draw any conclusions as to what 
the optimal organization is for multiple AMO units to be placed 
in a single MT-AMO molecule. Moreover, efficient delivery of 
MT-AMOs into a cell is another challenge using MT-AMOs as 
therapeutic agents, as in other nucleotide-based technologies 
such as siRNA, antisense, ribozyme, aptamers, etc. Still another 
difficulty is to maintain an effective concentration of MT-AMO 
within a cell for a sufficient period of time. At present, investiga-
tion on modifications of MT-AMOs to enhance efficiency of 
transfection and to strengthen the stability within a cell so as to 
prolong the duration of actions is an active field of research. 
Constructing MT-AMO into virus vectors, such as adenovirus, 
lentivirus, etc., might be a reasonable approach to offset the weakness 
of the nucleotide technologies.
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Chapter 5

Modulation of MicroRNAs for Potential Cancer Therapeutics

Wei Wu 

Abstract

MicroRNA (miRNA) is a nonprotein coding small RNA molecule that negatively regulates gene expres-
sion by degradation of mRNA or suppression of mRNA translation. MiRNA plays important roles in 
physiological processes such as cellular development, differentiation, proliferation, apoptosis, and stem 
cell self-renewal. Studies show that the deregulation of miRNA expression is closely associated with tum-
origenicity, invasion, and metastasis. The functionality of miRNAs may act as oncogenes or tumor 
suppressors during tumor initiation and progression. miRNomes in almost all types of cancers started to 
develop the regulatory network of miRNA::mRNA interaction in the view of systems biology. Experimental 
evidence demonstrates that the modulation of specific miRNA alterations in cancer cells using miRNA 
replacement or anti-miRNA technologies can restore miRNA activities and repair the gene regulatory 
network and signaling pathways, in turn, reverse the phenotype of cancerous cells. Numerous animal 
studies for miRNA-based therapy offer the hope of targeting miRNAs as alternative cancer treatment. 
Developing the small molecules to interfere with miRNAs could be of great pharmaceutical interest in 
the future. Interestingly, specific miRNA is capable of reprogramming the cancer cells into a pluriopotent 
embryonic stem cell-like state (mirPS), which could be induced into tissue-specific mature cell types. This 
chapter will present the various strategies of modulation of miRNAs in vitro and in vivo.

Key words: MicroRNA, MiRNA interference, MicroRNA mimics, AMO, Antagomir, Cancer repro-
gramming, mirPS

MicroRNAs (miRNAs) are a class of endogenous noncoding small 
RNA molecules (~22 nucleotides, nt), that play important roles in 
development, differentiation, proliferation, and apoptosis (1). 
Since the miRNAs, lin-4 and let-7, were discovered in the 
Caenorhabditis elegans (2, 3), thousands of miRNAs have been 
identified in different species including worms, flies, plants, and 
humans (4–6). The most recent release of the miRBase sequence 
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(http://www.mirbase.org/, 14.0 released on September 2009) 
lists 10,886 different miRNAs identified in all species, among 
them are 721 human miRNAs. It is predicted that the human 
genome encodes about 1,000 miRNAs (7). MiRNAs may be tran-
scribed by separate genes or along with the coding genes (located 
in introns or extrons) (8). The biogenesis of miRNAs from the 
primary miRNAs (several hundred nucleotides) to pre-miRNAs 
and the mature miRNAs is a complicated biochemical process (7), 
(For details on miRNAs biogenesis, see Chapter 1). When the 
mature miRNAs forming a complex with RISC (RNA-induced 
silencing complex) bind to the 3¢-untranslational region (3¢UTR), 
a cleavage of mRNA transcripts (in the case of perfect miRNA:: 
mRNA complementarity) or translational repression (in the case 
of imperfect complementarity) occurs (9). The nature of miRNA 
acting on mRNAs adds an additional layer of fine tuning the gene 
expression in human genome, offering a complexity of gene regu-
latory network. Deregulation of miRNA::mRNA interaction con-
tributes to a variety of human diseases including cancer (10).

Mounting evidence shows that miRNAs are aberrantly 
expressed during cancer development (11, 12), invasion and 
metastasis (13), angiogenesis (14) and play crucial roles in cancer 
stem cell regulation (15). MiRNAs may function as oncogenes 
(OncomiRs) or tumor suppressors (TSmiRs) in tumors. With the 
intensive study of miRNomes in almost all types of cancers, the 
miRNA::mRNA interactive network is beginning to be pictured 
for a deep understanding of cancer biology. Strikingly, the com-
pelling research on targeting miRNAs as experimental therapy 
in vitro or in vivo are increasing. Diverse technologies of replac-
ing or inhibiting miRNAs to restore the miRNAs functions have 
been developed, and small-molecule modifiers of miRNAs are 
proposed to regulate the miRNAs activities. Delivery of miRNAs 
into the mice and nonhuman primates provides the pharmacoki-
netic base for possible human trial in the nearest future. Notably, 
some miRNAs could reprogram the human cancer cells into a 
pluriopotent ES cell-like state (mirPS), which could be further 
induced into differentiated cell types. All these processes will be 
covered in this chapter.

Cancer is both a genetic disorder and a developmental disease. 
From the pathohistological to molecular genetic studies, we have 
gained a deep understanding of cancer biology over a century. 
Within the past decade, we learned that noncoding miRNAs play 
roles in cancer initiation, progression, invasion, and metastasis (10). 

2. miRNAs 
Involved in Cancer 
Development
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Here, the association of microNRAs and cancers will be briefly 
described.

Genetic studies show that more than 50% of miRNA genes 
can be found in cancer-associated genomic regions or in fragile 
sites, suggesting that miRNAs play an important role in the 
pathogenesis of neoplasmas (16). Emerging evidence demon-
strate that a unique set of miRNA expression exists in a specific 
type of cancers, and unique expression profiling of miRNAs pres-
ents in a variety of cancers (10). Loss of certain miRNAs’ function 
may promote tumorigenicity, these miRNAs act as tumor sup-
pressors (TSmiRs). For example, the miR-15b and miR-16 clus-
ters at 13q14 were identified as the first TSmiRs because they are 
deleted and/or downregulated in about 68% of B-cell chronic 
lymphocytic leukemia (CLL) samples (16, 17). MiR-15b and 
miR-16 have been shown to control the expression of VEGF, a 
key proangiogenic factor involving in tumor angiogenesis (14). 
In addition, miR-15b and miR-16 also induce apoptosis of leuke-
mic cells by affecting the antiapoptotic protein Bcl-2 (18).

Reduced expression of another group of tumor suppressive 
miRNAs, the let-7 family members, is a common genetic event in 
nonsmall cell lung cancer and is associated with a poor prognosis 
(19). The let-7 family is able to negatively regulate let-60/RAS, 
providing a possible mechanism for let-7 deficiency in cancers 
(19). In addition, let-7 regulates late embryonic development by 
suppressing the expression of a number of genes, such as c-Myc 
and RAS, and the embryonic gene, high-mobility group A2 
(HMGA2) (20). Let-7 family induces cancer stem cell differentia-
tion in breast cancer (15). Taken together, reduction of TSmiRs 
expression in cancers activates the oncogenic genes and promotes 
the tumor initiation and progression.

In contrast, oncogenic miRNAs that promote tumoregenesis 
when overexpressed in cancer cells have also been identified. The 
discovery of miR-17-92 cluster provided the first functional evi-
dence of such an “oncomir” (11). The mir-17-92 cluster, which 
encodes miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-20a, 
miR-19b-1, and miR-92-1, was found to be located within a 
region on chromosome 13 that is commonly amplified in human 
B-cell lymphomas (21). In vivo analysis confirmed that mir-17-92 
accelerated c-Myc-induced lymphomagenesis (11). Furthermore, 
mir-17-92 expression is elevated in lung cancer (22) and anaplastic 
thyroid cancer cells (23), although the opposite effect that 
mir-17-92 may function as TSmiRs in breast cancer cells was 
reported (24). The oncomir, miR-21, is overexpressed in nine 
types of solid tumors (lung, breast, stomach, prostate, colon, 
brain, head and neck, esophagus, and pancreas) as well as in dif-
fuse large B-cell lymphoma, CLL, and malignant hepatocytes, 
supporting its oncogenic role in cancer pathogenesis (25). Several 
studies show that miR-21 inhibits numerous tumor suppressor 
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genes including phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN) (26), tropomyosin 1 (27), programmed 
cell death 4 (PDCD 4) (25, 28, 29), RECK and TIMP3 (30), 
and sprouty2 (31). Therefore, gain of specific miRNA function in 
cells may inactivate conventional tumor suppressor genes, and in 
turn, facilitate carcinogenesis.

Because aberrant miRNA expression is now recognized as a 
common feature of cancers, specific miRNAs are being considered 
as potential new biomarkers for cancer diagnosis and prognosis 
(32). Taken together, loss of function or gain of function of miR-
NAs contributes to the cancer initiation and progression, correction 
of these miRNAs and their regulated gene network could change 
the behavior of cancer cells, thereby making them a promising tar-
get for new drug development, as it will be discussed below.

MiRNAs provide a particular layer for gene regulation. About 3% 
of the genes in the genome encode the miRNAs, and 30% of the 
coding genes could be regulated by miRNAs (33). One miRNA 
could have multiple mRNA targets, on the other hand, one 
mRNA may be inhibited by more than one miRNAs. It is specu-
lated that the change of one miRNA expression in the miRNA:: 
mRNA network could trigger a chain reaction; when the changes 
reach the trigger points (threshold), the cells may change the bio-
logical behavior. This concept of modulating miRNAs in differ-
ent ways thus possesses great potential both as a novel class of 
therapeutic targets and as a powerful intervention tool (34).

Decreased expression of a subgroup of miRNA is present in certain 
cancers, where loss of a miRNA inhibitory effect contributes to 
the oncogene activation. This straightforward strategy of adding 
the miRNAs missing in the cancer cells to restore their “normal” 
functions is called miRNA replacement therapy. Numerous studies 
observed the efficacy of the miRNA replacement therapy in the 
cultured cells or animal models. This approach has been used to 
increase Let-7 expression, which is significantly reduced in lung 
cancer cell lines and lung cancer tissues. Takamizawa et al. (35) 
designed expression constructs to synthesize mature miRNAs of 
two predominant let-7 isoforms, let-7a and let-7f, under the 
control of the RNA polymerase III H1-RNA gene promoter. 
When the let-7 expression vector was introduced into A549 adeno-
carcinoma cell line, a 78.6% reduction in the number of colonies 
was observed. In two separate experiments, an overexpression 
vector bearing let-7 in lung cancer cell lines enhanced lung cancer 
cell radiosensitivity (36) and altered cell cycle progression and 

3. Modulating 
miRNAs for 
Potential Cancer 
Intervention

3.1. miRNA 
Replacement Therapy
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reduced cell division (37). Moreover, intranasal let-7 administration 
reduces tumor formation in vivo in the lungs of animals expressing 
a G12D activating mutation for the K-ras oncogene (38, 39). 
Intratumoral delivery of let-7 reduces tumor size in a lung cancer 
xenograft model (39). Similarly, enforced let-7 expression in 
primary breast tumor initiating cells inhibits tumorigenesis and 
metastasis (15). These findings indicate that this miRNA may be 
useful as a novel therapeutic agent in cancers.

miRNA mimics are small, chemically modified, double-stranded 
RNA molecules that mimic endogenous mature miRNA molecules. 
Xiao et al. developed this method which has been translated into 
experimental therapy (40) (also see Chapter 15). The advantages of 
this approach are: (1) miRNA targeting in gene-specific fashion;  
(2) less unwanted off target effects; (3) relative feasibility of delivery 
using lipid- or polymer-based nanoparticles for systemic deliv-
ery in vivo. The disadvantages of this approach are that miRNA 
mimic oligos have only a transient effect, are unstable, and may 
require repeated supplementation.

Recently, a new RNA polymerase II expression vector including 
endogenous murine miR-155 flanking sequence (41) has been 
widely employed in in vitro and in vivo studies (42–44). However, 
these studies only examined miRNA-expressed cells in culture 
and in xenograft models. How to directly deliver miRNA-mimic 
oligos or vector-based miRNA expression to specific tumors or 
organs in animal models remains to be addressed.

Overexpression of a subgroup of miRNAs contributes to malignant 
growth in cancer cells. For these miRNAs, a rational goal would 
be the reduction of expression. Inhibition of specific endogenous 
miRNAs has been achieved through the administration of syn-
thetic antisense oligonucleotides that are complementary to the 
endogenous mature miRNAs. Currently, the most widely used 
anti-miRNA oligonucleotides (AMO) are: (a) 2¢-O-methyl AMOs, 
(b) 2¢-O-methoxyethyl AMOs, and (c) locked nucleic acid (LNA) 
AMOs (45). Treatment with these modified RNA oligos results in 
the stability of serum and cellular uptake and a delayed clearance 
following systemic administration (46). Onco-miR-21 knockdown 
studies in vitro provide good examples of an anti-miR application. 
Applying 2¢-O-methyl- and/or DNA/LNA-mixed oligonucle-
otides to specifically knockdown miR-21 in cultured glioblastoma 
and breast cancer cells suppresses cell growth in vitro in association 
with increased caspase activation-mediated apoptosis (47, 48). 
Suppression of mir-21 also significantly reduced invasion and lung 
metastasis in MDA-MB-231 metastatic breast cancer cells (13), 
RKO human colon cancer cells (28), glioblastoma cells (30), and 
pancreatic cancer cells (49). In addition, the inhibition of miR-21 and 
miR-200b with AMO increased the sensitivity to gemcitabine 

3.2. miRNA Mimic 
Therapy

3.3. Anti-miR 
Oligonucleotides
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treatment in malignant cholangiocytes that highly overexpressed 
miR-21, miR-141, and miR-200b (50). Finally, administration of 
LNA–anti-miR-21 oligonucleotides disrupted glioma growth 
in vivo and displayed synergistic cytotoxicity with neural precursor 
cell-delivered S-TRAIL in human gliomas (51). Anti-miR21, 
which is now being developed, appears to be a promising anticancer 
drug, but more stringent pharmacological study and clinical trial 
remain to be conducted.

Several modified AMO technologies have been developed to 
improve the specificity and efficiency to inhibit the oncomirs. Ebert 
et al. (52) developed a new form of miRNA inhibitors termed 
“miRNA sponges” that can be transiently expressed in cultured 
mammalian cells. MiRNA sponges are transcripts under the control 
of strong promoters (RNA polymerase II), containing multiple tan-
dem binding sites to a miRNA of interest, which are able to inhibit 
miRNA targets as strongly as AMO. Xiao et al. designed alternative 
strategy called “miRNA masking” which refers a sequence with 
perfect complementarity to the binding site of an endogenous 
miRNA in the target gene. This “miRNA masking” can form 
duplex with the target mRNA with higher affinity, therefore block-
ing the access of endogenous miRNA to its binding site without 
the potential side effects of mRNA degradation by AMOs (40). 
Lu et al. (53) recently developed multiple target of AMOs; a 
single AMO fragment with multiple miRNA sequences has the 
capability of inhibiting multiple miRNAs (such as miR-21, miR-155, 
and miR-17-5p). These technologies are currently being tested 
and are expected to have wide clinical implications.

Small molecules have been reported to modulate embryonic stem 
cell fate and somatic cell reprogramming (54). It is speculated 
that small molecules could induce or inhibit miRNAs functions. 
Indeed, Gumireddy et al. developed a luciferase reporter method 
to identify a compound, diazobenzene, which specifically inhibits 
the transcription of the miR-21 gene into pri-miR-21 (55). One 
study reported that an established chemotherapeutic agent, 
5-fluorouracil, induces several miRNAs including miR-21 (56). 
Estradiol may upregulate miR-21 (57) or suppress miR-21 expression 
(58) depending on the cell content. The small-molecule com-
pounds could interact with miRNAs and prevent miRNA pro-
cess (59). The discovered small-molecule modifiers of the miRNA 
represent unique tools to manipulate miRNA function. The 
advantages of the small molecules that are more easily delivered in 
animals or humans, more stable intracellularly, and less expensive to 
manufacture draw a great attention for promising developments. 
However, the in vivo efficacy of the small-molecule modifiers 
needs to be explored further.

3.4.  Modified AMO

3.5. Small-Molecule 
Modifier
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To develop a pharmacological approach for silencing miRNAs 
in vivo, Krutzfeldt et al. (60) designed chemically modified, 
cholesterol-conjugated, single-stranded RNA analogs (termed 
“antagomirs”). The antagomirs efficiently inhibited the activity 
of miR-16, miR-122, miR-192, and miR-194 in mice after three 
daily intravenous injections resulting in a marked reduction of 
corresponding miRNA levels in multiple organs (liver, lung, 
kidney, heart, intestine, fat, skin, bone marrow, muscle, ovaries, 
and adrenals). The cholesterol-conjugated, single-strand RNA 
analog and locked nucleotide acid anti-miR-122 effectively 
knocked down miR-122 expression in the liver thereby normal-
izing plasma cholesterol and mRNA expression level in a mouse 
model. The conjugation of RNA oligos with other lipophilic 
molecules (e.g., high-density lipoprotein) has also been used to 
successfully deliver anti-miRs to specific organs (61). The study 
of LNA-mediated targeting of miR-122 in mice and nonhuman 
primates (African green monkeys) observed: (1) the dose-dependent 
and sustained decrease in the plasma cholesterol level with systemic 
delivery; (2) local accumulation of LNA–anti-miR complex in 
the liver; (3) no acute or subacute toxicity in LNA–anti-miR-treated 
subjects (62, 63). A miRNA replacement therapy with miR-26a 
for liver cancer in mice model has been investigated with scAAV8 
vector-based in vivo delivery. The enriched miR-26a in the 
mouse liver induces cancer cell death without toxicity (64). 
These in vivo animal studies provide valuable pharmacokinetic 
data regarding miRNA distribution and metabolism in an animal 
model, paving the way for future preclinical trials using AMO or 
replacement for anticancer therapy.

Reprogramming the differentiated somatic cells with cocktail 
transcription factors (Oct4-Sox2-c-Myc-klf-4 or Oc4-Sox2-Nanog-
Lin28) (65, 66) is the breakthrough in stem cell biology. Subsequently, 
the embryonic stem cell miRNAs are defined to enhance the pro-
duction of mouse-induced pluripotent stem (iPS) cells. The miR-
NAs (miR-291-3p, miR-294, and miR-295) increase the efficiency 
of reprogramming by three transcription factors (Oct4, Sox2, and 
Klf4), but not by adding c-Myc to these factors. C-Myc binds the 
promoter of the miRNAs, suggesting that they are downstream 
effectors of c-Myc during reprogramming (67). The miR-302 
family (miR-302s) is expressed most abundantly in slow-growing 
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human embryonic stem cells and quickly decreased after cell 
differentiation and proliferation. Therefore, miR-302s are the key 
factors essential for the maintenance of ES cell renewal and pluripo-
tency. It appears that certain miRNAs can dramatically influence 
the cancer stem cell fate as well. The miR-302s-transfected 
human cancer cells (prostate cancer and skin cancer) exhibit 
many key ES cell markers and maintain a pluripotent ES cell-like 
state, namely, miRNA-induced pluripotent stem cells (mirPS). 
The mirPS can be induced into a differentiated state and sub-
sequently develop a diversity of tissue-specific cell types (68). 
On the other hand, miRNA let-7 family is markedly reduced in 
breast tumor initiating cells (or breast cancer stem cells) and 
increased with differentiation (15). Let-7 is considered as a key 
“keeper” of the differentiated state. On these two scenarios, 
if we reduce the “stemness miRNAs” expression or increase the 
“differentiation miRNAs” by exogenous expression or treatment 
with small molecules, we might be able to switch cancer cells 
into relative normal cell types leading to renewed differentia-
tion therapy.

Following the discovery of the first endogenous small noncoding 
silencing RNA in 1993, the study of miRNAs has revolutionized 
our understanding of gene expression regulation during onco-
genesis. MiRNA replacement or anti-miRNAs with synthesized 
oligonucleotides or by small molecules open up an avenue for an 
integrated cancer treatment. MiRNA is believed to be relatively 
safe and more effective in cancer treatment in early preclinical 
studies comparing to siRNA-based therapy (34). Nevertheless, 
there are still several obstacles to overcome before testing miRNA 
drug treatment clinically, such as delivery of miRNA to a specific 
tissue or disease site, avoiding off-target effects, optimizing the 
dose, and minimizing likelihood of immune activation. Moving 
forward, design of miRNA drugs for use in these trials should 
consider the following: (1) conjugation with a specific antibody 
such as trastuzumab, an anti-HER2 monoclonal antibody, to target 
HER2 positive breast cancer, (2) conjugation with specific ligand 
binding to the particular receptors, for example, the EGFR, which 
guide the miRNA to cancer cells, (3) simultaneous treatment 
with miRNA and a chemodrug to produce synergistic antineo-
plastic effects (34). With further understanding of miRNA 
biogenesis, miRNA expression profiling in primary tumors, and 
the gene regulatory network between miRNAs and mRNAs, 
translational implications of miRNA research for cancer patients 
treatment are foreseeable in the nearest future.

6. Conclusion  
and Outlook
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Chapter 6

Detection of MicroRNAs in Cultured Cells  
and Paraffin-Embedded Tissue Specimens  
by In Situ Hybridization

Ashim Gupta and Yin-Yuan Mo 

Abstract

Determination of gene expression is essential for understanding the role of a given gene in normal cell 
growth or disease processes. Recently, newly described microRNAs have been shown to play a key role in 
the regulation of gene expression; in particular, deregulation of microRNAs is often associated with a 
variety of human disorders including cancer. Although microRNAs are small RNA molecules with about 
20–23 nucleotides in length and detection of their expression is believed to be challenging, with the 
introduction of modified nucleotides such as locked nucleic acid, the specificity and sensitivity of detec-
tion have been greatly improved. There are many methods developed for microRNA detection, but our 
focus in this chapter is on in situ hybridization (ISH) detection of microRNAs. We have successfully used 
ISH to detect several microRNAs in paraffin-embedded tumor specimens or cells-cultured in vitro.

Key words: MicroRNA, In situ hybridization, Expression, Locked nucleic acid

MicroRNAs are a class of naturally occurring small noncoding 
RNAs that control gene expression by translational repression or 
degradation of mRNAs (1–4). Since the discovery of lin-4 and 
let-7 in Caenorhabditis elegans (5–7), thousands of miRNAs have 
been identified to date in a variety of organisms. In humans, over 
700 microRNAs have been identified (8). A unique feature of 
gene silencing by microRNAs is that a single microRNA can have 
multiple targets, and thus, microRNAs as a group can regulate a 
large number of protein-coding genes. Deregulation of microRNAs 
can lead to a variety of human disorders including cancer. In this 

1.  Introduction
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regard, microRNAs may function as oncogenes to suppress 
corresponding tumor suppressors or as tumor suppressors by 
targeting corresponding oncogenes. MicroRNA microarray and 
real-time PCR analyses have indicated that tumor suppressive 
microRNAs are frequently downregulated, while oncogenic 
microRNAs are frequently upregulated in tumors compared to 
the matched normal tissue. However, much less work has been 
done on microRNA expression in situ which can be detected by 
in situ hybridization (ISH). A unique advantage of ISH is its 
capability to detect microRNA expression at the cellular level so 
that we are able to pinpoint which type of cells express a given 
microRNA. In addition, it also provides semiquantitative analysis 
of microRNA expression. Although it is challenging to perform 
ISH with microRNAs because mature microRNAs are only about 
20–23 nucleotides in length, introduction of locked nucleic acid 
(LNA) has greatly improved the performance of this technique. 
There are several papers describing this technique for different 
microRNAs or tissue/cells such as those listed here [9–11] and 
they may serve as good references. In this chapter, we will describe 
the ISH procedures used to detect microRNA expression in par-
affin-embedded tissue or cells cultured in vitro with examples of 
miR-145 and miR-380.

 1. Dulbecco’s Modified Eagle’s Medium (DMEM) or RPMI-1640 
supplemented with 10% fetal bovine serum, 1% l-glutamine, 
and 1% penicillin/streptomycin.

 2. Twelve-well plates.
 3. Microscope cover slips (tissue culture coated).
 4. Stably transfected MCF-7 cells with ectopic expression of 

miR-145 or miR-380.

 1. Paraformaldehyde: 1 and 4% solution in phosphate-buffered 
saline (PBS). Store the solutions at 4°C.

 2. 1× PBS solution. Store at room temperature.
 3. Triton X-100: 0.2% solution in milli-Q water. Store at 4°C 

(see Note 1).
 4. Diethyl pyrocarbonate (DEPC).
 5. Hydrogen peroxide (H2O2, 30% in water; Fisher Scientific): 

3% solution in PBS and store at 4°C (see Note 2).
 6. PBS in DEPC–H2O: Autoclave and store at room temperature.

2.  Materials

2.1.  For Cultured Cells

2.1.1.  Cell Culture

2.1.2. Processing  
and Fixation
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 1. Formamide (molecular biology grade).
 2. SSC (20× solution): 0.3 M sodium citrate, and 3.0 M NaCl, 

in milli-Q water, pH 7.0. Prepare 5×, 2×, and 0.2× SSC solutions 
by dilution. Store at room temperature.

 3. Tween-20 (enzyme grade): 10% solution. Store at room tem-
perature in amber colored bottle.

 4. Citric acid (99.5+%, A.C.S reagent): 0.1 M citric acid. Store 
at room temperature.

 5. Heparin (Heparin sodium salt, Grade 1-A, from porcine 
intestinal mucosa).

 6. Yeast RNA (Ambion): Store at −20°C.
 7. Probe (DIG oligonucleotide 3¢-end labeling kit, second gen-

eration, Roche Diagnostics, Indianapolis, IN, USA): 100-pmol 
oligonucleotide and sterile double-distilled water to final volume 
of 10 ml. Add 1× reaction buffer (4 ml), 5 mM CaCl2 solution 
(4 ml), 0.05 mM DIG-ddUTP solution (1 ml), and 20 U/ml 
terminal transferase (1 ml) on ice. Mix and incubate at 37°C for 
15 min and place on ice. Stop the reaction by adding 2 ml 
0.2 M EDTA (pH 8.0). Store at −20°C (see Note 3).

 8. Hybridization buffer: 50% formamide, 5× SSC, 0.1% Tween-
20, 9.2 mM citric acid, 50 mg/ml heparin, pH 6.0, 50 ml/ml 
yeast RNA (add fresh). Store at room temperature.

 1. TNB: 0.1 M Tris–HCl, 0.15 M NaCl, pH 7.5, 0.5% blocking 
reagent (Perkin Elmer LAS, Boston, MA, USA). Store at 
−20°C (see Note 4).

 2. Anti-DIG-HRP (monoclonal mouse anti-DIG; Jackson 
Immuno Research Laboratories, USA). Store at −20°C.

 3. Secondary anti-mouse-HRP (goat anti-mouse IgG; Invit- 
rogen, Carlsbad, CA, USA): Store at 4°C.

 4. DNP amplification reagent (Perkin Elmer LAS, Boston, MA, 
USA): Store at 4°C (see Note 2).

 5. Anti-DNP–HRP conjugate (Perkin Elmer LAS, Boston, MA, 
USA): Store at 4°C.

 6. AEC chromogen (Thermo Scientific) or other HRP-based 
chromogen: Store at 4°C.

 7. TNT buffer: 0.1 M Tris–HCl, 0.15 M NaCl, pH 7.5, 0.05% 
Tween-20. Store at room temperature (see Note 5).

 8. Counterstain – Shandon Harris Hematoxylin – acidified (Thermo 
Electron Corporation, Anatomocal Pathology, USA): Store at 
room temperature.

 9. HistoMount™ (Invitrogen). Store at room temperature.

2.1.3.  Hybridization

2.1.4. TSA Signal 
Amplification System
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 1. Xylene (histological grade; Fisher Scientific). Store at room 
temperature.

 2. Ethanol (Decon Labs, USA):100, 95, 80, and 50% ethanol 
solution. Store at room temperature.

 3. DEPC–H2O: 0.1% DEPC in milli-Q water. Autoclave the 
solution. Store at room temperature.

 4. 1× PBS. Store at room temperature.
 5. PBS in DEPC–H2O: Autoclave and store at room temperature.
 6. Hydrogen peroxide (H2O2, 30% in water; Fisher Scientific): 

3% solution in PBS and store at 4°C (see Note 2).
 7. Proteinase K (Invitrogen): Store at −20°C (see Note 6).
 8. Glycine (USB Corporation, Cleveland, OH, USA): Prepare 

0.2% solution. Store at room temperature.
 9. Paraformaldehyde (Sigma-Aldrich, MO, USA): Prepare 4% 

solution in PBS. Store at 4°C.

 1. Formamide (molecular biology grade; Fisher Biotech).
 2. SSC (20× solution): 0.3 M sodium citrate (Fisher) and 3.0 M 

NaCl in milli-Q water, pH 7.0. Prepare 5×, 2×, and 0.2× SSC 
solutions by dilution. Store at room temperature.

 3. Tween-20 (enzyme grade; Fisher): 10% solution. Store at 
room temperature in amber colored bottle.

 4. Citric acid (99.5+%, A.C.S reagent; Sigma-Aldrich): 0.1 M 
citric acid. Store at room temperature.

 5. Heparin (Heparin sodium salt, Grade 1-A, from porcine 
intestinal mucosa; Sigma-Aldrich).

 6. Yeast RNA (Ambion): Store at −20°C.
 7. Probe (DIG oligonucleotide 3′-end labeling kit, second gen-

eration; Roche Diagnostics, Indianapolis, IN, USA): 100 
pmol oligonucleotide and sterile double-distilled water to 
final volume of 10 ml. Add 1× reaction buffer (4 ml), 5 mM 
CaCl2 solution (4 ml), 0.05 mM DIG-ddUTP solution (1 ml), 
and 20 U/ml terminal transferase (1 ml) on ice. Mix and 
incubate at 37°C for 15 min and place on ice. Stop the reac-
tion by adding 2 ml 0.2 M EDTA (pH 8.0). Store at −20°C 
(see Note 3).

 8. Hybridization buffer: 50% formamide, 5× SSC, 0.1% Tween-
20, 9.2 mM citric acid, 50 mg/ml heparin, pH 6.0, 50 ml/ml 
yeast RNA (add fresh).

 1. TNB: 0.1 M Tris–HCl, 0.15 M NaCl, pH 7.5, 0.5% blocking 
reagent (Perkin Elmer LAS, Boston, MA, USA). Store at 
−20°C (see Note 4).

2.2. For Paraffin-
Embedded Tissue

2.2.1. Processing  
and Fixation

2.2.2.  Hybridization

2.2.3. TSA Signal 
Amplification System
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 2. Anti-DIG–HRP (monoclonal mouse anti-DIG; Jackson 
Immuno Research Laboratories, USA). Store at −20°C.

 3. Secondary anti-mouse-HRP (goat anti-mouse IgG; 
Invitrogen, Carlsbad, CA, USA): Store at 4°C.

 4. DNP amplification reagent (Perkin Elmer LAS, Boston, MA, 
USA). Store at 4°C.

 5. Anti-DNP–HRP conjugate (Perkin Elmer LAS, Boston, MA, 
USA). Store at 4°C.

 6. AEC chromogen (Thermo Scientific) or other HRP-based 
chromogen. Store at 4°C.

 7. TNT buffer: 0.1 M Tris–HCl, 0.15 M NaCl, pH 7.5, 0.05% 
Tween-20. Store at room temperature (see Note 5).

 8. Counterstain – Shandon Harris Hematoxylin – acidified 
(Thermo Electron Corporation, Anatomocal Pathology, USA). 
Store at room temperature.

 9. HistoMount™ (Invitrogen). Store at room temperature.

The ISH method allows us to visualize microRNA expression at a 
higher spatial resolution. However, a challenge of detection of 
microRNAs by ISH is their small size. LNAs are a class of bicyclic 
high-affinity RNA analogs in which the furanose ring in the sugar-
phosphate backbone is chemically locked in a conformation mim-
icking the North-type (C3¢-endo) conformation of RNA [12, 13]. 
This results in an unprecedented hybridization affinity of LNA 
toward complementary single-stranded RNA molecules. Recently, 
LNA-modified DNA probes have been used to determine the 
spatiotemporal expression patterns of microRNAs in zebrafish 
and mouse embryos by whole-mount ISH [10, 14] as well as in 
archived formalin fixed, paraffin-embedded (FFPE) sections of 
brain tissue [15]. Here, we used 3¢ DIG-labeled, LNA-modified 
DNA oligonucleotide probes complementary to the entire 
mature sequence of a subset of selected microRNAs. Following 
hybridization of the LNA probes to the FFPE sections or cul-
tured cells, a tyramide signal amplification reaction was carried 
out [16] using horseradish peroxidase conjugated to anti-DIG 
antibodies.

 1. Place sterile cover slips in a 12-well plate.
 2. Seed the cells (stable clones or transiently transfected cells 

or normal cells) in the plate.

3.  Methods

3.1.  For Cultured Cells

3.1.1.  Preparation of Plate
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 1. Cells are at 40–80% confluent before fixation.
 2. Aspirate the medium and wash the cells with 1× PBS (500 ml 

for each).
 3. Fix the cells with 1% paraformaldehyde solution (500 ml for 

each, see Note 7) for 10 min at room temperature.
 4. Wash the cells with 1× PBS (500 ml for each) for 5 min on ice 

(twice).
 5. Aspirate the PBS and add 0.2% Triton X-100 (500 ml for 

each) for 20 min on ice.
 6. Wash the cells with 1× PBS (500 ml for each) for 5 min on ice 

(twice).
 7. Incubate with 3% H2O2 (500 ml for each) in PBS for 15 min 

at room temperature.
 8. Wash the cells with PBS in DEPC–H2O (500 ml for each) for 

5 min at room temperature (twice).
 9. Fix the cells in 4% paraformaldehyde solution (500 ml for 

each) for 10 min at room temperature.
 10. Wash the cells with 1× PBS (500 ml for each) for 5 min at 

room temperature (twice).

 1. Prehybridization: Add hybridization buffer (100 ml for each) 
without probe and incubate it in a hybridization oven at 37°C 
for 2–3 h.

 2. Add 6-pmol probe in 100 ml of hybridization buffer (for each) 
and place in a moist chamber and incubate it at 37°C over-
night (see Note 8).

 3. Soak the cells in 5× SSC (500 ml for each) at room tempera-
ture and place it on a shaker for 10 min.

 4. Wash the cells with 2× SSC (500 ml for each) at 37°C for 
30 min.

 5. Wash the cells with 0.2× SSC (500 ml for each) at 37°C for 
30 min.

 6. Wash the cells with 1× PBS (500 ml for each) for 5 min at 
room temperature (twice).

 1. Block the cells on the cover slip for 30 min in TNB buffer 
(100 ml for each) at room temperature.

 2. Incubate with anti-DIG–HRP (1:50 in TNB buffer) for 2 h in 
a moist chamber at room temperature (see Notes 9 and 10).

 3. Wash with TNT buffer (500 ml for each) for 5 min at room 
temperature (twice).

 4. Incubate with secondary anti-mouse-HRP (1:100 in TNB buf-
fer) for 30–40 min in a moist chamber at room temperature.

3.1.2. Processing  
and Fixation

3.1.3.  Hybridization

3.1.4. TSA Signal 
Amplification System
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 5. Wash with TNT buffer (500 ml for each) for 5 min at room 
temperature (twice).

 6. Incubate with DNP amplification reagent working solution 
(1:50 in amplification diluent) for 10 min in a moist chamber 
at room temperature.

 7. Wash with TNT buffer (500 ml for each) for 5 min at room 
temperature (twice).

 8. Incubate with anti-DNP–HRP (1:100 in TNB buffer) for 
40–45 min in a moist chamber at room temperature.

 9. Wash with TNT buffer (500 ml for each) for 5 min at room 
temperature (twice).

 10. Add AEC chromogen (1–2 drops) or other HRP-based 
chromogen for signal development for 30–40 min at room 
temperature.

 11. Wash with TNT buffer (500 ml for each) for 5 min at room 
temperature (twice).

 12. Counterstain and mount.
 13. Examples of miR-145 and miR-380 expression in MCF-7 

cells are shown in Fig. 1.

Fig. 1. Detection of microRNA expression in cultured MCF-7 cells. Cells were infected with vector control or miR-145 or 
miR-380 and cultured overnight in a coated cover slip . In situ hybridization described in the protocol was used to detect 
their expression. It is apparent that most microRNA signals were localized in the cytoplasm and relative signal intensity is 
visibly obvious between vector control and microRNA, which is consistent with the real-time PCR results showing 3–4 Ct 
values difference between vector and miR-145 or miR-380.
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 1. Heat the slides to 60–65°C for 30 min in a hybridization 
oven (2 h preheated before).

 2. Leave the slides in a xylene solution for 12 min at room 
temperature (three times).

 3. Leave the slides in 100% ethanol for 5–10 min at room 
temperature.

 4. Leave the slides in 95% ethanol for 5–10 min at room 
temperature.

 5. Leave the slides in 80% ethanol for 5–10 min at room 
temperature.

 6. Leave the slides in 50% ethanol for 5–10 min at room 
temperature.

 7. Wash the slides with DEPC–H2O for 5 min at room 
temperature.

 8. Wash the slides with PBS in DEPC–H2O for 5 min at room 
temperature (twice). (Prepare the Proteinase K at the same 
time.)

 9. Incubate the slides with 3% H2O2 in PBS for 15 min at room 
temperature.

 10. Wash the slides with PBS in DEPC–H2O for 5 min at room 
temperature (twice).

 11. Proteinase K treatment: Make fresh proteinase K solution in 
PBS in DEPC–H2O (10–20 mg/ml), prewarmed at 37°C, and 
then incubate the slides for 8–10 min at room temperature.

 12. Add 0.2% glycine solution for 30 s at room temperature.
 13. Wash the slides with PBS for 2 min at room temperature 

(twice).
 14. Fix the slides with 4% paraformaldehyde solution (100 ml for 

each) for 10 min at room temperature.
 15. Wash the slides with PBS in DEPC–H2O for 5 min at room 

temperature (twice).

 1. Prehybridization: Add hybridization buffer (100 ml for each) 
without probe and incubate it in a hybridization oven at 37°C 
for 2–3 h.

 2. Add 6-pmol probe in 100 ml of hybridization buffer (for each) 
and place in a moist chamber and incubate it at 37°C over-
night (see Note 8).

 3. Soak the slides in 5× SSC at room temperature and leave it on 
a shaker for 10 min.

 4. Wash the slides with 2× SSC at 37°C for 30 min.
 5. Wash the slides with 0.2× SSC at 37°C for 30 min.
 6. Wash the slides with 1× PBS for 5 min at room temperature 

(twice).

3.2. For Paraffin-
Embedded Tissue

3.2.1. Processing  
and Fixation

3.2.2.  Hybridization
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 1. Block the slides for 30 min in TNB buffer (100 ml for each) 
at room temperature.

 2. Incubate with anti-DIG–HRP (1:50 in TNB buffer) for  
2 h in a moist chamber at room temperature (see Notes 9  
and 10).

 3. Wash with TNT buffer for 5 min at room temperature 
(twice).

 4. Incubate with secondary anti-mouse-HRP (1:100 in TNB 
buffer) for 30–40 min in a moist chamber at room 
temperature.

 5. Wash with TNT buffer for 5 min at room temperature 
(twice).

 6. Incubate with DNP amplification reagent working solution 
(1:50 in amplification diluent) for 10 min in a moist chamber 
at room temperature.

 7. Wash with TNT buffer for 5 min at room temperature 
(twice).

 8. Incubate with anti-DNP–HRP (1:100 in TNB buffer) for 
40–45 min in a moist chamber at room temperature.

 9. Wash with TNT buffer for 5 min at room temperature 
(twice).

 10. Add AEC chromogen (1–2 drops) or other HRP-based 
chromogen for signal development for 30–40 min at room 
temperature.

 11. Wash with TNT buffer for 5 min at room temperature 
(twice).

 12. Counterstain and mount.
 13. An example of miR-380 expression in breast tumor and the 

matched normal breast tissue is shown in Fig. 2.

3.2.3. TSA Signal 
Amplification System

Fig. 2. Expression of miR-380 in matched breast tumor tissue specimens. The level of miR-380 is higher in tumor than in 
matched normal tissue. Similar to the signals in cultured cells, miR-380 is mainly expressed in the cytoplasm.
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 1. Triton X-100 is used for cell permeabilization. Several other 
agents like saponins can also be used.

 2. DNP amplification reagent is catalyzed by HRP. To minimize 
the background, endogenous peroxidase activity if present, 
must be quenched. This can be done by using 0.3–3% H2O2; 
methanol or PBS as diluents for H2O2.

 3. It is not recommended to increase the amount of oligonucle-
otide in labeling reaction. Larger amounts of nucleotides can be 
labeled by increasing the reaction volume and all components 
proportionally and increasing the incubation time to 1 h.

 4. Add the blocking reagent slowly in small increments to buffer 
while stirring. Heat gradually to 60°C with continuous stir-
ring to completely dissolve the blocking reagent. Aliquot and 
store at −20°C for long-term use and discard any blocking 
buffer that has been stored for more than 24 h at room 
temperature.

 5. Other wash buffers such as PBS or substitution of 0.3% Triton 
X-100 for 0.05% Tween-20 can also be used.

 6. Proteinase K is used as a protein digestant to increase reagent 
penetration prior to probe hybridization. Other protein 
digestants like 0.005–0.1% pepsin in 0.01 M HCl may be 
used.

 7. The reagent volumes used should be sufficient to completely 
cover cells or tissue sections on the slides. If larger volumes 
are required to cover the samples changes should be made in 
the protocol.

 8. Run control slides with each experiment. It includes an unam-
plified control slide or an amplified slide without probe.

 9. Do not let slides dry out between the steps and all incuba-
tions should be done in a humidified/moist chamber (i.e., a 
damp paper towel in a covered box).

 10. Drain off as much of the incubation solution as possible, 
before the addition of the next solution, to prevent reagent 
dilution and uneven staining.
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Chapter 7

MicroRNA Northern Blotting, Precursor Cloning,  
and Ago2-Improved RNA Interference

Julia Winter and Sven Diederichs 

Abstract

Aberrant expression of microRNAs (miRNAs) and processing defects in their biogenesis pathway are a 
widespread phenomenon in tumors, conveying great importance to the analysis of miRNA expression, 
regulation, and biogenesis to gain knowledge about their role in cancer. Besides Drosha and Dicer, 
Argonaute proteins are key players in miRNA processing. In addition to their role as components of the 
RNA-induced silencing complex (RISC) executing target silencing, Argonautes mediate posttranscrip-
tional regulation of miRNA maturation by creating an additional intermediate processing step, the Ago2-
cleaved precursor miRNA (ac-pre-miRNA), and enhancing the production or stability of mature miRNAs. 
Here, we describe the detection of miRNA levels by Northern blotting and the identification of the 3¢ 
end of miRNAs by precursor cloning to accentuate two of the many roles of Argonaute proteins. In addi-
tion, we describe a method to optimize RNAi experiments by increasing the efficacy and specificity of 
target silencing via Ago2 cotransfection.

Key words: MicroRNA, miRNA, Biogenesis, Processing, MicroRNA precursor cloning, Northern 
blotting, Northern blot, Cancer, Tumor, Posttranscriptional regulation, Ago2, Argonaute-2, RNAi, 
RNA interference

Analysis of microRNA (miRNA) expression, regulation, and 
biogenesis is an essential tool for understanding its role in cancer. 
Genome-wide profiling uncovered a general downregulation of 
miRNAs in tumors compared to normal tissue (1). Processing 
defects could result in equivalent precursor levels, coinciding with 
varying mature miRNA levels (2–5), and miRNA expression levels 
are even suitable as prognostic and diagnostic markers (2). 
Therefore, determination of miRNA expression levels is a central 
approach to elucidate their regulation and function. Northern 
blotting has been applied to study mRNA expression since the 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_7, © Springer Science+Business Media, LLC 2011
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earliest days of miRNA research (6–9) and remains one crucial 
method to determine miRNA expression and size. Additionally, 
to obtain sequence information, a method to clone precursors 
and subsequently determine the 3¢ end of miRNAs was established 
(10). Both methods are described in the following paragraphs 
accentuating two of the many roles of Argonaute proteins in 
miRNA biogenesis and regulation (Figs. 1 and 2).

Next to the RNases Drosha and Dicer, Argonaute (Ago) 
proteins are major players in miRNA biogenesis and function. 
Present in all higher eukaryotes, many organisms encode multiple 
members of these evolutionarily conserved, ubiquitously expressed 
proteins (11). Ago proteins are organized in three domains: while 
the PAZ domain anchors the characteristic two nucleotide (nt) 3¢ 
overhang (12, 13), and the highly basic pocket of the MID 
domain specifically binds the 5¢ phosphate of a small RNA (14, 15), 
the P-element induced wimpy testis (PIWI) domain contains a cata-
lytic triad (Asp 597/Asp 669/His 807) that possesses endonu-
clease activity (16, 17). Despite the fact that both, human Ago2 
and Ago3, contain this catalytic triad, only human Ago2 mediates 
slicing to cleave the target mRNA. Additional factors can modu-
late the activity of Ago proteins, for example, posttranslational 
modification or interaction with specific proteins (18). Ago pro-
teins are not only involved in RNA-induced silencing complex 
(RISC) formation and target silencing, but they also play an 
important role in posttranscriptional regulation of miRNA bio-
genesis (as reviewed in Chapter 1) (5, 18). As components of the 
RISC, they execute target silencing via target cleavage, translational 
inhibition, or mRNA decay (19, 20). Additionally, Ago proteins 
affect miRNA biogenesis and their regulation at a posttranscrip-
tional level. Ago2 cleaves the 3¢ arm in the middle of some highly 
complementary pre-miRNA hairpins to generate the Ago2-
cleaved precursor miRNA (ac-pre-miRNA), an intermediate 
processing that is processed by Dicer as efficiently as noncleaved 
miRNAs (10). This cleavage probably facilitates strand separation 
by affecting the thermodynamic stability as already shown for 
siRNAs (small interfering RNAs) or contributes to strand selec-
tion since consequently only the 5¢ arm of the ac-pre-miRNA can 
mature into the 22-nt miRNA guide strand (21–24).

Ago2 can also increase the efficacy and specificity of target 
silencing. Since this effect is restricted to perfectly matched binding 
sites and does not influence endogenous RNAi activity, it has great 
potential to optimize RNAi experiments (25). Thus, insights into 
basic mechanisms of miRNA biogenesis can lead to improved meth-
odology for the analysis of cancer cells. MiRNA biogenesis factors 
possess the potency to enhance the efficacy of RNAi. Coexpression 
of Exportin-5 or Ago2 increases RNAi activity mediated by ectopic 
miRNAs, siRNAs, or short hairpin RNAs (shRNAs) (Fig. 3) (25, 
26). Hence, we also describe a method how to use Ago2 coexpres-
sion to enhance RNAi for functional studies of cancer cells.
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 1. Cells in culture, lysates, or total RNA (integrity verified, 
isolated using a method that preserves the miRNA fraction): 
To prevent degradation, lysates and total RNA should be 
stored at −80°C (see Note 1).

 2. Trizol: Store below room temperature (2–8°C) and protect 
from light.

 3. Diethylpyrocarbonate (DEPC)-treated H2O: 1 ml DEPC is 
dissolved in 1 L ddH2O over night at room temperature and 
subsequently autoclaved to inactivate DEPC. Store DEPC at 
4°C and autoclaved DEPC-treated ddH2O at room tempera-
ture (see Note 2).

 4. ssDNA oligonucleotide fully complementary to mature miRNA: 
Guidelines for primer design, see Subheading 3.1.6 “probe 
design”. Dissolve desalted oligonucleotide in nuclease-free 
ddH2O and adjust concentration to 10 mM, store at −20°C.

 5. T4 Polynucleotide kinase (see Note 3).
 6. EasyTides [g-32P] Adenosine 5¢-triphosphate (Perkin-Elmer): 

For working with radioactivity, please observe the guidelines 
and safety measures of your institution. Always ensure appro-
priate shielding and distance to the radioactive source and 
plan your experiment in advance to ensure minimal exposi-
tions. Store [g-32P]ATP at 4°C or according to the recom-
mendations of the manufacturer (see Note 4).

 7. Running buffer: 0.5× TBE. Dilute 50 ml 10× TBE in 1 l 
DEPC-ddH2O. Store at room temperature (see Note 2).

 8. RNA loading dye (3×): 8 M urea, 1× TBE, 30 mM EDTA, 
20% glycerol, and Bromophenol blue (BPB) in nuclease-free 
ddH2O. Aliquot and store at −20°C. BPB is a small, nega-
tively charged tracking dye that moves to the anode more 
rapidly than nucleic acids.

 9. Decade Marker (Ambion): Use according to manufacturer’s 
manual. Store at −20°C.

 10. Ethidium bromide (EtBr)-staining solution (1:2,500 EtBr in 
0.5× TBE): Dissolve 4 mg EtBr per ml 0.5× TBE buffer. Store 
the light-sensitive solution in a dark container at room tem-
perature. Always wear nitrile gloves to avoid contact with the 
cancerogenic material.

 11. Hybridization buffer: ExpressHyb (Clontech). Prior to first 
usage, preheat buffer to 68°C to dissolve any precipitates and 
store at room temperature. Heat to 37°C before each 
prehybridization.

 12. Set up 20× SSC: Dissolve 3 M sodium chloride (NaCl) and 
0.3 M sodium citrate (C6H5Na3O7) in ddH2O and adjust pH 

2.  Materials

2.1.  Northern Blotting

2.1.1. Buffers and 
Reagents
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to 7.0 using HCl, prior to DEPC treatment (as described 
above). Use this solution to prepare the wash buffers that con-
tain sodium dodecyl sulfate (SDS) and consequently cannot be 
treated with DEPC. Store at room temperature (see Note 2).

 13. Wash buffer #1 (2× SSC, 0.05% SDS): Dilute 100 ml 20× 
SSC and 5 ml 10% SDS with 895 ml ddH2O. Do not treat 
with DEPC and store at room temperature (see Note 2).

 14. Wash buffer #2 (0.1× SSC, 0.1% SDS): Dilute 5 ml 20× SSC 
and 10 ml 10% SDS with 985 ml ddH2O. Do not treat with 
DEPC and store at room temperature (see Note 2).

 1. 15% TBE urea gel: Store at 4°C. Alternatively, urea gels can 
be prepared from 10× TBE, polyacrylamide, and the appro-
priate amount of urea dissolved in ddH2O at 37°C. 
Polymerization is catalyzed by adding 100-ml tetramethyleth-
ylenediamine (TEMED) and 6-ml ammonium persulfate 
(APS) per 10 ml buffer.

 2. Filter paper extra thick (7.5 cm × 10 cm).
 3. Hybond-N+ Nylon membrane.
 4. MicroSpin G-25 columns.

 1. Chamber for semidry electroblotting.
 2. Crosslinker, for example, UV-Stratalinker 1800 (Stratagene).
 3. Heat block.
 4. Hybridization oven.
 5. Autoradiograpy cassette including intensifying screen.
 6. Kodak BioMax MS Film.

 1. Cells in culture, lysates, or total RNA (integrity verified): To 
prevent degradation, lysates and total RNA should be stored 
at −80°C.

 2. miRVana-miRNA isolation kit to specifically enrich RNA 
fragments that are smaller than 200 nt. Store buffers at 4°C 
(see Note 8).

 1. Linker-2 (IDT): Dissolve in ddH2O to 10 mM and store at  
−20°C. [5¢rAPPCACTCGGGCACCAAGGA/3¢ddC].

 2. Forward primer complementary to miRNA of interest includ-
ing CACC-overhang at its 5¢ end (necessary for directional 
TOPO cloning). Dissolve desalted oligonucleotide in ddH2O 
and adjust concentration to 10 mM (see Note 9).

 3. Reverse primer complementary to linker-2 for specific reverse 
transcription. Dissolve desalted oligonucleotide in ddH2O 
and adjust concentration to 10 mM.

2.1.2.  Equipment

2.1.3.  Hardware

2.2. Determining the 
3 ¢ End of Precursor 
miRNAs

2.2.1.  RNA Isolation

2.2.2. Reverse 
Transcription  
and Amplification
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 4. T4 RNA ligase I (see Note 3).
 5. T4 RNA ligase I buffer depleted of ATP (50 mM Tris–HCl, 

10 mM MgCl2, 10 mM Dithiothreitol, pH 7.8). Store at 
−20°C (see Note 10).

 6. Thermoscript Reverse Transcriptase (see Note 3).
 7. Pfu Turbo Polymerase (see Note 3).
 8. Dimethylsulfoxide (DMSO): This chemical compound is used 

in PCR to minimize interfering reactions that inhibit second-
ary structures in the primer or DNA template. However, usage 
also decreases the mutation rate (27). Store at −20°C and 
thaw at room temperature 20 min prior to usage.

 9. Nuclease-free dNTPs (10 mM each). Store at −20°C.

 1. pcDNA3.1 Directional TOPO Expression kit (Invitrogen): 
Store the vector and the salt solution at −20°C. To guarantee 
efficient transformation, the provided competent Escherichia coli 
cells should be stored at −80°C and prior to the heat shock reac-
tion, exposure to room temperature should strictly be avoided.

 2. Restriction enzymes to test for positive insertion of the template 
(e.g., XhoI, HindIII): Choose a combination of enzymes 
that enclose the insertion site of the DNA template so that 
cleavage will cut out the insert and positive insertion can be 
visualized on an agarose gel (see Note 3).

 3. 4% Agarose gel: Dissolve 4 g agarose in 100 ml 1× TBE in a 
microwave and add 4 ml EtBr before pouring the gel into an 
appropriate chamber (see Note 11).

 4. 10 bp DNA ladder. Aliquot and store at −20°C.

For codelivery of Ago2 along with the RNAi reagent of choice 
(see Subheading 2.3.2), an expression plasmid for Ago2 is neces-
sary (see Note 12). Additionally, lentiviral vectors have also been 
successfully used for the delivery of Ago2 into hard-to-transfect 
cell lines (25).

As the specificity component for a RNA interference experiment, 
either a short hairpin RNA (shRNA), a small interfering RNA 
(siRNA), or a double-stranded (dsRNA) can be used to target a 
specific gene for knockdown (see Note 13). The shRNA is usually 
expressed from a plasmid or lentiviral construct using a Pol II or 
Pol III-driven promoter. The primary transcript of the shRNA is 
then processed by the endogenous miRNA machinery into the 
mature, active short RNA molecule. The siRNA is normally trans-
fected as a short duplex of about 21 bp of RNA with or without 
any modifications.

2.2.3.  Cloning

2.3. Improving RNA 
Interference with 
Argonaute-2

2.3.1. Ago2 Expression 
Vector

2.3.2. RNAi Reagent: 
shRNA/siRNA/dsRNA
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Depending on the individual experimental design, cells and trans-
fection reagents or a viral infection protocol will be necessary. 
Standard protocols and recommendations of the manufacturer 
can be applied.

Total RNA is isolated using the Guanidium thiocyanate–phenol–
chloroform extraction method (Trizol) according to manufac-
turer’s instruction (28). Cells are lysed in a monophasic solution 
of the chaotropic guanidine isothiocyanate and phenol to subse-
quently denature and inactivate proteins including RNases. This 
ensures the isolation of high-quality RNA and prevents degrada-
tion (see Note 1). Addition of chloroform generates a second 
phase into which DNA and proteins are extracted, so that the 
upper phase contains pure RNA that can subsequently be recov-
ered by sequential ethanol precipitations at −20°C.

RNA concentration and integrity is determined by gel electropho-
resis and photometry. As total RNA only contains ~5% mRNA but 
consists of ~90% rRNA, distinguished bands of 28S (~4.8 kb) and 
18S-rRNA (~1.8 kb) in the ratio of 2:1 are detected if the RNA is not 
degraded. Information about protein or organic contaminations are 
determined via photometric determination. RNA absorbs at 260 nm 
whereas the absorption maximum of proteins lies at 280 nm and 
organic contaminants absorb at 230 nm. OD 260:280 ratios of 1.8–2 
account for pure RNA while the OD 260:230 ratio should ideally be 
higher than 2.0 to exclude organic contaminations.

Equal amounts of total RNA (ideally 5–30 mg) are resuspended in 
RNA loading buffer, heated to 80°C for 10 min, and subsequently 
kept on ice (see Notes 4 and 6). This ensures effective denatur-
ation that removes secondary structures to separate the sample 
depending on the size of the RNA.

Formaldehyde agarose gels illustrate the well-established method 
of size separation for Northern blots. Since miRNAs are very small 
molecules (mature miRNAs consist of 20–23 nt, precursor miR-
NAs approximately 70 nt), a very stringent separation is needed. 
Therefore, 15% urea polyacrylamide gels with much smaller pores 
are the method of choice for Northern blots to detect miRNAs. To 
avoid secondary structures, urea is added as a denaturing reagent.

Prior to loading the samples on the gel, a prerun for 45 min 
at 125 V in running buffer is indispensable to get rid of the exces-
sive urea which is then flushed out of the wells additionally. 
Subsequently, the RNA is loaded into the wells, and the run pro-
ceeds for additional 90 min at 125 V. In some cases, an RNA 

2.3.3. Standard 
Transfection or Infection 
Reagents

3.  Methods

3.1. Northern Blotting 
(Fig. 1)

3.1.1.  Isolating Total RNA

3.1.2. Preparing  
RNA Samples  
for Electrophoretic  
Separation in Urea 
Polyacrylamide Gels

3.1.3. Size-Separation  
in Urea Polyacrylamide 
Gels
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ladder might be of help but as the RNA loading buffer contains 
Bromophenol blue (BPB), which is in concordance with the 
10-nt front, it is also sufficient to stop the run when the BPB 
band reaches the end of the gel.

The majority of experimental approaches aim at comparing miRNA 
levels of different samples. Therefore, loading equal amounts of 
total RNA in each well is of special importance. To demonstrate 
equivalent levels, the blot can be stained with a probe for a loading 
control (such as U6 snRNA or 5S rRNA, so-called housekeeping 
RNAs) (see Note 6). To perform a quick check prior to blotting, 
the gel is stained in an EtBr solution for 5 min to visualize the 
levels of tRNA (70–90 nt), 5SrRNA (120 nt), and 5.8S rRNA 
(160 nt) using UV light (Fig. 1) (see Note 1).

While the polyacrylamide gel is running, two filter papers and one 
piece of membrane (9 cm × 6 cm) per gel are soaked in 0.5× TBE 
and chilled at 4°C to equilibrate it for the subsequent transfer. 
The negatively charged RNA on the gel is then transferred onto 
a positively charged nylon membrane by semidry electroblotting 
at 400 mA for 60 min. To avoid overheating the chamber, 25 V 
should not be exceeded. In this case, transferring at 250 mA for 
3 h would be the method of choice.

Subsequently after the transfer, the membrane is crosslinked 
twice at optimal settings (=120 mJ and below) to covalently fix 
the RNA on the nylon membrane.

MiRNA expression is detected via radioactively labeled probes 
that are complementary to the mature miRNA. These probes 
are labeled at the 5¢ end using T4 Polynucleotide kinase that 
catalyzes the transfer of the g-phosphate from [g-32P]ATP to 
the 5¢ hydroxyl group of the DNA probe. Therefore, 2 ml 10× 
PNK buffer, 20 pmol probe, and 20 mCi [g-32P]ATP are mixed 
with 10 U T4-Polynucleotide kinase, and the 20-ml reaction is 
incubated at 37°C for 60 min (see Notes 3 and 4). The kinase 
reaction is heat inactivated at 68°C for 10 min, and 30-ml 
nuclease-free H2O is added before salts and excessive radioac-
tivity are removed using G-25 microspin columns according to 
manufacturer’s manual.

To ease the experimental setup, it is recommended to perform 
the hybridization steps in a 50-ml tube that can easily be put into 
hybridization bottles and afterward be discarded (see Note 5). 
Therefore, the blot is inserted with the RNA inside, not adhering 
to the wall of the tube. After 30 min of prehybridization in 5-ml 
ExpressHyb buffer at 37°C, the labeled probe is added without 
touching the blot. Hybridization takes place at 37°C for 60 min 
rotating in a hybridization oven (see Note 7).

3.1.4. Checking  
for Equivalent Loading  
of Total RNA

3.1.5. Blotting RNA onto  
a Nylon Membrane

3.1.6. Probe Design  
and Probe Labeling

3.1.7.  Hybridization
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Since an excess of labeled probe would arise in unspecific signals, 
the unbound radioactivity is removed by washing the blot twice 
with 25-ml wash buffer #1 for 5 min at 37°C rotating in the 
hybridization oven and once with 50-ml wash buffer #2 for 
10 min at room temperature on a shaker (see Note 7). Afterward, 
the membrane is wrapped into saran wrap and put onto a film 
into an autoradiography cassette in the dark room. For weakly 
expressed miRNAs, an intensifying screen below the film can 
improve the signal. After a certain time of incubation at −80°C, 
the film is thawed at 37°C and exposed to detect the radiation 
signal. Incubation times can vary between 12 h and several weeks 
and depend on the expression level of the miRNA that should be 
detected. Alternatively, a phosphoimager can be used for more 
rapid detection. Incubation times of 30–60 min are then suffi-
cient for effective visualization.

In many cases, it is desired to strip and reprobe the blot with a 
further probe to detect an additional miRNA or U6 snRNA or 5S 
rRNA as loading controls in the same RNA samples (see Note 6). 
Therefore, 50 ml of 0.5% boiling SDS are added to the blot and 
the blot is left shaking at room temperature for 30 min. This reac-
tion breaks the interaction between the labeled probe and the 
RNA, while the covalent bondage between RNA and membrane 
is not affected. The blot can now be stored at −20°C or be hybrid-
ized with another radioactively labeled probe after 30 min of pre-
hybridization at 37°C in ExpressHyb buffer (see above).

3.1.8. Washing  
and Detection

3.1.9. Stripping  
the Membrane to Remove 
Labeled Probe

Fig. 1. Northern blotting detects precursor and mature let-7a. Northern blot analysis of 
293 cells cotransfected with Ago2 give rise to increased expression of miRNAs. Elevated 
miRNA levels permit detection of an additional, smaller precursor band, the ac-pre-
miRNA (Ago2-cleaved precursor microRNA). Reprobing of the blot for U6 snRNA served 
as a loading control. As additional loading control, EtBr staining was used to visualize 
tRNAs, 5S and 5.8S rRNAs under UV light.
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To clone precursor miRNAs, only a fraction of small RNAs (smaller 
than 200 nt) is required, not the total RNA of a cell. Since mature 
miRNAs are 20–23 nt and precursor miRNAs approximately 70 nt 
in length, larger RNA fragments would only disturb the reaction. 
Due to size exclusion, miRNAs and their precursors are highly 
enriched. To specifically isolate RNA fragments that are smaller 
than 200 nt, various commercially available kits can be used. Cells 
are first lysed, then phenol–chloroform extracted and subse-
quently purified using glass-fiber filters. For the first reaction, 25% 
ethanol is used. Only large RNAs are immobilized and the small 
RNA species are collected in the filtrate. In the second round, 
the ethanol concentration is increased to 55%, and the filtrate is 
passed through a second glass-fiber filter where the small RNAs 
become immobilized and can be eluted into H2O after several 
wash steps.

As the 3¢ end should be determined in this experiment, it is not 
possible to design a gene-specific reverse primer (as the sequence 
of the pre-miRNA end first needs to be elucidated). To solve 
this problem, an RNA linker that contains a 3¢ terminal dide-
oxy-C base to prevent self-ligation, is ligated randomly to the 
pool of small RNAs at their 3¢ ends. A maximum of 5 mg RNA, 
5 mM Linker-2, T4 RNA Ligase buffer without ATP, 10% 
DMSO, and 40 U of T4 RNA Ligase 1 are mixed in a 20-ml 
reaction and incubated at 37°C for 1 h before the reaction is 
heat inactivated at 65°C for 15 min (see Note 10). To remove 
all reagents, the RNA is subsequently ethanol precipitated 
(−20°C for 10 min) and reverse transcribed into cDNA using 
Thermoscript, which has especially been engineered for reduced 
RNase H activity and higher thermal stability according to the 
manufacturer’s manual.

To amplify the miRNA of interest, a PCR with a miRNA-specific 
forward primer and a reverse primer that is complementary to 
linker-2 is used. The forward primer is complementary to the 5¢ 
arm of the miRNA plus few nucleotides from the stem loop so that 
a melting temperature of 68°C can be achieved (see Note 9).

For the PCR, the following amounts of reagents are used: 
100 mM dNTP, 4% DMSO, 0.2 mM of each primer, 250 ng cDNA, 
and 1 U Pfu Turbo Polymerase. The following amplification condi-
tions are recommended: 95°C 2:00/40 × (95°C 0:20/61°C 0:30/ 
72°C 0:30)/72°C 10:00/4°C.

The specificity of the PCR product is determined by running 
10 ml of the sample on a 4% agarose gel (see Note 11).

Sequencing a number of different clones is achieved by cloning 
the pre-miRNAs into a vector instead of sequencing the PCR 
product. The further experimental strategy will use the pcDNA3.1D 

3.2. Determining the  
3 ¢ End of Precursor 
miRNAs (Fig. 2)

3.2.1. Isolating RNA  
that is Specifically 
Enriched in RNAs  
Smaller than 200 nt

3.2.2. Linker Ligation  
and cDNA Synthesis

3.2.3.  PCR Amplification

3.2.4. Cloning the PCR 
Product into a Vector 
(pcDNA3.1D)
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Fig. 2. Precursor cloning determines the 3 ¢end of a miRNA. To determine the 3¢end of a 
miRNA of interest, RNA smaller than 200 nt is isolated prior to linker ligation. cDNA 
amplification is performed using a pre-miRNA specific forward primer in combination 
with a reverse primer that is complementary to the linker. Subsequently, the pre-miRNA 
is cloned into a vector to sequence various clones.
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vector from Invitrogen. TOPO cloning enables cloning of 
blunt-ended PCR products directly into an expression vector 
in a ligation reaction without subcloning steps. As the vector 
contains a single-stranded GTGG overhang on the 5¢ terminus 
and a 3¢ blunt end, the four-nucleotide overhang invades the 
dsDNA of the PCR product and anneals to the CACC sequence 
at the 5¢ end of the miRNA-specific forward primer, so that a 
Topoisomerase finally ligates the PCR product into the vector. 
The TOPO reaction is performed according to manufacturer’s 
instruction and the vector is transformed into competent  
E. coli cells.

After the vector is transformed into bacteria, DNA is precipitated 
from various colonies. Testing for correct integration is performed 
using restriction enzymes that cut the pcDNA3.1D vector close 
to the TOPO cloning site, for example, XhoI and HindIII. 
Using these two restriction enzymes, the predicted size of inter-
est can be calculated as the sum of your pre-miRNA of interest 
plus 77 nucleotides from the vector backbone. Clones with the 
correctly predicted size can now be analyzed by sequencing 
using the T7 Forward primer together with the BGH Reverse 
Primer.

Ectopic Ago2 is introduced into the cell in parallel with the RNAi 
specificity component, the small RNA. The delivery method 
depends on the experimental setting of the analysis. If the shRNA 
plasmid or the siRNA duplex are transfected, an expression plas-
mid for Ago2 can be cotransfected (see Note 12). If a lentiviral 
shRNA construct is used, a lentiviral vector for Ago2 expression 
can be used for coinfection protocols. The relative amount of 
RNAi reagent vs. Ago2 does not appear to be critical: cotransfec-
tion of equivalent amounts of shRNA and Ago2 plasmids as well 
as coinfection of high-titer shRNA with lower titer Ago2 lentivi-
ruses gave convincing results. The rate of RNAi enhancement 
depends on the shRNA/siRNA used, its baseline activity in the 
absence of additional Ago2, and the cell line. However, in most 
experiments, we have seen a strong increase in RNAi efficiency, 
whereas we have never seen a decrease in RNAi efficiency (partly 
unpublished data).

Importantly, two controls need to be set up in parallel: first, 
the experimental comparison should always happen between cells 
with ectopic Ago2 and the target-specific shRNA vs. cells with 
ectopic Ago2 and a control shRNA. As a second control, it is 
worth analyzing the difference between cells expressing ectopic 
Ago2 compared to cells expressing another, unrelated protein to 
validate whether or to what extent the overexpression of Ago2 
affects the phenotype under investigation.

3.2.5. Test Digestion  
and Sequencing

3.3. Improving RNA 
Interference with 
Argonaute-2 (Fig. 3)

3.3.1. Codelivery of Ago2 
with RNAi Reagents 
(shRNA, siRNA, and dsRNA)
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Notably, RNase-deficient Ago proteins – Ago1, Ago3, 
Ago4, or RNase-dead Ago2–mutants fail to enhance miRNA-
mediated inhibition, restricting the RNAi enhancement to Ago2 
in human cells (25). This phenomenon that can be used in every 
RNAi experiment may be of particular interest in high-through-
put screening approaches using siRNA or shRNA libraries. Since 
these screens are mostly limited by evident false-positive or false-
negative results (29), Ago2 cotransfection optimizes the RNAi 
experiment in two ways, by increasing the efficacy and specificity 
of target silencing. In contrast to Exportin-5, the effect of Ago2 
is restricted to perfectly matched binding sites and does not 
affect endogenous RNAi activity, making it less prone to off-
target effects (25, 26). Increased activity of RNAi allows a 
reduction in the concentration of the targeting construct and 
therefore minimizes nonspecific toxicity due to oversaturation 
of miRNA pathways by siRNA loads (30) and consequently 
could in the future potentially also enhance the potency of RNAi 
as a therapeutic utility.

The RNAi-enhancing effect of Ago2 is probably the additive 
effect of three different mechanisms by which Ago2 could 
strengthen the efficacy of a given shRNA or siRNA. Firstly, Ago 
proteins have been shown to increase the expression of mature 
short RNAs most likely by stabilizing them. However, this effect 
has been observed for all Ago proteins, but only Ago2 enhances 
RNAi efficiency indicating that this cannot be the only mecha-
nism. Secondly, Ago2 actively participates in the miRNA biogen-
esis pathway by cleaving the passenger strand and generating the 
ac-pre-miRNA (10). This is especially relevant in the shRNA set-
ting, since these hairpins have a high degree of complementarity 
making them prone to Ago2-mediated cleavage. This also explains 
why shRNAs benefit more from Ago2 codelivery than siRNAs. 
Lastly, for a shRNA, siRNA, or miRNA, it appears to be impor-
tant to which Ago protein it is bound since a short RNA perfectly 
complementary to a target can only induce efficient target RNA 
cleavage when bound to the slicer Ago2 (25).

While Ago2 has not affected most cellular pathways analyzed 
so far, when transiently overexpressed and analyzed within up to 
96 h after Ago2 introduction, generation of a cell line stably over-
expressing Ago2 does not appear beneficial, since we saw a selec-
tion for intermediate or low-expressing cells over time, indicating 
that Ago2 might slow proliferation in long-term cultures (unpub-
lished results).

In summary, codelivery of Ago2 appears to be most beneficial 
under the following conditions: shRNA transfection or infection, 
transient overexpression of Ago2 in parallel with RNAi treatment, 
and an experimental readout up to 96 h after introduction of 
ectopic Ago2 into the cell.

3.3.2. Parameters Affecting 
Ago2 Activity and RNAi 
Efficiency
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 1. We recommend testing the integrity of RNA before and after 
running the sample on urea polyacrylamide gels, since 
degraded RNA will be distributed throughout a broad range 
of molecular weight and consequently result in decreased 
intensity of the signal. Additionally, checking RNA levels 
prior to blotting also gives first information about equivalent 
loading of the blot.

 2. To prevent degradation, we recommend the treatment of 
solutions with DEPC that inactivates RNases by covalently 
modifying histidine residues. Please keep in mind that DEPC 
cannot be used in combination with Tris and SDS since these 
reagents inactivate DEPC by reacting with it.

 3. Always store enzymes at −20°C and remove exclusively for 
usage to maintain the 3D structure of the protein and con-
sequently prevent degradation.

 4. Half-life of [g-32P]ATP averages 14 days so that radioactivity 
decreases constantly. Therefore, we recommend using freshly 
prepared [g-32P]ATP if miRNAs with very low expression 
levels should be detected. Additionally, high amounts of RNA 
should be loaded onto the gel (20–25 mg) if possible.

4.  Notes

Fig. 3. Ago2 cotransfection improves RNA interference. Codelivery of Ago proteins that 
possess slicing activity (e.g., Ago2 in humans) improves RNAi efficacy and specificity of 
perfect complementary mRNA targets. Even though shRNA, siRNA, or dsRNA can be 
used as the specificity component of the RNAi experiment, shRNA transfection in com-
bination with transient overexpression of Ago2 appears to achieve the best results.
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 5. We recommend to perform the hybridization steps in a 50-ml 
tube that can be put into a hybridization bottle. Instead of 
cleaning the hybridization bottles, 50-ml tubes including 
radioactive material can easily be discarded.

 6. As a loading control, the membrane is stained with U6 snRNA 
or 5S rRNA. Since the expression of these genes is very high, 
only 10-pmol oligo and 5 mCi [g-32P]ATP are used to label 
the probe.

 7. The above-mentioned conditions were optimized for our 
purposes. However, modification of the washing steps or 
changes in the hybridization temperature can be used to 
improve your personal miRNA Northern blot protocol. 
Increased hybridization temperature will decrease both the 
background signal and the binding capacity, whereas decreased 
hybridization temperature leads to increased signal intensity 
coinciding with higher background levels.

 8. To clone precursor miRNAs, only a fraction of small RNAs 
(smaller than 200 nt), not the total RNA of a cell, is required. 
Since mature miRNAs are 20–23 nt and precursor miRNAs 
approximately 70 nt in length, larger RNA fragments would 
only disturb the reaction. Due to size exclusion, miRNAs and 
their precursors are highly enriched.

 9. The miRNA-specific forward primer to amplify the miRNA 
of interest should never exceed the region where the potential 
3¢ end of the miRNA might be located. Otherwise, sequencing 
will give wrong or no information about the 3¢ end.

 10. For the linker-ligation reaction, a buffer that is depleted of 
ATP has to be used to prevent circularization of the miRNAs 
in the presence of ATP.

 11. Due to the high Agarose concentrations, it is recommended 
to use a capacious container as overboiling might occur very 
rapidly.

 12. The human Ago2 cDNA can be obtained from Addgene 
(http://www.addgene.org), where it has been kindly depos-
ited by the Tuschl lab in form of a pIRESneo expression 
plasmid. This vector harbors Ago2 under the control of a 
CMV-driven Polymerase II (Pol II) promoter and is fused 
to an internal ribosome entry site (IRES) driving the expres-
sion of a resistance marker against Neomycin. Any other 
expression plasmid leading to strong expression of human 
Ago2 is also suitable.

 13. The use of long dsRNA is only possible in invertebrates such 
as Drosophila melanogaster since dsRNA would evoke a 
Protein Kinase R (PKR) and Interferon (IFN) response in 
mammalian cells.
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Chapter 8

miRNA Profiling on High-Throughput OpenArray™ System

Elena V. Grigorenko, Elen Ortenberg, James Hurley, Andrew Bond,  
and Kevin Munnelly 

Abstract

Micro RNA (miRNAs) are a class of 17–25 nucleotides noncoding RNAs that have been shown to have 
critical functions in a wide variety of biological processes. Measuring quantity of miRNAs in tissues of 
different physiological and pathological conditions is an important first step to investigate the functions 
of miRNAs. To this date, the number of identified miRNA consists of around 850 different species, and 
more sequence-predicted miRNA genes are awaiting experimental confirmation. The need for high-
throughput technologies allowing to profile all known miRNAs with power similar to microarray and 
precision/specificity of qPCR is evident. The example of such system based on high-density array of 
nanoliter PCR assays is described here. Functionally equivalent to a microtiter plate, a single OpenArray™ 
nanoplate makes possible to do up to 3,072 real-time PCRs at a single experiment. Methods for miRNA 
profiling using the dual-label probe chemistry (Taqman®) are outlined in this chapter, and experimental 
data illustrating system performance are provided.

Key words: miRNA, Taqman®, Polymerase chain reaction, Nanofluidic, High-throughput, Expression 
profiling, Quantitative PCR

MicroRNAs (miRNAs) are small (~17–25 nucleotides) noncoding 
RNAs that bind to mRNAs to regulate protein expression, either 
by blocking translation and/or by promoting degradation of the 
mRNA target [1]. They have been found to be involved in numerous 
cellular processes such as cell fate determination, cell proliferation 
and cell death [2, 3]. Specific profiles of miRNA in various types 
of tumors and presence of miRNAs in biological fluids appear to 
be promising as potential biomarkers for tumorogenesis and 
patient survival [4, 5, 8]. The number of known miRNAs has 
rapidly increased in recent years, yet current methods for global 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
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profiling of miRNA expression are still lacking and required 
throughput could be expensive for profiling of large number of 
samples against full miRNA transcriptome.

The real-time PCR detection of miRNA expression offers 
several distinct advantages over methods based on hybridization 
including quantification of miRNA over the large dynamic range 
and assay specificity with single-base discrimination detecting only 
mature miRNA and sensitivity for the detection of miRNA in a 
total RNA preparation. The Life Technologies, Inc (Carlsbad, 
CA) offers a library of hundreds of predesigned Taqman® miRNA 
assays suitable for global miRNA expression profiling. The princi-
ple of Taqman® miRNA assays is similar to conventional Taqman® 
RT-PCR. A major difference is the use of novel stem-loop primer 
during reverse transcription reaction. Stem-loop primers were first 
reported in 2005 [6] and they have several advantages: (1) the 
stem-loop facilitates annealing a short reverse sequence to the 3′ 
end of the miRNA that in turn provides a better discrimination 
between similar miRNAs, (2) its double-stranded structure does 
not allow the hybridization of RT primer to miRNA precursors 
and other long RNAs, (3) base stacking of the stem enhances 
stability of miRNA–DNA complexes thus improving RT efficiency 
for relatively short RT primer, and lastly, (4) unfolded stem-loop 
structure presents a longer RT product that is more amendable for 
real-time Taqman® assay and internal probe design.

Current strategies to implement qPCR for global miRNA 
expression analysis using high-density 1,536-well microtiter plate 
format must overcome several technical challenges. Changes in 
PCR stoichiometry from evaporation during thermal cycling and 
nonspecific surface interactions in reduced PCR volume can lead 
to poor PCR efficiency and precision. Achieving high densities of 
physically independent PCR volumes requires stringent fluidic 
isolation between adjacent reaction containers to prevent cross 
contamination during temperature cycling. Of equal importance are 
precise methods for transfer of a small volume of PCR mix between 
individual wells of 1,536-well microplate in a humidity-controlled 
environment to prevent liquid evaporation during the preparation 
of plate for PCR. In addition, maintaining dynamic range and 
precision of qPCR when scaling down to nanovolumes requires 
a proportional increase in template concentration to ensure an 
equivalent amount of template in the reduced reaction volume.

We have addressed these shortcomings with an approach based 
on through-hole nanofluidic arrays [7]. A stainless steel (317 stain-
less steel) platen, the size of a microscope slide (25 mm × 75 mm ×  
0.3 mm), is photolithographically patterned and etched to form a 
rectilinear array of 3,072 through-holes. The through-holes are 
grouped in 48 subarrays of 64 holes each and spaced on a 4.5-mm 
pitch equal to that of wells in a 384-well microplate (Fig. 1).  
A series of vapor and liquid deposition steps covalently attaches a 



103miRNA Profiling on High-Throughput OpenArray™ System

PCR compatible poly(ethylene glycol) (PEG) hydrophilic layer 
amine-coupled to the interior surface of each through-hole, and a 
hydrophobic fluoroalkyl layer to the exterior surface of the platen. 
The differential hydrophilic–hydrophobic coating facilitates precise 
loading and isolated retention of fluid in each through-hole. Assay 
primer pairs are transferred into individual through-holes by an 
array of 48 slotted pins manipulated by a four-axis robot in an envi-
ronmentally controlled chamber to prevent evaporative loss during 
loading. Once a platen is fully populated with primer pairs, the 
solvent is evaporated in a controlled manner leaving the primers 
immobilized in a PEG matrix on the inside surface of each through-
hole. The array loaded with primer is stored in a sealed bag at 
−20°C, and it is ready for sample addition.

Real-time PCR occurs in a computer-controlled imaging 
thermal cycler whose essential components are two pairs of off-axis, 
high-energy light emitting diode (LED) excitation sources, a 
thermoelectric flat block holding up to three encased arrays, 
two emission filters in a computer-controlled filter wheel, and a 

Fig. 1. A stainless steel platen (317 stainless steel) of the size of a microscope slide (25 mm × 75 mm × 0.3 mm) is 
photolithographically patterned and wet-etched to form a rectilinear array of 3,072 micro-machined, 320 mm diameter 
holes of 33 nL each. The 48 groups of 64 holes are spaced at 4.5 mm to match the pitch of the wells in a 384-well 
microplate. A PCR compatible poly(ethylene glycol) hydrophilic layer is amine-coupled to the interior surface of each hole, 
and a hydrophobic fluoroalkyl layer is vinyl-coupled to the exterior surface of the platen, resulting in the retention in 
individual, isolated containers of PCR reagents and sample introduced onto the array.
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thermoelectrically cooled CCD camera. Under software control, 
the real-time method for 9,216 PCR amplifications using 
dual-labeled probes such as Taqman® is implemented in less than 
2.5 h. Postacquisition data processing generates fluorescence 
amplification and melt curves for each through-hole in the array, 
from which cycle threshold (CT) is computed. All data are stored 
in a flat file (*.csv) format for ready export to a database or 
third-party software, for further analysis.

 1. Human heart, brain, and lung RNA are isolated from normal 
tissue (Life Technologies, Carlsbad, CA).

 2. MegaPlex stem-loop reverse transcription (RT) primers (Life 
Technologies, Carlsbad, CA).

 3. Synthetic miRNA templates for let-7 family isoforms were 
supplied by IDT DNA Technologies, Inc (Coralville, IA).

 4. Taqman® miRNA RT kit (Life Technologies, Carlsbad, CA).
 5. Universal Taqman® Mastermix (Life Technologies, Carlsbad, 

CA).
 6. REmix (5×), an additive provided by BioTrove and required 

for performance of dual-labeled assays on BioTrove 
OpenArray™ platform.

 7. miRNA-specific Taqman® assay that includes one tube of miRNA-
specific RT primer and one tube containing the mix of 
miRNA-specific forward and reverse primer and miRNA-specific 
Taqman® MGB probe (Life Technologies, Carlsbad, CA).

 8. OpenArray™ DLP qPCR Kit (BioTrove Inc, Woburn, MA).
OpenArray™ plates (nanotiter plates) preloaded with user ●●

supplied Taqman® miRNA assays and probes.
OpenArray™ qPCR cases.●●

Immersion fluid.●●

Case sealing glue.●●

Plate-file CDROM specifying location of the miRNA ●●

Taqman® assays in the nanotiter plate.
 9. NT Imager (BioTrove Inc.)

 1. Vertical slide holder.
 2. Autoloader (Fig. 2).
 3. Case sealing station.
 4. Autoloader supplies.

2.  Materials

2.1.  Reagents

2.2. Additional 
Materials Supplied  
by Biotrove
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 5. OpenArray™ plate holder.
 6. OpenArray™ tip block.
 7. Box of tips for AutoLoader (384 plasma-treated 20 mL 

FinnPipette tips).

 1. FinnPipette pipettor (16-channel), 5–50 mL (VWR).
 2. MatriCal plates, 384-well, black, low volume, polypropylene 

(MatriCal).

The existence of multiple miRNA isoforms within same family 
presents a significant challenge in miRNA quantification. To 
determine whether primers used in the study can distinguish 
between multiple miRNA isoforms, primer specificity should be 
tested on a synthetic template. The target sequence for a specific 
assay can be found in online academic or industrial databases 
(for example http://www.mirbase.org or http://www.applied-
biosystems.com). The let-7 family was chosen as a model for this 
experiment since its members have mismatches of one or more 
nucleotides (Table 1) in a sequence.

2.3. Additional 
Materials Not Supplied 
by Biotrove

3.  Methods

3.1. Testing miRNA 
Assay Specificity 
Using Synthetic 
Oligonucleotide 
Template

Fig. 2. The OpenArray workflow procedure. Customers receive OpenArray™ plate kit consisting of preloaded miRNA 
custom plates and OpenArray™ consumables (1), prepare sample plate (2), load samples on OpenArray™ plate using 
Autoloader (3, 4), insert OpenArray™ plate into a case which is sealed with glue (5), proceed with plate cycling (6), and 
analyze results (7).

http://www.mirbase.org
http://www.appliedbiosystems.com
http://www.appliedbiosystems.com
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 1. Allow to thaw Taqman® miRNA Reverse Transcription Kit 
components and reverse primers on ice.

 2. Prepare RT mix according to the manufacturer protocol with 
the final volume of 15 mL adjusted to the number of samples 
to be reverse transcribed plus 20% of overage for pipetting 
errors. For a single reaction, combine RT master mix consist-
ing of 0.15 mL of 100 mM dNTPs, 1 mL of Multiscribe reverse 
transcriptase, 1.5 mL of 10× RT buffer, 0.19 mL of RNase 
inhibitor, 4.16 mL of water, and 3 mL of reverse miRNA 
Taqman® primer and 5 mL of synthetic miRNA template at 
concentration of 100 pg per reaction.

 3. Mix gently, spin to bring solution at the bottom of the tube and 
incubate in thermocycler using the following program: 16°C – 
30 min, 42°C – 30 min, 85°C – 5 min, 4°C – indefinitely.

 4. After RT program is completed, take the tube out of the 
thermocycler, spin it, and put the tube on ice.

 5. The sample is now ready for the addition of PCR reagents 
and loading into OpenArray™ plate or it can be stored 
 at −20°C.

 1. Thaw reverse-transcribed miRNA samples on ice, spin tubes 
at 1,000 × g for 1 min. Place sample on ice to keep cool.

 2. Prepare PCR master mix by combining 132 mL of GeneAmp 
PCR Master mix, 52 mL of Remix, and 15.8 mL of PCR-
grade water. Please note that these reagents’ volumes are 
required for one OpenArray plate. Adjust volumes accord-
ingly if you will be using more than one plate (see Note 3).

 3. Pipette 3.8 mL of PCR master mix into 48 adjacent wells of 
384-well MatriPlate.

 4. Pipette 1.2 mL of reverse-transcribed synthetic miRNA tem-
plate, mix with PCR mix by gently pipetting twice.

 5. Microplate layout: Sample and master mix are dispensed into 
wells A1–A12, B1–B12, C1–C12, and D1–D12 where each 
well on microtiter plate corresponds to a subarray in the 
OpenArray plate (Fig. 2, point 2).

3.1.1. Reverse 
Transcription Reaction 
Using Synthetic 
Oligonucleotide Template

3.1.2. Preparing Sample 
Plate for OpenArrays 
Loading

Table 1 
Isoforms of human let-7 family

Let-7a UGAGGUAGUAGGUUGUAUAGUU

Let-7b UGAGGUAGUAGGUUGUGUGGUU

Let-7c UGAGGUAGUAGGUUGUAUGGUU

Note: single nucleotide difference as highlighted letters between three 
let-7 isoforms.
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 6. Cover the plate with aluminum foil sealing tape, and centrifuge 
the plate for 1 min at 500 × g to eliminate bubbles. Plate the 
plate on ice to keep samples cold.

 1. With forceps, peel off the foil exposing the 48 samples to be 
loaded onto the OpenArray plate.

 2. Place the plate guide exposing the well from which samples 
will be transferred into OpenArray plate. To load the first 
OpenArray plate, the mask exposes only wells A1–A12, 
B1–B12, C1–C12, and D1–D12.

 3. A tip block is prepared by placing 20 mL specially treated 
Finn Pipette tips into each hole of the tip block with 
16-channel pipettor. Inserting 12 pipette tips at a time fills 
all 48 pipette tips positions in four insertion operations 
(Fig. 2, point 3).

 4. The tip block is inserted into the plate guide, so that each 
individual pipette tip draws up fluid from each of 48 contigu-
ous wells in the MatriPlate. One minute of gentle vertical 
movement of the tip block relative to the microplate ensures 
that at least 4 mL of liquid (sample and PCR master mix) is 
drawn into each pipette tip.

 5. Insert OpenArray Plate into the plate holder and place it into 
Autoloader (Fig. 2, point 4).

 6. Insert the tip block into Autoloader. The Autoloader brings 
the pipette tip block into a contact with OpenArray plate and 
while plate moves relative to the tip, the liquid from pipette 
tips dispenses into the through-holes of OpenArray plate.

 7. Fill the case three-fourths with immersion fluid. This is to 
prevent thermal evaporation of PCR mix during thermal 
cycling (Fig. 2, point 5).

 8. Remove the plate from Autoloader, insert into the cassette, 
and pipette UV-curable epoxy into the case to seal. Insert cas-
sette into the case sealer where the glue is exposed to UV 
light to cure the epoxy forming a hermetic seal.

 1. Clean the glass surface of sealed-OpenArray plates with 70% 
ethanol by squirting small amount of liquid on glass surface 
and wipe excess with lint-free KimWipes.

 2. Attach the plate frames with the adhesive to the case prior to 
thermal cycling. Make sure that frames are attached to the 
most black side of the case. The frames keep case in tight 
contact with thermal block to ensure thermal uniformity 
during cycling.

 3. The OpenArray thermal cycling protocol consists of 94°C – 
10 min; 59°C – 70 s, 94°C – 60 s for 40 cycles. The images 

3.1.3. OpenArray Loading

3.1.4. Thermal Cycler 
Protocol and Imaging
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are collected at the end of each cycle PCR and this information 
is stored into an appropriate folder.

 4. Figure 3 shows fluorescence amplification curves for three 
members of let-7 family and unrelated miR-494.

The quantification of miRNA in total RNA samples using 
Taqman® miRNA assays is usually done by two steps: reverse 
transcription reaction followed by PCR (Note 1). In RT step, the 
cDNA is reversely transcribed from a total RNA using a mixture 
of stem-loop MegaPlex RT primers. Instead of doing RT reaction 
with a single miRNA-specific primer, the mix of MegaPlex 
primers allows to perform RT reaction for large number of 
miRNAs. In addition, the usage of these primers (1) improves 
the workflow, (2) reduces reagent cost, (3) minimizes sample 
input, (4) allows normalization to control genes detected in 
the same reaction as miRNA and lastly, allows to perform 
global miRNA expression analysis (see Note 2).

 1. Allow to thaw Taqman® miRNA Reverse Transcription kit 
components and MegaPlex RT primers on ice.

 2. Prepare RT mix according to the manufacturer protocol with 
the final volume of 15 mL adjusted to the number of samples 

3.2. Identification  
and Quantification  
of miRNAs in Total 
RNA Samples

3.2.1. Reverse 
Transcription Reaction 
Using Total RNA

Fig. 3. The example of real-time fluorescence amplification curves using miRNA synthetic templates for amplification. 
Real-time fluorescence amplification curves showing a specific detection of expression of closely related members of 
let-7a family. Six independent reactions were performed for each miRNA assay, and the inlet table shows the precision 
of assay performance of technical replicates on OpenArray system.
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to be reverse transcribed plus 20% of overage for pipetting 
errors. For a single reaction, combine RT master mix consist-
ing of 0.15 mL of 100 mM dNTPs, 1 mL of Multiscribe reverse 
transcriptase, 1.5-mL of 10× RT buffer, 0.19-mL of RNase 
inhibitor, 6.16 mL of water, and 1 mL of MegaPlex stem-loop 
RT primer mix and 5 mL of total RNA template at concentra-
tion of 100 ng per reaction (see Notes 1 and 3).

 3. Mix gently, spin to bring solution at the bottom of the tube, and 
incubate in thermocycler using the following program: 16°C – 
30 min, 42°C – 30 min, 85°C – 5 min, 4°C – indefinitely.

 4. After RT program is completed, take tube out of thermocycler, 
spin it, and put tube on ice.

 5. The sample is now ready for the addition of PCR reagents and 
loading into OpenArray™ plate or it can be storedat −20°C.

Follow the same procedure described in Subheading 3.1.3 for the 
preparation of sample plate and Subheading 3.1.4 for OpenArray 
loading procedure, also see Fig. 2.

 1. The same cycling protocol is used for the profiling of reverse-
transcribed total RNA using MegaPlex step-loop primer mix 
(see Subheading 3.1.4).

 2. Figure 4 shows the tissue-specific expression of let-7b and 
let-7c in heart, lung, and brain RNA similar to results reported 
in the literature [9, 10](see Note 4).

3.2.2. Preparing Sample 
Microplate and OpenArray 
Loading

3.2.3. Thermal Cycler 
Protocol and Imaging

Fig. 4. Tissue-specific expression of let-7b and let-7c miRNA in normal heart, lung, and brain tissues. Five independent 
reactions were performed for each miRNA assay, and the inlet table shows the precision of assay performance of technical 
replicates on OpenArray system.
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 1. Greater than 1 ng of cDNA per Taqman assay in the 
OpenArray plate is recommended, consistent with the Life 
Technologies’ recommendation of 1–10 ng of cDNA for 
the same assay in a microplate. To achieve this goal, a starting 
RNA concentration of 200 ng/mL is required.

 2. If detection of low abundant RNA is required or starting 
RNA material is limited, the preamplification of cDNA with 
miRNA-specific primers can be done before PCR. For these 
purposes, it is recommended to use Taqman® PreAmp Master 
(Life Technologies, Inc) mix in a combination with MegaPlex 
Preamp primers. The number of preamplification PCR cycles 
can be determined empirically and it is based on starting 
cDNA concentration. The dilution of preamplification 
products is necessary for downstream qPCR, and testing of 
dilution series is recommended for any new sample type.

 3. Volume of PCR master mix is sufficient to load one OpenArray 
plate plus an additional 10% volume to account for pipetting 
errors.

 4. RNA quality and amount per reaction can affect miRNA 
Taqman® assay performance. When isolating RNA from FFPE 
tissues, use appropriate RNA isolation kits.
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Chapter 9

Silicon Nanowire Biosensor for Ultrasensitive  
and Label-Free Direct Detection of miRNAs

Guo-Jun Zhang 

Abstract

MicroRNA (miRNA), a large and growing class of 18–24-nucleotide long, noncoding RNA molecules 
in all known animal and plant genomes, is a key player in gene regulation. The functions of miRNA are 
yet to be understood with respect to how and where it is produced and the changes within an organism 
associated with variations in miRNA expression level. The expression profiles serve as molecular diagnos-
tics for diseases and new targets in drug discovery. Consequently, highly sensitive and selective detection 
of miRNA is playing a significant role in understanding miRNA functions. Existing major methods of 
detecting miRNA are dependent on hybridization, in which a target miRNA molecule is hybridized to a 
complementary probe molecule. Recently developed detection methods introduce nanomaterials to the 
hybridized duplex to enhance the sensitivity. However, all of them are indirect, involving labeling or 
conjugating process. To overcome the above-mentioned issues, we have demonstrated a highly sensitive 
and label-free direct detection method for miRNA by using peptide nucleic acids (PNAs)-functionalized 
silicon nanowires (SiNWs) biosensor. The sensor is capable of detecting target miRNA as low as 1 fM 
(10–15 M), as well as identifying fully matched versus mismatched miRNA sequences. More importantly, 
the SiNW biosensor enables miRNA detection in total RNA extracted from HeLa cells. The developed 
detection method shows potential applications in label-free, early detection of miRNA as a biomarker in 
cancer diagnostics with very high sensitivity and good specificity.

Key words: Silicon nanowire, Biosensor, Label-free detection, Hybridization, Peptide nucleic acid, 
MicroRNA

MicroRNAs (miRNAs) are noncoding RNA molecules ranging in 
size from 18 to 24 nucleotides, which regulate gene expression in 
both plants and animals. They play an important role in develop-
mental and cell biology, including stem cell differentiation and 
development. In addition, miRNAs are clinically important bio-
markers for many cancer types because miRNA expression can be 

1.  Introduction
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correlated with cancer type and stage. It is therefore critical to 
develop robust detection methods for miRNAs with high sensi-
tivity, selectivity, as well as simplicity (1).

Owing to its small size, detection of miRNA is challenging. 
Many methods for detection of miRNA have been developed 
including northern blotting (2, 3), microarray (4, 5), polymerase 
chain reaction (PCR) (6), surface plasmon resonance (SPR) (7), 
as well as a variety of nanoparticles-based (8), conducting poly-
mer nanowires-based (9), and bioluminescence-based techniques 
(10). Northern blot allows gene expression quantification and 
miRNA size determination. However, the low sensitivity and 
time-consuming laborious procedures of northern blot make it 
difficult for routine miRNA analysis (2, 3). Nucleic acid assays 
combine amplification by polymerase chain reaction (PCR)  
and detection using fluorophores as labels (4, 5). Microarray-based 
detection methods also require labeling to visualize the hybrid-
ization event (6). To improve detection sensitivity of miRNA, a 
SPR-based method is capable of detecting miRNA in total RNA 
samples down to femtomolar concentrations (7). Moreover, some 
conjugates like nanoparticles (8), enzymes (10) are introduced to 
the hybridized duplex, which enhances the signals. The sensitivity 
is thus improved by using these strategies. Very recently, a nano-
gapped microelectrode-based biosensor array has been fabricated 
for ultrasensitive electrical detection of miRNAs (9).

To date, all reported methodologies require labeling and 
conjugating steps and are thus time-consuming and indirect. 
Therefore, there is a demand for miRNA detection methods that 
are sensitive, direct, simple, rapid, and label-free for measurement 
of miRNA directly from a cellular extract. Direct and label-free 
electrical readout systems provide an extremely attractive sensing 
modality, which is widely applicable for miRNA detection. Silicon 
nanowires (SiNWs) are ultrasensitive biosensors that are capable 
of detecting nucleic acids (11–17) and proteins (18–20). In this 
chapter, we describe a new method of directly detecting miRNA 
excluding labeling and conjugating processes using peptide 
nucleic acids (PNAs)-functionalized silicon nanowires (SiNWs) 
biosensor with high sensitivity and good specificity. As PNA does 
not have an anionic phosphate backbone, the hybridization 
between PNA and miRNA eliminates repulsion, resulting in 
increased melting temperature and subsequently enhanced hybrid-
ization efficiency. The SiNW biosensors functionalized with PNA 
are capable of discriminating between single base differences, as 
in single nucleotide polymorphisms (SNPs). Furthermore, miRNA 
in total RNA extracted from cancer cell lines are detectable by the 
developed SiNW biosensors. Due to high surface-to-volume ratio 
that the nanowire dimensions confer, the sensitivity is greatly 
enhanced and the detection limit can be lowered to femtomolar 
concentrations.



113Silicon Nanowire Biosensor for Ultrasensitive and Label-Free Direct Detection of miRNAs

 1. Silicon-on-insulator (SOI) wafers with 145 nm buried oxide  
layer are used.

 2. Piranha solution (see Note 1).
 3. Buffered hydrofluoric (HF) acid (see Note 2).
 4. 3-aminopropyltriethoxysilane (99%, Sigma-Aldrich).
 5. Glutaraldehyde (25% in H2O, Sigma-Aldrich).
 6. PNA probes are synthesized by Eurogentec (Herstal, Belgium).
 7. MiRNAs are synthesized by 1st BASE Oligos (Singapore).
 8. 20×SSC buffer (1st BASE Oligos, Singapore).
 9. Trifluoroacetic acid (TFA, Sigma-Aldrich).
 10. Diethyl pyrocarbonate (DEPC, 99%, Aldrich).
 11. TRIzol reagent (Invitrogen, Carlsbad, CA).
 12. YM-50 Montage spin column (Millipore Corp., Billerica, MA).
 13. RNaseZap (Ambion, TX).

 1. Oxide growth (Furnace, SEMCO).
 2. DUV lithography (Clean Track 8 and NIKKON Scanner, 

TEL).
 3. Fin etch (RIE, Precision 5000 Mark II, Applied Materials).
 4. Ion implant (E500 HP Implanter, VARIAN).
 5. Implant activation (RTP Systems AST 3000, STEAG).
 6. Metal deposition (Endura HP PVD, Applied Materials).
 7. Metal etch (Centura Metal Etcher, Applied Materials).
 8. Oxide deposition (Centura PECVD System, Applied Materials).
 9. Dry oxide etch (Oxide Etcher, TEL).
 10. Probe station (Alessi REL-6100, Cascade Microtech).

 1. Add 0.1% (v/v) (DEPC) to water/buffer solutions involved 
in the experiment (see Note 3).

 2. Store them overnight.
 3. DEPC must then be completely destroyed by autoclaving 

(see Note 4).

 1. Prepare 10 ml of ethanol/H2O/3-aminopropyltriethoxysilane 
(98.5:0.5:1 (v/v)) by mixing 9.85 ml of ethanol, 50 ml of 
ultrapure H2O, and 100 ml of 3-aminopropyltriethoxysilane 
(see Note 5).

 2. Do not use the mixture if it turns turbid.

2.  Materials

2.1. Reagents

2.2. Equipment

2.3. DEPC-Treatment 
of Solutions

2.4. Preparation of 2% 
3-Aminopropyltrietho-
xysilane Solution
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 3. The freshly prepared solution is used immediately.

 1. Prepare 10 ml of 2.5% glutaraldehyde by dissolving 1 ml of 
25% glutaraldehyde water solution in 9 ml of D.I. water.

 2. Use the solution immediately.

 1. The PNA sequence is N-AACCACACAACCTACTAC-
CTCA-C.

 2. Dissolve in a calculated amount of D.I. water including 0.1% 
TFA based on the PNA amount provided in the certificate as 
stock (see Note 6).

 3. Buffer preparation: dilute stock 20×SSC buffer to 1×SSC 
buffer, store at room temperature.

 4. Dilute PNA to 10 mM in the 1×SSC buffer.
 5. Store in aliquots at −20°C.

 1. Let-7b is a complementary target, whose sequence is 
5¢-UGAGGUAGUAGGUUGUGUGGUU-3¢.

 2. Let-7c is a one-base mismatched target, whose sequence is 
5¢-UGAGGUAGUAGGUUGUAUGGUU-3¢.

 3. Control is a non-complementary target, whose sequence is 
5¢-AUGCAUGCAUGCAUGCAUGCAA-3¢.

 4. Dissolve in a calculated amount of D.I. water based on the 
miRNA amount provided in the certificate as stock.

 5. Buffer preparation: dilute stock 20×SSC buffer to 0.01×SSC 
buffer, store at room temperature.

 6. Dilute miRNA to various concentrations in the 0.01×SSC 
buffer.

 7. Store in aliquots at −20°C.

 1. Total RNA from human HeLa cells is extracted using TRIzol 
reagent according to the manufacturer’s recommended 
protocol.

 2. MiRNAs in the total RNA are enriched using an YM-50 
Montage spin column.

 3. RNA concentration is determined by UV-vis spectrophotometry.
 4. Store in aliquots at −80°C.

SiNW sensors are typical FET-based devices, which contains 
source, drain, and gate electrodes. Figure 1 shows a schematic 

2.5. Preparation  
of Glutaraldehyde 
Solution

2.6. PNA Preparation

2.7. Preparation  
of miRNA Oligos

2.8. Extraction of Total 
RNA from Hela Cells

3. Methods
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diagram of a typical SiNW biosensor. The sensing mechanism by 
SiNW can be understood in terms of the change in charge density 
which induces a change in electric field at the SiNW surface. For 
example, binding of biomolecules with negative charge to the 
surface of n-type FET leads to an increase in device resistance.

Ultrasensitive, direct, and label-free detection for microRNA 
plays an important role. Figure 2 illustrates the working principle 
of the SiNW biosensor for detection of miRNA. PNA is cova-
lently immobilized on the electrically addressable SiNW surface 
via conventional silane chemistry. Electrical biosensing by SiNW 
is based on change in resistance of the SiNWs due to depletion of 
charge carriers in its “bulk” when negatively charged miRNA 
originating from the phosphate groups on the miRNA backbone 
are bound to the PNA-functionalized surface via hybridization. 
When the targeted species, miRNAs complementary to the immo-
bilized PNA, are present, resistance change occurs, whereas when 
they are noncomplementary, resistance change is minimal. As 
each wire is provided with independent metal contacts, resistance 

Fig. 1. Schematic of a single SiNW biosensor consisting of source (S) and drain (D) con-
tacts and an individual SiNW surrounded by SiO2 (reproduced from ref. (17) with permis-
sion from Elsevier Science).

Fig. 2. Schematic illustration of the label-free direct hybridization assay developed for 
ultrasensitive detection of miRNA (reproduced from ref. (17) with permission from 
Elsevier Science).
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can be individually measured. The miRNAs for hybridization 
were let-7b (complementary), let-7c (one-base mismatched), and 
control (noncomplementary).

 1. The silicon wafers are doped with n-type (phosphorous) impu-
rities using an ion implanter where implant dose is varied from 
1 × 1013 to 1× 1015 cm– 2 and energy from 30 to 50 keV.

 2. The dopants are then activated in rapid thermal annealing 
furnace and nanowire-fins are patterned using standard DUV 
lithography in the array format.

 3. Silicon is etched in reactive ion etcher and resulting fins (60–
80 nm wide) are oxidized in O2 at 900°C for 2–6 h to realize 
nanowire array.

 4. The two ends of the nanowires are further doped to obtain 
n+ regions, followed by connecting to contact metal and 
alloying to realize Ohmic contacts.

 5. The device is passivated by silicon nitride film except for the 
active nanowire sensor area and metal pads.

 6. Etching in nanowire area is carried out using a combination 
of dry and wet release.

 7. Figure 3 shows an optical image of a SiNW sensor chip having 
two portions of SiNW arrays and 100 SiNWs in each portion. 
The individual SiNW has a dimension of ~50 nm in diameter 
and a length of 100 mm.

3.1. Fabrication  
of Silicon Nanowire 
Device

Fig. 3. Optical image of a SiNW sensor chip. Each chip consists of two portions of individually addressable SiNW arrays. 
Inset image shows high-resolution SEM image of ten nanowires in each portion. The individual SiNW has a dimension of 
~50 nm in diameter and a length of 100 mm (reproduced from ref. (17) with permission from Elsevier Science).
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 1. Immerse the chips in solution of 2% 3-aminopropyltriethox-
ysilane for 2 h.

 2. Wash the chips with absolute ethanol for three times and 
blow-dry.

 3. Immerse the chips in 2.5% glutaraldehyde in water for 1 h.
 4. Wash the chips with water and blow-dry.
 5. The chips are used immediately.

 1. Apply 20 ml of 10 mM PNA in 1× SSC on the nanowire 
surface.

 2. Place the chips in a humid atmosphere at room temperature 
overnight (see Note 7).

 3. Wash the chips with the same buffer, rinse with water before 
measurement, and blow-dry.

 1. Apply the furnished acrylic wells to the NW region after care-
fully peeling off the cover of double-side tape (see Notes 8 
and 9).

 2. The chip surfaces are decontaminated by RNaseZap, followed 
by a wash with 70% ethanol (see Note 10).

 3. 20 ml of 0.01×SSC buffer solution is added to the well as buf-
fer medium.

 4. The SiNW resistances are measured with the probe station 
(see Note 11).

 5. Resistances are measured at 0.1 V.
 6. Rinse the chip with water after measurement.
 7. Apply 20 ml of 1 nM miRNA in 0.01×SSC on the surface.
 8. Place the chips in a humid atmosphere at room temperature 

for 1 h.
 9. Wash the chips with the same buffer, rinse with water, and 

blow-dry.
 10. 20 ml of 0.01×SSC buffer solution is added to the well as buf-

fer medium.
 11. Resistances are measured at 0.1 V again.
 12. The resistance change of SiNWs before and after PNA-

miRNA hybridization is recorded.
 13. Data are analyzed as an average of the responses from 15 

measurements.
 14. The high sequence specificity is demonstrated by hybridizing 

the PNA-functionalized SiNW sensor to the three different 
types of targets (let-7b, let-7c, and control, respectively). An 
example of the results of the sequence specificity produced is 
shown in Fig. 4.

3.2. Surface 
Functionalization  
of Silicon Nanowire

3.3. Immobilization  
of PNA on the 
Nanowire Surface

3.4. Sequence 
Specificity of  
the PNA-
Functionalized  
SiNW Biosensor
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 1. Apply the acrylic wells to the sensor surface carefully after 
PNA immobilization.

 2. The chip surfaces are decontaminated by RNaseZap, followed 
by a wash with 70% ethanol.

 3. 20 ml of 0.01×SSC buffer solution is added to the well as buf-
fer medium.

 4. Resistances are measured at 0.1 V.
 5. Rinse the chip with water after measurement.
 6. Different concentrations of miRNA are applied to the PNA-

functionalized SiNW sensor.
 7. Various resistances are measured at 0.1 V.
 8. The detection response of the PNA-functionalized SiNW 

biosensor is proportional to the concentrations of the com-
plementary target miRNA. Examples of the response as a 
function of concentrations of miRNA are shown in Fig. 5.

3.5. Detection 
Response of the 
PNA-Functionalized 
SiNW Biosensor

Fig. 4. Hybridization specificity demonstrated by response of the PNA-functionalized 
SiNW biosensors to fully complementary (let-7b), one-base mismatched (let-7c), and 
noncomplementary miRNA sequences. The specific resistance change was obtained 
from hybridization of let-7b to the SiNW device immobilized with PNA. As can be seen, a 
significant change (~47.2%) was observed when 1 nM let-7b was used, whereas only 
a negligible change was obtained when same concentration of noncomplementary 
miRNA was applied to the SiNW device. To evaluate the capability of the SiNW device for 
discrimination of single base mismatch in miRNAs, let-7c was tested at 1 nM. The 
increase in resistance for let-7c was ~7.9% which is much lower than that of let-7b. 
The high specificity suggests that the SiNW device allows for label-free discrimination 
between the fully matched and mismatched miRNAs, offering unique advantage over 
other technologies which require labeling and additional tags (reproduced from ref. (17) 
with permission from Elsevier Science).



119Silicon Nanowire Biosensor for Ultrasensitive and Label-Free Direct Detection of miRNAs

 1. Apply the acrylic wells to the sensor surface carefully after 
PNA immobilization.

 2. The chip surfaces are decontaminated by RNaseZap, followed 
by a wash with 70% ethanol.

 3. 20 ml of 0.01×SSC buffer solution is added to the well as buf-
fer medium.

 4. Resistances are measured at 0.1 V.
 5. Rinse the chip with water after measurement.
 6. Aliquots of the total RNA are diluted with 0.01×SSC and 

subsequently applied to a PNA-functionalized SiNW device 
for 1 h.

 7. Resistances are measured at 0.1 V.
 8. The results obtained with resistance change are normalized 

with respect to the total RNA.
 9. The concentration of let-7b detectable in the total RNA 

extracted from Hela cells is determined.

3.6. Detection  
of miRNA in Hela Cells

Fig. 5. Response of the PNA-functionalized SiNW biosensors to the complementary 
miRNA (let-7b) of varying concentrations. Different known concentrations of miRNA 
were tested with different groups of SiNWs. The resistance change before and after 
PNA-miRNA hybridization primarily depends on the amount of charge layer contributed 
by miRNA. The more the target miRNA molecules hybridized, the more negative charges 
accumulated on the SiNW surface, and thus the higher the resistance increase. As 
described above, an obvious resistance increase was obtained when 1 nM let-7b was 
hybridized to the PNA-functionalized SiNW device. It was observed that resistance 
change drops as a function of varying concentrations of let-7b. A 7.3% response was 
still observed while 1 fM let-7b was employed, which is distinguishable from the control 
signals. This indicates that ultralow concentrations of miRNA can effectively be detect-
able down to 1 fM with the device used in the work without labeling/tagging (reproduced 
from ref. (17)  with permission from Elsevier Science).
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 1. Piranha solution is very dangerous, being both strongly acidic 
and a strong oxidizer. It must be handled extremely carefully.

 2. HF is an extremely hazardous liquid and vapor and is highly 
corrosive to eyes and skin. Goggles and gloves must be used 
during operation.

 3. Unless stated otherwise, all buffer solutions should be pre-
pared in water.

 4. All buffer solutions and water are treated with diethylpyrocar-
bonate by mixing 0.1% of diethylpyrocarbonate with the 
solutions and storing them overnight prior to autoclaving.

 5. A glass petri dish must be used for this step. EtOH will dissolve 
plastic petri dishes and cause chips to adhere to the dish.

 6. All the tips used in the experiment are sterilized prior to use.
 7. Put a wet paper on the bottom of a Petri dish, place the SiNW 

chip on the top of the paper, and seal the dish with Parafilm.
 8. Rectangular wells (inner size: ~0.8 × 0.4 cm2) are cut by laser 

machine after double-side tape is fixed on the bottom of the 
acrylic plate. Ensure that wells are properly adhered to the 
surface of the NW chip to prevent any leakage of the 
solution.

 9. Check for leakage with DI water after pasting the wells on the 
surface.

 10. Treatment is conducted in a Class II Biohazard Safety 
Cabinet.

 11. SiNW terminals: (1) Drain connected to voltage source; (2) 
Source connected to common ground (any one of the com-
mon pads); (3) Substrate connected to common ground.

4.  Notes
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Chapter 10

High-Throughput and Reliable Protocols for Animal 
MicroRNA Library Cloning

Caide Xiao 

Abstract

MicroRNAs are short single-stranded RNA molecules (18–25 nucleotides). Because of their ability to 
silence gene expressions, they can be used to diagnose and treat tumors. Experimental construction of 
microRNA libraries was the most important step to identify microRNAs from animal tissues. Although 
there are many commercial kits with special protocols to construct microRNA libraries, this chapter pro-
vides the most reliable, high-throughput, and affordable protocols for microRNA library construction. 
The high-throughput capability of our protocols came from a double concentration (3 and 15%, thick-
ness 1.5 mm) polyacrylamide gel electrophoresis (PAGE), which could directly extract microRNA-size 
RNAs from up to 400 mg total RNA (enough for two microRNA libraries). The reliability of our proto-
cols was assured by a third PAGE, which selected PCR products of microRNA-size RNAs ligated with 5¢ 
and 3¢ linkers by a miRCatTM kit. Also, a MathCAD program was provided to automatically search short 
RNAs inserted between 5¢ and 3¢ linkers from thousands of sequencing text files.

Key words: Total RNA abundance, MicroRNA, Polyacrylamide gel electrophoresis, 5¢ Linker,  
3¢ Linker, T–A cloning, Plasmid

A group of nonprotein-coding, endogenous, and short RNA mol-
ecules (18–25 nucleotides) were first discovered in Caenorhabditis 
elegans (1). During the last decade, it was found that this kind of 
short RNA molecules had been identified in virtually every 
metazoan and plant species examined. This kind of short RNA 
molecules is called microRNA (miRNA). MicroRNAs are impor-
tant regulatory molecules, which control gene expression at the 
posttranscriptional levels. Mature miRNAs can bind by partially 
complementary sequences to target messenger RNAs (mRNAs) 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_10, © Springer Science+Business Media, LLC 2011
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and negatively regulate their expression by preventing translation 
into proteins. Interestingly, a miRNA can bind up to 200 genes, 
and each mRNA could have recognition sites for more than one 
miRNA (2). About 30% of the human protein-coding genes are 
negatively regulated by miRNA (3), which suggests that miRNAs 
are the biggest regulators in gene expression (4).

Identifying miRNA targets is a very important step to study 
miRNA functions. Although computational approaches could be 
used as a powerful strategy to predict miRNAs (4–6) based on 
sequence complementarities between miRNAs and their targets, 
experimental construction of miRNA libraries was the most 
important step to identify miRNAs from organisms with unknown 
genome sequences (7, 8) and tumor tissues. In this chapter, high-
throughput and reliable protocols are presented for miRNA 
libraries construction in six steps shown in Fig. 1. In step 1, 
TRIzol® reagent (Invitrogen (9)) was used to extract total RNA 
from animal tissues, and the amount of total RNA needed for a 
miRNA library construction was discussed. In step 2, a double 
concentration denaturing polyacrylamide gel electrophoresis 
(PAGE) was applied to separate short pieces of RNA (~21 nt) 
from total RNA, and the maximum load of a channel in the gel 
electrophoresis was discussed. In steps 3, 4, and 5, protocols from 
a miRCat® kit (Integrated DNA Technologies, Inc. (10)) were 
followed to clone small RNAs and eachwas linked to a 5¢ linker as 
a cap and a 3¢ linker as a tail. In step 6, gel electrophoresis was 
used for the third time to select the short pieces of RNA (~21 nt) 

Step 10
Plasmids
Sequencing

Step 9

Plasmids
Amplification

A Sequenced
miRNA library

Animal
Tissue

miRNA 3’Linker5’Linker

pGEM-T easy
Vector

Fig. 1. Ten steps for an animal microRNA library construction. It took about 2 days to finish 
work from step (1) to step (6).
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with 5¢ and 3¢ linkers from the PCR products. Through the three 
PAGE selections, all short pieces of RNAs selected were 
microRNA-size RNAs. After these samples are sequenced, you 
will have thousands of text files about your samples. Looking 
through each text file to find a possible miRNA sequence either 
by eye or by Microsoft WORD or by BioEdit is a tedious task. At 
the end of the chapter, a mathCAD® program is provided for 
automatically searching possible miRNAs from thousands of 
sequence text files.

 1. A tissue homogenizer.
 2. A high-speed centrifuge.
 3. A vortexer.
 4. Three refrigerators (+4, −20, and −80°C).
 5. KimWipers® paper.
 6. Nanadrop® spectrophotometer.

 1. Trizol reagent (Invitrogen).
 2. Chloroform.
 3. Isopropanol.
 4. 75% ethanol (−20°C).
 5. DNAse & RNAse-free water.
 6. 4 M lithium chloride (for egg RNA).

Bio-RAD® mini-protean tetra cell system (11) with a 5-well, 
1.5 mm comb (module 165-3363) and a 10-well, 0.75 mm comb 
(module 165-3354).

 1. 10× TBE buffer (Tris–Borate–EDTA).
108 g Tris base (890 mM).●●

55 g boric acid (890 mM).●●

9.3 g Na●●

4EDTA (20 mM).
  Add ddH2O to 1.0 L. The pH is 8.3 and requires no 

adjustment.
 2. 50× TAE buffer (Tris-acetate buffer).

242 g Tris base.●●

57.1 mL glacial acetic acid (40 mM).●●

37.2 g Na●●

2EDTA·2H2O (20 mM).
Add ddH●●

2O to 1 L.

2.  Materials

2.1. Total RNA 
Extraction from 
Tissues

2.1.1.  Instruments

2.1.2.  Chemicals

2.2.  Denaturing PAGE

2.2.1.  Instruments

2.2.2.  Chemicals
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 3. 40% gel solution (38% acrylamide with 2% bisacrylamide).
38.0 g acrylamide (ultrapure).●●

2.0 g ●● N,N¢ methylene-bis-acrylamide (ultrapure).
  Add ddH2O to 60 mL in a glass bottle and heat the bottle in 

a water bath (<55°C) to dissolve the chemicals. Adjust to 
100 mL by adding ddH2O. Cover the bottle with aluminum 
foil and store it at 4°C.

 4. 6× Formamide loading buffer.
 5. 10% w/v Ammonia persulfate solution (APS).

100 mg ammonia persulfate.●●

Add ddH●●

2O to 1.0 mL.
 6. GelStar nucleic acid stain (Cambrex BioScience, Cat. no. 50535).

Table 1 shows the reagents and their tube numbers of a miRCat 
kit. The small letters and capital letters in the oligonucleotide 
sequences of the tube 1–5 represent ribonucleotides in RNA and 
deoxyribonucleotides in DNA, respectively. Reagents in the kit are 
sufficient for the generation of ten small RNA libraries. The internal 
RNA control (miSPIKE™) in tube 3 is a 21-mer RNA designed 
specifically to assist in small RNA cloning. Because this RNA  
oligonucleotide lacks a 5¢ phosphate, it cannot be 5¢ linked and 
will not participate in subsequent ligation steps. The oligonucle-
otides serve mainly as a marker for the locations of small RNAs in 
electrophoresis gels and a mass carrier/coprecipitant for small 
RNAs. The miSPIKE in tube 3, two cloning linkers in tube 1, 2, 
and two PCR primers in tube 4, 5 are dry powder. Before opening 
these tubes, they should be centrifuged (<800 × g) so that the dry 
reagents go down to the bottom of the tubes. According to 
Table 2, add liquid from tube 7 to rehydrate these agents.

 1. PCR reagents.
 2. PCR amplicon cloning kit (pGEM T-EASY, Promega – Cat. 

no. A1380).
 3. 50 bp DNA Ladder (BioLab Inc., N3236S).
 4. DTR desalting columns (Edge Biosystems, Cat. no. 42453).
 5. Super optimal broth (SOB medium).
 6. Agarose gel (1.5%) Electrophoresis: weigh 0.75 g agarose, add 

1 × TAE buffer 50 mL, and heat in microwave oven for 2 min. 
When the gel solution cools down to around 60°C, add 
10 mL × 1 mg/mL EtBr, and cast the gel horizontally with a comb. 
Add samples to wells and run the gel at 100 V for about 1 h in 
1 × TAE buffer. Check electrophoresis results by UV light.

 7. QIAprep Spin Miniprep Kit.

2.3. A MicroRNA 
Cloning Kit: miRCat TM

2.4.  Additional Agents
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Table  1 
Reagents of miRCat™ kit

Tube no. Contents

 1 3¢ Cloning linker: 5¢-rAppCTGTAGGCACCATCAAT/3ddC-3¢

 2 5¢ Cloning linker: 5¢-TGGAATucucgggcaccaaggU-3¢

 3 Internal control RNA: 5¢-cucaggatggcggagcggucu-3¢

 4 Forward PCR primer: 5¢-TGGAATTCTCGGGCACC-3¢

 5 Reverse transription/PCR primer: 5¢-GATTGATGGTGCCTACAG-3¢

 6 IDT RNase/D Nase/pryrogen-free water

 7 IDTE (pH 7.5)

 8 10× Ligation buffer

 9 Ligation enhancer

10 10 mM ATP

11 10 mg/mL glycogen

12 3 M NaOAc (pH 5.2)

13 T4 RNA ligase (5 U/mL)

14 T4 DNA ligase (30 U/mL)

Table  2 
Rehydration of stock oligonucleotides in the miRCat™

Tube no. Contents
Add liquid  
from tube 7 (mL)

Final concentration 
(mM (pMole/mL))

1 3¢ Cloning linker 40 50

2 5¢ Cloning linker 40 50

3 Internal control RNA 15 10

4 Forward PCR primer 40 10

5 Reverse transcription/PCR primer 40 10

For a miRNA library construction from a specific tissue, the first 
question is how many grams of the tissue are needed. The answer 
to this question is determined by two factors. The first one is the 
minimum quantity of total RNA needed for a miRNA library 
cloning by a specific method, and the second one is the total RNA 

3.  Methods

3.1. Using TRIzol ®  
to Extract Total RNA 
from Animal Tissues
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abundance of the tissue. The total RNA abundance of a tissue is 
defined as the amount of total RNA extracted from 1 g of tissue. 
According to our experience on purification of miRNA by PAGE, 
200–300 mg total RNA is enough for the generation of an miRNA 
library. Figure 2 shows the abundance of total RNA in nine  tissues 
of a kind of fish: rainbow trout (Oncorhynchus mykiss). The liver 
tissue has the highest abundance of total RNA. From 1 g of  
liver tissue, 9,309.8 mg of total RNA could be extracted by Trizol 
reagent; the fish oocyte (eggs) tissue has the lowest abundance of 
total RNA. Only 52.0 mg of total RNA could be obtained from 
1 g of fish eggs. According to the abundance data shown in the 
figure, the weight of a specific tissue for an miRNA library could 
be found from the ratio of 300 mg total RNA to the abundance of 
the tissue. For example, to construct a rainbow trout fish oocyte 
miRNA library, we have to use at least 5 g of fish eggs. To con-
struct an miRNA library from several tissues, we have to pool 
different volumes of total RNA from different tissues, so that 
each tissue contributes the same amount total RNA in the pool. 
For many kinds of tissues, their total RNA could be extracted by 
using Trizol reagent with protocols suggested by Invitrogen or 
other companies. Because fish oocytes have a high content of gly-
coprotein, fat, and polysaccharides, a special protocol must be 
used for oocyte total RNA purifications. The protocols presented 
in this chapter for miRNA library generation had been successfully 
used to generate a fetal cow (Bos taurus) ovary miRNA library, a 
rainbow trout somatic miRNA library, and a rainbow trout oocyte 
(eggs) miRNA library.
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Fig. 2. The abundance of total RNA in nine tissues of rainbow trout fish.
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 1. Set up a homogenizer and place a small beaker under the 
blade of the homogenizer. Prepare three 50-mL conical plastic 
tubes per sample with MilliQ water (30–40 mL). Clean 
the blade of the homogenizer in the water by running the 
homogenizer three times in the water of the three tubes.

 2. Add Trizol to a 50-mL conical plastic tube and place the tube 
on ice.

 3. Take an animal tissue out of a −80°C refrigerator and quickly 
put the frozen tissue into the Trizol tube. Usually the ratio of 
the weight of a tissue to the volume of Trizol should be 1.0 g: 
10 mL. But for fish egg total RNA extraction, the ratio could 
be changed to 2.0 g: 10 mL.

 4. Homogenize the tissue as soon as possible in a hood at room 
temperature.

 5. Incubate the homogenized samples for 5 min at room tem-
perature to permit the complete dissociation of nucleoprotein 
complexes.

 1. Add 0.2 mL of chloroform per 1 mL of Trizol reagent to 
the tube.

 2. Cap sample tubes securely. Shake tubes vigorously by hand for 
15 s and incubate them at room temperature for 2–3 min.

 3. Centrifuge the samples at no more than 12,000 × g for 15 min 
at 4°C (the tube holding the liquid must be strong enough to 
tolerate the centrifugation force). Following centrifugation, 
the mixture separates into a lower, red phenol-chloroform 
phase, an interphase, and an upper, colorless aqueous phase. 
RNA remains exclusively in the aqueous phase. The volume 
of the aqueous phase is about 60% of the volume of Trizol 
reagent used for homogenization.

 1. Transfer the aqueous phase to a fresh plastic tube.
 2. Precipitate the RNA from the aqueous phase by mixing with 

isopropyl alcohol. Use 0.5 mL of isopropyl alcohol per 1 mL 
of Trizol reagent used for the initial homogenization.

 3. Incubate samples at room temperature for 10 min and centrifuge 
at no more than 12,000 × g for 10 min at 4°C. The RNA 
precipitate, often invisible before centrifugation, forms a 
gel-like pellet on the sides and bottom of the tube. Because 
of glycoprotein in fish egg, a very large visible pellet could be 
seen for fish egg total RNA.

 1. Pour off the isopropanol and dry the tubes briefly by placing 
them upside down on KimWipers®.

 2. To the fish egg total RNA precipitated by isopropyl alcohol, 
add 5 mL of 4 M lithium chloride and keep on ice for 30 min; 

3.1.1.  Homogenization

3.1.2.  Phase Separation

3.1.3.  RNA Precipitation

3.1.4.  RNA Wash
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resuspend the pellet in the solution by vortexing and then 
transfer the liquid to four 1.5-mLtubes and centrifuge at 
12,000 × g at 4°C for 10 min. Pure RNA pellets are visible but 
smaller. Pour off lithium chloride.

 3. Wash the RNA pellet once with 75% ethanol, adding at least 
1 mL of 75% ethanol per 1 mL of Trizol reagent used for the 
initial homogenization.

 4. Mix the sample by vortexing and centrifuge at no more than 
7,500 × g for 5 min at 4°C.

 1. At the end of the procedure, briefly dry the RNA pellet (air-
dry or vacuum-dry for 5–10 min). Do not dry the RNA by 
centrifugation under vacuum. It is important not to let the 
RNA pellet dry completely as this will greatly decrease its 
solubility. Partially dissolved RNA samples have an A260/A280 
ratio < 1.6. Figure 3 is a screen snap of a NanoDrop spec-
trophotometer measuring the total RNA quality from 
rainbow trout eggs. The figure shows the concentration 
of the total RNA is 3,216.1 ng/mL and its A260/A280 ratio 
is 2.04.

 2. Dissolve RNA in RNase-free water by passing the solution a 
few times through a pipette tip and incubating for 10 min at 
58°C, and then store at −80°C.

3.1.5. Redissolving  
Total RNA

Fig. 3. A screen printing of a Nanadrop® spectrophotometer, which was used to measure total RNA concentrations  
and to check the total RNA quality.
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We found that a single 15% denaturing (7 M urea) polyacrylamide 
gel could not be directly used to extract miRNA from large amount 
of total RNA (>100 mg). Because large RNA molecules would get 
trapped in the gel and block the pores in the gel, samples would not 
move in the electric field, even the voltage producing the electri-
cal field was very high. Different-sized RNA molecules moving in 
a gel lane are very similar to different-sized vehicles moving on a 
highway. If there are too many heavy trucks running on all lanes 
of a highway, then small cars would not be able to run ahead of 
heavy trucks. We found that a part of 3% and a part of 15% dena-
turing polyacrylamide gel could handle large amount of total 
RNA in a Bio-RAD® mini-protean tetra cell system (Fig. 4a). In 
our experiments, a 5-well casting module 165-8019 was used for 
gel preparation. The thickness of a gel casted in the module was 
1.5 mm. The length of the gel in RNA molecules moving direc-
tion was 65.0 mm, and the width of the gel was 84.0 mm. The 
depth of the five wells was 10.0 mm, and the width of the wells 
was 13.0 mm. The interval of two neighbor wells was 3.0 mm. 
With this system, our experiments showed that the maximum 
total RNA load of each well in the system could be up to 80 mg. 
Total RNA molecules went through the 3% gel of about 22 mm 
length at first. Since the 3% gel had larger pores, RNA molecules 
could be separated according to their sizes in the direction of the 
electric field on the way of the 22 mm gel. RNA molecules with 
very large sizes were trapped in the 3% gel, and RNA molecules 
with medium and small sizes could enter the next 15% gel of 
about 45 mm length. The following are the protocols for how to 
cast a gel with double concentrations.

3.2. From Total RNA  
to miRNA: First PAGE

Fig. 4. The sizes of Bio-RAD® mini-protean tetra cell casting modules. The left module is for the first PAGE (1.5 mm), and 
the right module is for the second and third PAGE (0.75 mm).
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Assemble the gel caster before handling liquid in a 15-mL cone 
plastic tube!

4.2 g Urea

1.0 mL 10× TBE

2.0 mL ddH2O

3.75 mL 40% Gel solution

 1. Heat the tube with the above chemicals in hot water (<55°C) 
for 3 min to dissolve the urea; cool the tube to room tem-
perature. Add ddH2O to 10 mL.

 2. Degas the mixture for 10 min in vacuum.

42 g Urea

10 mL 10× TBE

50 mL ddH2O

Heat (<55°C) for 3 min to dissolve the urea, cool to room 
temperature, and add ddH2O to 100 mL. Degas the mixture for 
10 min in vacuum. This stock could be kept at room temperature 
for 2 months.

Take 1.0 mL 15% gel to mix with 4 mL 0% gel in a 15-mL cone tube.

 1. Add 40 mL APS to a tube with 9.0 mL 15% gel and 7 M urea.
 2. Add 5 mL TEMED and mix well in less than 60 s.
 3. Use 6.5–7.0 mL of the 9.0 mL of the 15% gel to cast into the 

1.5 mm-thick spacer between the two pieces of glass in a Bio-
RAD® mini-protean tetra cell, gently cover the gel surface 
with water and wait for 1 h.

 4. A clear interface between the gel and water could be seen. 
Pour the water out and use filter paper to suck remaining 
water on the gel surface.

 5. Add 20 mL of APS and 2.5 mL of TEMED to the 5 mL of 3% 
gel with 7 M urea, cast it on the top of the 15% gel, and insert 
a 5-teeth comb. Wait for 1 h.

The fraction of miRNA-size RNA in total RNA is so small that 
even if a large amount (400 mg) of total RNA is used in the first 
PAGE, it is still hard to see miRNA bands stained with a sensi-
tive stain: GelStar® nucleic acid. An internal control RNA from 
miRCat® kit had to be used to mix with the total RNA sample to 
show the bands of miRNA size RNA. To reduce the amount of 
21 nt miSPIKETM 21-mer internal RNA control, we added only 
the marker to the sample in one lane of a gel. For higher PAGE 

3.2.1. Preparation of 15% 
Gel 10 mL with 7 M Urea

3.2.2. Preparation of 0% 
Gel Stock 100 mL with  
7 M Urea

3.2.3. Preparation of 3% 
PAGE Gel

3.2.4.  Gel Cast

3.2.5.  Run the Gel
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resolution, the sample volume in a well should be as small as 
possible. Usually, a sample volume in a well is less than 30% of 
the well volume.

 1. Take the comb away and assemble the gel between the two 
glasses into the Bio-RAD® mini-protean tetra cell system.

 2. Fill the gel trough with 1 × TBE (~600 mL) and prerun the 
gel for 30 min at 100 V.

 3. Rinse each well immediately before loading.
 4. Mix 20 mL 6 × Loading dye with 100 mL × 3 mg/mL total RNA 

and load the mixture 24 mL/well to four wells.
 5. The rest of 24 mL mixture is mixed with 2 mL × 1.7 mg/mL 

21-nt marker and loaded in the center well.
 6. Run the gel at 100.0 V constant voltage until the dye moves 

to the bottom of the lanes (~2 h).
 7. Move the gel in a tray with 100 mL 1 × TAE buffer and add 

2.5 mL GetStarTM dye to the tray for staining RNA in the gel. 
Gently shake the tray for about 1 h.

 8. Take a picture of the gel shined with UV (Fig. 5).
 9. Cut out a gel slice 2 mm above and below the 21 nt RNA marker 

band in each lane and put each piece of gel in a 2-mL tube.

 1. Add 200 mL water to each 2-mL plastic tube with a piece of 
gel cut from a lane at the location of a 21-nt band shown in 
Fig. 5.

 2. Use a sterile, RNase-free plastic rod to break the gel slice into 
small pieces in the tube.

 3. Heat the gel suspension in the tube to 70°C for 10 min.
 4. Centrifuge a DTR Performa Gel Filtration Cartridge (EDGE 

Biosystems) for 3 min at 850 × g.
 5. Vortex the suspension and transfer the gel slurry into the 

DTR cartridge, centrifuge it for 3 min at 850 × g.
 6. Discard the DTR column.
 7. Add 3 mL 10 mg/mL glycogen, 25 mL of 3 M NaOAc (pH 

5.2), and 900 mL ice-cold 100% EtOH to the flow-throw. 
Mix by inversion and hold at −80°C for 30 min.

 8. Centrifuge the tube at full speed (>10,000 × g) for 10 min; discard 
the supernatant, and dry the pellet for the next procedure.

Once the short RNA fraction has been separated by the first 
PAGE, the short RNAs could be ligated with 3¢ linkers. Because 
of the presence of an activated 5¢ adenylation (12), the 3¢ linker 
can be ligated to short RNA chains by T4 RNA ligase in the 
absence of ATP without circularization of small RNAs. The 3¢ end 
of the linker is blocked with a dideoxycitidine (ddC) to prevent 

3.2.6.  Short RNA Recovery

3.3. Short RNA 
Ligation to 3 ¢Linker 
and the Second PAGE
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circularization of the ligated short RNAs. For example, the mature 
sequence of let-7 found on chromosome X in C. elegans (12) is 
5¢-ugagguaguagguuguauaguu-3¢. The miRNA let-7 was also 
found in fetal bovine ovaries in our experiment. The sequence of 
the ligation product of a let-7 with a 3¢ linker should be 5¢-ugag-
guaguagguuguauaguu-CTGTAGGCACCATCAAT/3ddC-3¢.

Recovered small RNA fraction 10 mL TUBE 6 (IDT water)

3′ RNA linker (50 mM) 1 mL TUBE 1

10× ligation buffer 2 mL TUBE 8

Ligation enhancer 6 mL TUBE 9

T4 RNA ligase (1 U/mL) 1 mL TUBE 13 (diluted)

The ligation took place in an RNase-free 0.2-ml PCR plastic 
tube. Add the above reagents into the tube and incubate at room 
temperature for 2 h. The total liquid volume in the tube should 
be 20 mL. The T4 RNA ligase from Tube 13 should be diluted 
from 5 to 1 unit/mL for ligation by the 1× ligation buffer, which 

Fig. 5. UV photos of the first PAGE: using (3% + 15%) PAGE with 7 M urea to separate miRNA size RNA from total RNA. 
The 3% and 15% gel interface was located at 9.5 cm on the rulers shown in the photo. Only the rainbow trout muscle 
total RNA was mixed with the 21-nt marker whose band was shown between 13.0 and 13.5 cm. The 21-nt band 
 indicated miroRNA locations on the gel as shown by three rectangles.
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is obtained by a dilution of an aliquot of tube 8 by water from 
tube 6. Follow the following 12 steps to separate the 3¢ linker 
ligated small RNA from the reaction mixture.

 1. Add 80 mL IDTE (pH 7.5) to the reaction tube TUBE 7

 2. Transfer entire volume in the tube to an RNase-free 1.5-ml tube

 3. Add 3 mL glycogen (10 mg/mL) to the 1.5-ml tube TUBE 11

 4. Add 10 mL 3.0 M NaOAc TUBE 12

 5. Add 250 mL −20°C 100% EtOH

 6. Mix by inversion or vortex briefly.

 7. Place the tube at –80°C for 30 min.

 8. Centrifuge at full speed (~16,000 × g) for 10 min.

 9. Pour off the supernatant

10. Dry the pellet completely

11. Resuspend in 10-mL IDT DNase/RNase/pyrogen-free water.

12.  Mix the 10-mL short RNAs with 2-mL 6× loading dye and load it in one lane  
or two lanes (Fig. 6) in a 0.75-mm-15% PAGE with 7-M urea. Also, add a 50-bp  
DNA ladder with steps in another lane of the gel. Drive the samples with 100 V in the 
second PAGE (0.75-mm 15% gel with 7-M urea) for about 1 h. The gel is cut and the 
reaction product is extracted by a gel filtration cartridge as described above.

Fig. 6. A UV photo of the second PAGE: Rainbow Trout small RNA and 3¢ linker ligation 
reaction. According to the left ruler on the photo, the 21-nt marker bands were located 
at 13.5 cm, and the bands of ligation products were located at around 11.7 cm.
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The next ligation is to link a 5¢ linker to a short RNA ligated with 
a 3¢ linker in the presence of 1.0 mM ATP. Spin the tube with 
purified short RNAs ligated with 3¢ linkers in a centrifuge for 
10 min at 16,000 × g. Discard the supernatant and dry the pellet. 
Add 8 mL IDT water. Put the vial on ice.

Small RNAs ligated with 3¢ linkers 8 mL IDT water

5¢ Linker (50 mM) 1 mL TUBE 2

10× Ligation buffer 2 mL TUBE 8

Ligation enhancer 6 mL TUBE 9

10 mM ATP 2 mL TUBE 10

T4 RNA ligase (5 U/mL) 1 mL TUBE 13

In an RNase-free 0.2-mL plastic tube, add the above reagents. 
The total liquid volume in the tube should be 20 mL. Incubate 
the tube for the reaction at room temperature for 2 h. Follow the 
11 steps given below to finish the 5¢ linker ligation reactions so 
that short RNAs of miRNA size have a same 5¢ cap and a same 3¢ 
tail. For example, the sequence of a let-7 miRNA with a 5¢ and a 
3¢ linker should be: 5¢-TGGAATucucgggcaccaaggU-ugagguagu- 
agguuguauaguu-CTGTAG GCACCATCAAT/3ddC-3¢.

 1. Add 80 mL IDTE (pH 7.5) to the reaction tube. TUBE 7

 2.  Transfer entire volume in the tube to an RNase-free  
1.5-ml plastic tube.

 3. Add 3 mL glycogen (10 mg/ml) to the 1.5-ml tube. TUBE 11

 4. Add 10 mL 3.0 M NaOAc TUBE 12

 5. Add 250 mL −20°C 100% EtOH

 6. Mix by vortexing briefly

 7. Place tube at –80°C for 30 min.

 8. Centrifuge at full speed (~16,000 × g) for 10 min.

 9. Pour off the supernatant

10. Dry the pellet 

11.  Resuspend in 11 mL IDT DNase/RNase/ 
pyrogen-free water.

A short RNA ligated with a 5¢ and a 3¢ linkers contains both RNA 
and DNA regions, as shown by small and capital letters in the 

3.4. The Ligation of 5 ¢ 
Linkers to Small RNA 
Ligated with 3 ¢ Linkers

3.5. Reverse 
Transcription
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sequence of let-7 with a 5¢ linker cap and a 3¢ linker tail. With the 
RT/REV primer in tube 5, a reverse transcriptase, SuperScriptTM 
III RT from Invitrogen could synthesize a complementary DNA 
(cDNA) strand from a single-stranded RNA–DNA hybrid. For 
example, the cDNA sequence of the let-7 with a 5¢ linker cap and a 
3¢ linker tail should be: 3¢-ACCTTAAGAGCCCGTGGTTCCA-
ACTCCATCATCCAACATATCAA-GACATCCGTGGT 
AGTTAG-5¢. In this sequence, at the 5¢ end between the last two “–” 
was the sequence of the RT/REV primer in tube 5.

In the recovered sample tube with 11 mL IDT DNase/
RNase/pyrogen-free water, add the following reagents:

dNTPs (10 mM) 1.0 mL

RT primer (10 mM) 1.0 mL TUBE 5

Incubate tube with 13.0 mL liquid at 65°C for 5 min and then 
place the tube on ice, add the following reagents into the tube:

5× First strand buffer 4 mL

0.1 M DTT 1 mL

IDT water 1 mL Tube 7

SuperScript III RT (200 U/mL) 1 mL

The total liquid volume in the tube should be 20.0 mL. In a 
PCR machine, incubate the tube at 50°C for 1 h, and then change 
temperature to 70°C for 15 min. This reverse transcription prod-
ucts could be stored at −20°C until needed.

Add and mix PCR reagents in a 2-mL plastic tube and then 
aliquot the mixture in the tube into six 0.2-mL PCR tubes 
so that each of the PCR tube have the following reagents. 
The total liquid volume in each of the PCR tube should be 
50.0 mL.

1. Reverse transcription product  3.0 mL

2. IDT water 35.5 mL TUBE 6

3. 10× PCR buffer  5.0 mL

4. MgCl2 (1.5 mM)  3.0 mL

5. dNTPs (10 mM)  1.0 mL

6. Forward primer (10 mM)  1.0 mL TUBE 4

7. Reverse primer (10 mM)  1.0 mL TUBE 5

8. Taq polymerase (5 U/mL)  0.5 mL

3.6. PCR Amplification 
and the Third PAGE
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Put the six PCR tubes into a PCR machine, set the PCR 
conditions as: 10 min at 95.0°C and then 35 cycles of 30 s at 
95°C, 30 s at 52°C, and 30 s at 72°C, at last 5 min at 72°C. After 
the PCR amplification process is finished, use 0.75-mm 15% 
PAGE with 7 M urea gel to check the 5¢ linker ligation results. 
The size of the sample should be around 65 bp. Figure 7 shows a 
UV picture of the third PAGE for 10 mL PCR products from one 
of the six PCR tubes. The products that ran in the lane six and a 
50-bp DNA ladder that ran in the lane seven on the gel are shown 
in the picture. Two clear bands can be seen in the sample lane. 
From the 50-bp DNA marker band located at 10.5 cm on the 
ruler shown in the picture, the up sample band located at 10.3 cm 
should come from short pieces of DNA amplified through cDNAs 
of short RNAs ligated with 5¢ and 3¢ linkers. The gel around the 
up bands is cut to extract PCR products.

Since a Taq PCR product had a 3¢ overhang of adenosine (A), the 
PCR products could be ligated into a linearized plasmid vector 
with a complementary single 5¢ thymidine (T) overhangs at both 
ends as shown in Fig. 8. The plasmid vector with two 5¢ T over-
hangs is called a T-vector, and the ligation of the vector with a 
Taq PCR product containing two 3¢ A overhangs is called T–A 
cloning. Add and mix the following reagents by pipetting into a 
200-mL PCR tube. Incubate the reactions overnight at 4°C. It is 

3.7. T–A Cloning  
with Promega®  
pGEM T Easy Kit

Fig. 7. A UV photo of the third PAGE: The lane 6 and lane 7 were the PCR product of cDNA 
and a 50 bp DNA ladder, respectively. The band of micro RNAs ligated with a 5′ linker and 
a 3′ linker appeared at 10.3 cm on the ruler in the photo.
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important to vortex the 2× rapid ligation buffer before each use. 
A double-stranded oligonucleotide that came from a short RNA 
with a 5¢ linker cap and a 3¢ linker tail would be ligated into the 
gap in the pGEM-T easy vector as shown in Fig. 8.

2× Rapid ligation buffer 5 mL

pGEM-T easy vector (50 ng) 1 mL

PCR product 3 mL

T4 DNA ligase (3 Weiss units/mL) 1 mL

 1. Remove a tube with frozen JM109 high-efficiency competent 
E. coli cells (Promega® pGEM T easy kit) from −80°C and 
place it on ice for about 5 min. Mix the just-thawed cells by 
gently flicking the tube.

 2. Take 48 mL of cells into a 200-mL PCR tube with 2 mL TA 
ligation product. Gently mix the bacteria with the TA ligation 
product and then place the tube on ice for 20 min.

 3. Heat-shock the cells for 50 s in a PCR machine at 42°C, and 
immediately put the tube on ice for 2 min.

 4. Transfer the 50-mL liquid with transfected E. coli in the 200-
mL PCR tube to a 15-mL snap plastic tube with 950-mL SOC 
medium (room temperature) and then incubate the tube for 
1.5 h at 37°C with shaking (~150 rpm).

 5. Plate 100 mL of the transformation culture onto duplicate 
LB/ampicillin plates.

3.8. Using Heat Shock 
to Transfect E. coli  
by Plasmids

Fig. 8. A pGEM®-T easy plasmid vector circle map and the place for T–A cloning.
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 6. Incubate the plates overnight (16–24 h) at 37°C.
 7. Pick 16 colonies with 10-mL plastic tips and drop each of the 

tips into a 17 × 100 mm polypropylene tube with 4-mL LB 
and 100-mg/mL ampicillin. Culture the transformed E. coli 
overnight.

 8. Transfer 200 mL liquid from the 4-mL LB bacterial solution 
to a 1.5-mL tube for each of the 16 tubes, centrifuge the 
sixteen 1.5-mL tubes for 1 min at 14,000 × g, and discard the 
supernatant.

 9. Add 20 mL water to each tube, vortex them.
 10. Heat at 95°C for 10 min and centrifuge the tubes for 1 min 

at 14,000 × g.
 11. Transfer 2 mL supernatant from each tube to a 200mL tube 

for PCR to select E. coli colonies transfected with plasmid 
containing small RNA.

 12. PCR preparation: PCR mixture solution 3 mL, M13F/R 
2 mL, Taq 0.2 mL and H2O 12.8 mL.

 13. Insert the PCR tube with 20-mL liquid into a PCR machine 
with the setting: 5 min at 94°C, (30 s at 94°C, 30 s at 60°C, 
30 s at 72°C) × 25cycles, 10 min at 72°C and 4°C.

 14. Use a 1.5% agarose gel to check the TA ligation results. The 
picture in Fig. 9 shows the agarose gel electrophoresis results.

Fig. 9. An UV photo of a 1.5% agarose gel electrophoresis for a fetal bovine ovary microRNA library. The two marker lanes 
had 100 bp DNA ladders. The 16 up bands close to 300 bp had plasmids ligated with samples, and the seven lower bands 
close to 200 bp were empty plasmids.
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 1. To the colonies with inserted plasmids, resuspend the pelleted 
bacterial cells in 250 mL of buffer P1 and vortex.

 2. Add 250 mL of buffer P2 and invert tube gently 4–6 times to 
mix.

 3. Add 350 mL of buffer N3 and invert tube immediately but 
gently 4–6 times. The solution should become cloudy.

 4. Centrifuge for 10 min at maximum speed in a tabletop micro-
centrifuge. During centrifugation, prepare QIAprep columns.

 5. Apply the supernatant (about 850 mL) from step 4 to the 
QIAprep column by decanting or pipetting.

 6. Centrifuge 30–60 s at maximum g-force. Discard the flow-
through.

 7. Wash QIAprep spin column by adding 0.75 ml of buffer PB 
and centrifuge 30–60 s. Discard the flow-through.

 8. Centrifuge for an additional 1 min to remove residual wash 
buffer.

 9. Place each QIAprep column in a clean 1.5-mL microfuge 
tube. To elute DNA, add 50 mL buffer EB or sterile Milli-Q 
H2O to the center of each QIAprep column, let stand for 
1 min, and centrifuge for 1 min.

 10. Mark the 1.5-mL microfuge tubes with eluted DNA, and 
send them out for sequencing.

ATCACGCGTGGGAGCTCTCCCATATGGTCGACCTGCA 
GGCGGCCGCGAATTCACTAGTGATTTGGAATTCT 
C G G G C A C C A A G G T T T C A G T C AT T G T T T C T G G 
TAGTCTGTAGGCACCATCAATCAATCGAATTCCCG 
CGGCCGCCATGGCGGCCGGGAGCATGCGACGTCG 
GGCCCAATTCGCCCTATAGTGAGTCGTATTACAATT 
CACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAA 
ACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCA 
CATCCCCCTTTCGCCAGCTGGCGTAATAGCGAA 
GAGGCCCGCACCGATCGCCCTTCCCAACAGTTG 
C G C A G C C T G A A T G G C G A A T G G A C G C G C C C T 
GTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGG 
TTACGCGCAGCGTGACCGCTACACTTGCCAGC 
GCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTT 
CCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAG 
CTCTAAATCGGGGGCTCCCTTTAGGGTTCCGAT 
TTAGTGCTTTACGGCACCTCGACCCCAAAAAACT 
T G AT TA G G G T G AT G G T T C A C G TA G T G G G C C AT 
CGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAG 
TCCACGTTCTTTAATAGTGGACTCTTGTTCCAAA 
CTGGAACAACACTCAACCCTATCTCGGTCTATTC 

3.9. Purify Plasmid  
for Sequencing by 
QIAprep Spin  
Miniprep Kit

3.10. Automatically 
Search Small RNA 
Between 5 ¢ and  
3 ¢ Linkers
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TTTTGATTTATAAGGGATTTTGCCGATTTCGGC 
C T A T T G G T T A A A A A A T G A G C T G A T T T A A C A A 
AAATTTAACGCGAATTTTAACAAAATATTAACGC 
T T A C A A T T T C C T G A T G C G G T A T T T T C T C C T T 
ACGCATCTGTGCGGTATTTCACACCGCATCAGGT 
GGCACTTTTCGGGGAAATGTGCGCGGAANCCC 
TATTTGTTTATTTTTCTAAATACATTCAAATATG 
TATCCGCTCATGANACAATAACCCTGATAAATG 
C T T C A ATA ATAT T G A A A A A N G A A G A G TAT G A G 
TATTCAACATTTTCCNTGTCNCCCNTANTNCCNTT 
TTTTGCGGCANTTTGGCNTTCCNGTTTTGGCTCC 
CCNAAAANNCTGGGGAAANTAAAAAANNNTAAAANAA 
ATTGGGGGNCNNANNGGGTTANANCAANGGAAT 
TCAAANNNGNAAANCTTNNAAATTTTNCCCCNAA 
AAAAATTTTCAANNAAAAAANNTTTAAANTNTN 
TTNNGGGNNGNATTNTCCCNNTNNNCCNGGN 
A A A A A A A N N N N N N C C C N A A N A N T T T N A A A A A 
ANNGNNNAN

The above is a DNA sequencing text file content from a DNA 
sequence company of one of our rainbow trout micro RNA samples. 
We could use Microsoft WORD or another software (bioEditor) 
to find the insert sequence between the 5¢ linker (underline) and 
the 3¢ linker (double underline), but it is not an easy task because 
sometimes sequence text files are in 3¢–5¢ order. Even if a sequence 
text file is in 5¢–3¢ order, the sequencing text file content is not a 
single long string. For example, the text shown above was sepa-
rated into 17 segments, and the 5¢ linker was in two segments. 
Also, because of measurement noises, sometimes a sequencing 
machine could not determine a nucleotide in a sequence; many 
“N” symbols were used to indicate the errors.

The combination of all of the problems made finding the 
insert sequences from thousands of text files by WORD process 
software a tedious task. For example, for our rainbow trout and 
fetal ovary micro RNA libraries, we had 1,399 and 685 such text 
files, respectively. I wrote a MathCAD program that could be 
used to automatically search microRNA insert sequences from 
thousands of sequence text files. The program just needed to read 
a Microsoft Excel file with one column of sequence text file names. 
A screen print of the program is shown in Fig. 10. There are three 
parts in the program: The first part is for a Microsoft Excel file 
input. In the Excel file, one column holds all text file names for 
each sequence. The second part is the search engine, which is too 
long to be shown for the chapter. The program is available upon 
request. The third part is for output. It exported the search result 
into an Excel file and a table as shown in the figure. If the pro-
gram could only find 5¢ and 3¢ linkers, it would report “No-Linker-
No-miR”. For some special conditions, the program would 
suggest the user to “search miR by yourself”.
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If higher percentage of bacterial colonies is found to be with 
microRNA size short RNAs, all the rest PCR products (~240 mL) 
of the cDNA would be used to run through a 1.5-mM 15% PAGE 
with 7 M urea gel to select the PCR products. These selected PCR 
products could be directly sent out for high-throughput DNA 
sequencing (454 Life Sciences, a Roche). But for traditional  
DNA sequencing techniques, the selected PCR products must be 
ligated into plasmids and amplified by bacteria E. coli, as in the 
same steps shown above. After all the insert sequences between 
the 5¢ and 3¢ linkers are found by searching thousands of sequenc-
ing text files, microRNAs can be found among these inserts by 
searching a published microRNA database (13).

Fig. 10. A screen snap of the text search MathCAD program. The part II of the program 
was too long to show. In the third part of the program, most of the output sequences 
came from bacterial colonies shown in Fig. 9.
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 1. To extract microRNA-size RNA from total RNA, almost all 
available published protocols suggested using a single con-
centration (~15%) PAGE. Practically, a single concentration 
PAGE could handle a very small amount total RNA. To 
extract enough microRNA-size RNA for a library cloning, 
people had to run many single concentration PAGEs. It was 
a tedious job and wasted a lot of 21-nt marker. With a double 
concentration PAGE (see Subheading 3.2), we could handle 
hundred micrograms total RNA in a single piece of gel, and 
only one lane out of five lanes was needed to use the 21-nt 
marker to locate the microRNA-size RNAs in the gel.

 2. The third PAGE is very important (see Subheading 3.6). 
Without this step, many shorter RNA fragments (something 
between the two clear bands shown in Fig. 7) would be ampli-
fied by bacteria, and a lot of money and time had to be wasted 
for the sequencing of these no microRNA fragments.
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Chapter 11

MicroRNA Regulation of Growth Factor Receptor  
Signaling in Human Cancer Cells

Keith M. Giles, Andrew Barker, Priscilla M. Zhang,  
Michael R. Epis, and Peter J. Leedman 

Abstract

Aberrant expression of the epidermal growth factor receptor (EGFR) and/or human epidermal growth 
factor receptor 2 (HER2) is a feature of many human tumors and is associated with disease progression, 
treatment resistance, and poor prognosis. Protein kinase B/Akt, an important downstream effector of 
these receptor tyrosine kinases, induces signaling pathways that control cancer cell proliferation, inva-
sion, angiogenesis, and apoptosis resistance. MicroRNAs (miRNAs), small noncoding RNAs that bind 
to the 3¢-untranslated region of target mRNAs, are now recognized to play key roles in the regulation 
of gene expression, particularly in tumor development and metastasis. We have shown that miRNA-7 
(miR-7) and miRNA-331-3p (miR-331-3p) directly regulate expression of EGFR and HER2, respec-
tively, in glioblastoma and prostate cancer cell lines. As a consequence, miR-7 and miR-331-3p reduce 
Akt activity and thus have the capacity to regulate a signaling pathway critical to the development and 
progression of glioblastoma and prostate cancer. This chapter provides a detailed approach outlining 
how to confirm that a putative target of a miRNA is a direct target, and subsequent assessment of down-
stream signaling mediators.

Key words: MicroRNA, EGFR, HER2, miR-7, miR-331-3p, Glioblastoma, Prostate cancer, 
Transfection, Immunoblotting, Luciferase reporter gene assay

Overexpression of the epidermal growth factor receptor (EGFR) 
and/or human epidermal growth factor receptor 2 (HER2) 
receptor tyrosine kinases occurs in many human tumors and is 
associated with disease progression, treatment resistance, and 
poor prognosis (1, 2). Protein kinase B/Akt is an important 
downstream effector of EGFR and HER2 signaling which is fre-
quently activated in human cancers and regulates pathways that 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_11, © Springer Science+Business Media, LLC 2011
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control cancer cell proliferation, invasion, angiogenesis, and 
apoptosis resistance (3). Thus, EGFR and HER2 represent impor-
tant targets for the development of new therapeutics, including 
small molecule tyrosine kinase inhibitors such as erlotinib (4) and 
monoclonal antibodies such as trastuzumab (5).

MicroRNAs (miRNAs) comprise a large family of small, ~22 
nucleotide, noncoding RNAs that bind with imperfect comple-
mentarity to the 3¢-untranslated regions (3¢-UTRs) of target 
mRNAs, causing translational repression or message degradation 
(6, 7). miRNAs have important roles in normal cellular develop-
ment and function (8, 9), and altered expression of miRNAs is 
associated with cancer (10).

Bioinformatic analyses (TargetScan; (11)) predicted EGFR 
and HER2 as putative targets of miR-7 and miR-331-3p, respec-
tively. Using glioblastoma and prostate cancer cell lines, we have 
demonstrated that these miRNAs directly block EGFR and HER2 
expression and that this is associated with reduced activity of the 
downstream Akt signaling pathway (12, 13).

Akt is activated by phosphatidylinositol 3-kinase (PI3K)-
dependent phosphorylation at serine 473 (14). Antibodies recog-
nizing phosphorylated and total Akt are commercially available 
and allow direct assessment of the impact of a specific miRNA on 
this signaling pathway by immunoblotting. Similarly, EGFR and 
HER2 expression can be assessed following transfection of cancer 
cell lines with miRNA, by using commercially available antibodies 
in immunoblotting assays. Luciferase reporter assays enable con-
firmation that miR-7 and miR-331-3p directly target specific 
binding sites within the 3¢-UTRs of EGFR and HER2 mRNA. 
Together, these techniques are essential for confirming miRNA 
regulation of a putative mRNA target.

 1. Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, 
Carlsbad, CA) supplemented with 10% fetal bovine serum 
(FBS; Gibco/BRL, Bethesda, MD) (see Note 1), Opti-MEM 
reduced serum media (from Gibco/BRL), phosphate buff-
ered saline (PBS; Invitrogen).

 2. TrypLE express (Invitrogen), a temperature-stable alterna-
tive to trypsin.

 3. Synthetic precursor miRNA molecules (Ambion/Applied 
Biosystems, Austin, TX) are resuspended at 1 or 30 mM in nucle-
ase-free water and stored in aliquots at −20°C (see Note 2).

 4. Lipofectamine 2000 transfection reagent (Invitrogen) (see 
Note 3).

2.  Materials

2.1. Cell Culture  
and Transfections  
with miRNA 
Precursors  
and Luciferase 
Reporter Plasmids
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 5. Firefly luciferase reporter plasmid (pGL3-control; Promega, 
Madison, WI; or pMIR-REPORT-luciferase, Ambion) con-
taining an insert from EGFR or HER2 mRNA 3¢-UTR 
immediately downstream of the firefly luciferase open reading 
frame (ORF) at a concentration of 100 ng/ml, and Renilla 
luciferase reporter plasmid (pRL-SV40, Promega) for nor-
malization at a concentration of 1 ng/ml (see Note 4).

 1. Cell scrapers (Corning Life Sciences, Lowell, MA).
 2. Cytoplasmic extraction buffer (CEB) for cell lysis: 10 mM 

HEPES pH 7.5, 3 mM MgCl2, 40 mM KCl, 5% glycerol, 0.2% 
Nonidet P-40. Sterilize by autoclaving and store at 4°C. Add 
one complete Mini EDTA-free Protease Inhibitor Cocktail  
tablet (Roche, Indianapolis, IN) and one PhosSTOP Phosphatase 
Inhibitor Cocktail tablet (from Roche) per 10 mL of CEB 
prior to use, to inhibit protease and phosphatase activity in 
cell lysates.

 3. Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA) for 
determination of total protein concentrations from cell lysates.

 1. NuPAGE Novex 4–12% Bis-Tris Precast Gels (from 
Invitrogen). Store at 4°C.

 2. XCell SureLock Mini-Cell SDS-PAGE gel electrophoresis 
system (Invitrogen).

 3. NuPAGE MOPS SDS running buffer (20×; for Bis-Tris Gels) 
(Invitrogen). Dilute to 1× with deionized water.

 4. NuPAGE sample reducing agent (10×; Invitrogen) and 
NuPAGE antioxidant (Invitrogen). Store at 4°C.

 5. Precision plus protein kaleidoscope prestained SDS-PAGE 
markers (Bio-Rad). Store at −20°C.

 1. Transfer buffer: 25 mM Tris, 190 mM glycine, 10% (v/v) 
methanol, 0.1% (v/v) NuPAGE antioxidant (Invitrogen).

 2. Polyvinylidene difluoride (PVDF) membrane (Roche).
 3. Precut filter paper (90 × 70 mm) (Bio-Rad).
 4. Tris-buffered saline with Tween (TBS-T): 20 mM Tris–HCl, 

pH 7.4, 150 mM NaCl, 0.1% Tween 20.
 5. Blocking buffer: 5% (w/v) nonfat dried milk in TBS-T.
 6. Primary antibodies (see Note 5): anti-EGFR (Abcam, UK, 

ab52894; 1:5,000), anti-HER2 (Abcam, ab8054-1; 1:1,000), 
anti-phospho-HER2 (Abcam, UK, ab47755-100;  
1:1,000), anti-Akt (Cell Signaling Technology, Danvers, 
MA, #9272; 1:1,000), anti-phospho-Akt (Ser-473; Cell 
Signaling Technology, #4060; 1:500), anti-b-actin (Abcam, 

2.2. Preparation  
of Protein Extracts  
for SDS-PAGE  
and Immunoblotting

2.3. SDS-
Polyacrylamide Gel 
Electrophoresis 
(SDS-PAGE)

2.4. Immunoblotting 
for EGFR, HER2, 
b-Actin, Active Akt 
and Total Akt
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ab6276; 1:15,000). Dilute antibodies in 1% (w/v) nonfat 
dried milk in TBS-T prior to use.

 7. Secondary antibodies: antimouse/rabbit IgG conjugated to 
horse radish peroxidase (HRP; General Electric Healthcare, 
Uppsala, Sweden). Dilute antibodies to 1:10,000 (v/v) in 5% 
(w/v) nonfat dried milk in TBS-T prior to use. The appropri-
ate secondary antibodies are used according to the species in 
which the primary antibody to be detected was raised. For 
instance, an antimouse IgG secondary antibody is used to 
detect a mouse primary antibody raised against the protein of 
interest.

 8. Enhanced chemiluminescence (ECL) plus reagents and ECL-
Hyperfilm (from GE Healthcare).

 1. Dual-luciferase reporter assay system (from Promega), consisting 
of passive lysis buffer (5×), luciferase assay substrate, luciferase 
assay buffer II, Stop and Glo substrate (50×), and Stop and 
Glo buffer. Dilute passive lysis buffer to 1× working stock in 
distilled water immediately before use. Resuspend lyophilized 
luciferase assay substrate in luciferase assay buffer II; this can 
be stored at −20°C for up to 1 month or at −80°C for up to 
1 year. Dilute Stop and Glo substrate to 1× final concentra-
tion in Stop and Glo buffer before use. If necessary, this 
reagent may be stored at −20°C for up to 2 weeks.

 2. White-walled 96-well plates (Costar; from Corning Life 
Sciences) for measurement of luciferase activities in cell 
lysates.

The confirmation of EGFR and HER2 mRNA as direct targets of 
miR-7 and miR-331-3p, respectively, requires evidence (1) that 
transfection of EGFR/HER2-expressing human cancer cells with 
miR-7/miR-331-3p represses EGFR or HER2 protein expres-
sion and (2) that transfection of cells with miR-7/miR-331-3p 
directly blocks expression of a chimeric reporter gene consisting 
of the EGFR/HER2 mRNA 3¢-UTR fused to a firefly luciferase 
ORF. Importantly, mutation of the putative miRNA binding site 
within the 3¢-UTR predicted to abrogate binding by the miRNA 
should be associated with reversal of the effect, providing critical 
validation that the site is directly bound by the miRNA of inter-
est. SDS-PAGE and immunoblotting is used to demonstrate spe-
cific regulation of EGFR and HER2 protein expression in cancer 
cell lines by miR-7 and miR-331-3p. Further insight into 
the mechanism of this regulation can be obtained by analyzing 

2.5. Luciferase 
Reporter Assay

3. Methods
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the effect of the miRNA upon target mRNA expression. If the 
transfected miRNA represses expression of its target protein and 
its target mRNA, one might conclude that the miRNA induces 
decay of that mRNA; on the other hand, if the miRNA downregu-
lates expression of its target protein, yet does not induce signifi-
cant downregulation of its target mRNA, then it is more likely that 
this regulation occurs at the translational level. Using quantitative 
RT-PCR, we have shown that miR-7 and miR-331-3p regulate 
degradation of EGFR and HER2 mRNA, respectively (12, 13).

Ultimately, it is important to determine whether miR-7 and 
miR-331-3p regulate signaling pathways that are critical to tumor 
formation and progression. This can be accomplished by SDS-
PAGE and immunoblotting with lysates harvested from cancer 
cell lines transfected with miR-7 or miR-331-3p. It is important 
that cellular proteins are harvested with lysis buffer containing 
inhibitors to prevent protease and phosphatase activity. Activation 
of Akt requires phosphorylation at serine 473 in a PI3K kinase-
dependent manner (14), and thus, the use of a phosphospecific 
antibody against serine 473 of Akt allows assessment of the degree 
of Akt activation in a protein sample by immunoblotting. miR-7 
and miR-331-3p directly target the EGFR and HER2 mRNA 3¢-
UTRs, blocking expression of these target molecules and reduc-
ing activity of the Akt signaling pathway in glioblastoma and 
prostate cancer cells (see data figures).

 1. U87MG human glioblastoma, LNCaP human prostate cancer, 
and A549 human non-small cell lung cancer cells are pas-
saged when approaching confluence with TrypLE express to 
provide new maintenance cultures in 175 cm2 tissue culture 
flasks and experimental cultures in six-well plates for transfec-
tion with miRNA precursor molecules to obtain cell lysates 
for immunoblotting, or 24-well plates for luciferase reporter 
gene assays.

 2. Materials required for the reverse transfection protocol are 
prepared: miRNA precursor molecules are diluted in nuclease-
free water at appropriate stock concentration for dilution at 
1:1,000 into cultures (see Note 6); plasmid DNA is prepared 
at 100 ng/mL (pGL3-based firefly luciferase vector) or 
10 ng/mL (pMIR-REPORT-based firefly luciferase vector), 
and 1 ng/mL (Renilla luciferase vector) in nuclease-free 
water; Optimem and Lipofectamine 2000 are brought to 
room temperature; cancer cells are harvested by trypsiniza-
tion, counted using a hemocytometer, and resuspended at 
1.0–2.0 × 105 cells/mL (see Note 7).

 3. The experiment should include replicate wells for the miRNA 
of interest, for a negative control (NC) miRNA and transfection 
reagent (Lipofectamine 2000) only. For luciferase reporter 

3.1. Reverse 
Transfection of U87MG 
and LNCaP Human 
Cancer Cell Lines  
with miRNA 
Precursors and 
Luciferase Reporter 
Plasmids
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gene assays, plasmids carrying mutated miRNA binding sites 
and/or empty reporter DNA (no miRNA binding sites) 
should also be included.

 4. Transfection format for six-well plates for cell lysis and 
immunoblotting: prepare master mixes for transfection, 
assuming a final miRNA precursor molecule concentration of 
30 nM, as follows (per 1× well):

Part A Part B

Optimem 241.67 mL 248.00 mL

Lipofectamine 2000 8.33 mL (see Note 8)

miRNA precursor (30 mM 
stock)

2.00 mL

Total 250 mL 250 mL

 5. Transfection format for 24-well plates for luciferase reporter 
gene assays: prepare master mixes for transfection, assuming a 
final miRNA precursor molecule concentration of 1 nM, as 
follows (per 1× well) (see Note 9):

Part A Part B

Optimem 48.5 mL 43.4 mL

Lipofectamine 2000 1.5 mL (see Note 8)

miRNA precursor (1 mM stock) 0.6 mL

Firefly luciferase plasmid 
(100 ng/mL)

1.0 ml

Renilla luciferase plasmid 
(1 ng/mL)

5.0 ml

Total 50 mL 50 mL

 6. Prepare Part A, mix gently, and incubate at room temperature 
for 5 min. Meanwhile, prepare Part B. Add Part B to Part A 
in a dropwise fashion, mix gently, and incubate at room 
temperature for 20 min to allow formation of transfection 
complexes.

 7. Aliquot 500 mL of the combined transfection mixture to each 
well of a six-well plate (or 100 mL to each well of a 24-well 
plate). Carefully overlay the transfection mixture with 1.5 mL 
of cell suspension (for a six-well plate; 1.5–3.0 × 105 cells per 
well; total volume of cells plus transfection mixture is 2 mL 
per well) or 0.5 mL of cell suspension (for a 24-well plate; 
0.5–1.0 × 105 cells per well; total volume of cells plus transfection 
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mixture is 0.6 mL per well). Swirl the plates gently to ensure 
even coverage and place in a 37°C cell culture incubator at 5% 
CO2 for 72 h (prior to protein extraction and SDS-PAGE and 
immunoblotting), or 24 h (for luciferase reporter gene assays) 
(see Note 10).

 1. Cells are removed from the incubator and placed on ice. 
Media is removed and cells are rinsed once gently with 2 mL 
of cold PBS per well of a six-well plate. After removal of 
PBS, add 80–200 mL of CEB lysis buffer (containing fresh 
protease and phosphatase inhibitors; see Subheading 2.2) to 
each well and return plates to ice.

 2. Scrape and collect cells to 1.5-mL Eppendorf tubes and leave 
on ice for 20–30 min to permit cell lysis (see Note 11). Clear 
lysates by centrifugation at 13,000 × g at 4°C for 5 min, trans-
fer supernatants to new Eppendorf tubes and store at 
−80°C.

 3. Prior to SDS-PAGE, determine total protein concentrations 
of lysates using the Bio-Rad protein assay (based on the 
Bradford method (15)). The inclusion of standards (bovine 
serum albumin) ranging from 0.5 to 5.0 mg/mL will allow 
comparison to a standard curve, providing a relative measure-
ment of total protein concentration.

 1. SDS-PAGE and immunoblotting is used for the analysis of 
relative levels of specific proteins in cell lysates (prepared in 
Subheading 3.2). The technique, derived from Laemmli (16) 
involves electrophoretic separation of total cellular proteins 
based on their molecular weight on a polyacrylamide gel under 
denaturing conditions, and their transfer onto a PVDF mem-
brane for detection of proteins of interest (Subheading 3.4).

 2. Sample preparation: in a 1.5 mL tube, place an appropriate 
volume of protein lysate corresponding to 15 mg of protein, 
based on the Bio-Rad protein assay protein quantitation 
results (see Subheading 3.2 in step 3). To each of these tubes, 
add 2 mL of 10× reducing agent, 5 mL of 4× LDS sample buf-
fer, and distilled water to a final volume of 20 mL.

 3. Centrifuge sample tubes briefly to ensure all components are 
collected at the base of the tube, and incubate at 70°C for 
10 min to denature proteins. After heating, mix samples and 
centrifuge tubes briefly to collect samples at the bottom of 
the tubes, and cool on ice.

 4. Prepare the apparatus for SDS-PAGE: assemble the XCell 
SureLock Mini-Cell SDS-PAGE gel electrophoresis tank 
according to the manufacturer’s instructions (Invitrogen). 
After removing well combs and sticker lining, rinse NuPAGE 

3.2. Preparation  
of Cell Lysates  
for Immunoblotting 
Analysis of miRNA 
Target Gene 
Expression

3.3. SDS-PAGE
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Novex 4–12% Bis-Tris Precast Gels with distilled water and 
secure into place in the electrophoresis tank.

 5. Fill the inner chamber of the tank (chamber between the gels) 
with 1× NuPAGE MOPS SDS running buffer, supplemented 
with 500 mL of NuPAGE antioxidant, until the buffer level 
covers the wells. Fill the outer chamber with 200 mL of the 
same running buffer without NuPAGE antioxidant.

 6. Load the protein samples into wells of the gel. In a separate 
well on each gel, load a suitable volume of MW markers (e.g., 
Bio-Rad Precision Plus Protein Kaleidoscope Standards).

 7. Run gels at 150 V (constant voltage) and 4°C until the dye 
front has almost reached the base of the tank, or until the 
MW region where the proteins of interest lie is well separated. 
During this time, prepare the transfer buffer and prechill at 
4°C.

 1. This protocol is derived from the method of Towbin and 
coworkers (17). Transfer: following SDS-PAGE, disassemble 
the gel apparatus and casting plates, and transfer gels into the 
cold transfer buffer.

 2. Assemble the Bio-Rad transfer cassettes by placing, in order, 
on the “black” side of the cassette, a transfer sponge, a piece 
of precut filter paper, the polyacrylamide gel, a piece of PVDF 
Western blotting membrane that has been prewetted with 
100% methanol, a piece of precut filter paper, and a transfer 
sponge. Presoak all items with transfer buffer. A 15-mL cen-
trifuge tube may be used to smooth out air bubbles while 
setting up the transfer cassettes. This ensures that all surfaces 
are in contact, allowing for efficient transfer. Close the cassette 
and place into the Bio-Rad transfer tank (containing a mag-
netic stirrer bar) such that the PVDF membrane is between 
the gel and the anode.

 3. Perform the transfer overnight at 25 V (constant voltage) at 
4°C, with gentle stirring.

 4. After transfer, the protein-bound PVDF membranes may 
either be rinsed in TBS-T and stored at 4°C for use at a later 
date, or transferred directly into blocking buffer for 
immunoblotting.

 5. Blocking: cover the PVDF membranes with an adequate vol-
ume of blocking buffer (see Note 12) and gently rock at RT 
for 1 h.

 6. Using the MW markers as a guide, trim and divide the PVDF 
membranes into smaller blots to fit trays, in order to immu-
noblot for the desired proteins. Place the diluted primary 
antibodies in the trays containing the appropriate blots (based 

3.4. Immunoblotting 
for EGFR, HER2, 
b-Actin, Active Akt, 
and Total Akt
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on the predicted MW for each protein of interest), and incubate 
for 1 h at RT, with gentle rocking.

 7. Remove the primary antibodies and wash the blots for 
3 × 10 min in blocking buffer.

 8. Incubate blots with the diluted secondary antibodies for 1 h 
at RT, with gentle rocking.

 9. Discard the diluted secondary antibody solutions and wash 
the blots for 3 × 10 min in TBS-T.

 10. Freshly prepare an ECL Plus (see Note 13) reagent mixture 
(at a ratio of 1 mL of solution A to 25 mL of solution B), and 
incubate on the PVDF blots for 5 min. Drain off excess ECL 
reagent and place blots between plastic sheets. Place the 
sheets containing the blots into a cassette and expose to ECL-
Hyperfilm in a dark room for 1 s–15 min as required, after 
which film is processed in a film developer. Examples of the 
signals for EGFR, HER2, b-actin, Akt, and phospho-Akt are 
shown in Fig. 1.

U87MGa

b

miR-7

miR-NC

EGFR

b-actin

− + −
− − +

P-Akt

total Akt

miR-7

miR-NC

− + −
− − +

Total Akt

P-Akt

HER2

−+
+−

+

− +
− +
+ −−

HRG

miR-331-3p

miR-NC

LNCaP

Fig. 1. Regulation of EGFR and HER2 expression and Akt activity by miR-7 and miR-
331-3p in U87MG and LNCaP cells. (a) U87MG and (b) LNCaP cells were reverse trans-
fected with miR-7 or miR-331-3p for 3d, and processed for immunoblotting analysis of 
EGFR, HER2, total Akt, phosphorylated Akt (P-Akt), and b-actin expression. In some 
wells, LNCaP cells were stimulated with heregulin (HRG; 50 ng/mL for 20 min) to acti-
vate P-Akt via HER2 signaling; this effect was blocked by miR-331-3p.
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 1. This procedure involves the use of Promega’s dual luciferase 
reporter assay system for quantitation of firefly and Renilla 
luciferase activities from a single lysate of cells cotransfected 
with firefly and Renilla luciferase plasmids and miRNA pre-
cursors. The 3¢-UTR sequence containing a putative miRNA 
binding region is present within the firefly luciferase vector, 
whereas the Renilla luciferase vector is used for normaliza-
tion of transfection efficiency and to correct for nonspecific 
effects of miRNA precursor transfection.

 2. At 24-h post transfection with miRNA precursors and 
luciferase plasmids, remove cell culture media, rinse wells 
carefully with 1 mL of PBS, and remove PBS.

 3. Add 75 mL of 1× passive lysis buffer to each well of the 24-well 
plate that contains cells. Since scraping is difficult in wells of 
this size, passive lysis is recommended, with plates being 
placed on a rocking platform at room temperature for 15 min. 
Alternatively, place the plates at −80°C; they can be stored 
here for up to several weeks for analysis of luciferase activities, 
otherwise, a single freeze-thaw cycle will improve cell lysis 
(see Note 14).

 4. Clear the cell lysates by transferring them to 1.5-mL Eppendorf 
tubes and centrifuging at top speed at 4°C for 3 min.

 5. Transfer 20 mL of cleared supernatant to a white-walled 
96-well plate prior to reading.

 6. Prime a luminometer fitted with reagent injectors with 
luciferase assay reagent II and Stop and Glo reagent. Measure 
firefly luciferase activities by injecting 50 mL of luciferase assay 
reagent II into each well, and measure Renilla luciferase 
activities by injecting 50 mL of Stop and Glo reagent into 
each well. A 2-s premeasurement delay should be followed by 
a 10-s measurement period for each reporter assay.

 7. Process raw data by dividing each firefly luciferase measure-
ment by its corresponding Renilla luciferase measurement, 
giving corrected/normalized luciferase activity. Statistical 
analysis of the data should also be performed using Microsoft 
Excel or other statistical software. Examples of normalized 
luciferase data are shown in Figs. 2e, f and 3.

3.5. Luciferase 
Reporter Assay

Fig. 2. (continued) (f) Luciferase reporter assay with A549 cells that were transfected with WT or MT EGFR target site 
(A, B, C, or D) 3¢-UTR firefly-luciferase reporter, control Renilla luciferase, and miR-7 or miR-NC precursor. Relative 
luciferase expression values are the ratio of miR-7-treated reporter vector compared with the same miR-NC-treated 
reporter (±SD), and demonstrate the reduced expression of reporters bearing putative target sites B and C, but not A, by 
miR-7. Furthermore, the presence of sites B and C in the same reporter construct (EGFR D) conferred additive repression 
with miR-7. In all cases, mutation of the miR-7 seed-binding regions (B-MT, C-MT, D-MT) abrogated the repression of 
reporter gene expression by miR-7. Asterisk indicates a significant difference from miR-NC-transfected controls (p < 0.05) 
(Reproduced from ref. (12) with permission from The American Society for Biochemistry and Molecular Biology.).
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Fig. 2. Identification of two specific miR-7 target sites within the non-conserved EGFR mRNA 3¢-UTR. (a) Schematic 
representation of the EGFR mRNA with three 3¢-UTR miR-7 binding sites (A, B, C). (b) Sequence alignment of predicted 
EGFR mRNA 3¢-UTR miR-7 target sites showing lack of conservation between species. The miR-7 seed target sequence 
(UCUUCC) is in bold and underlined, conserved nucleotides are shaded, and stars indicate nucleotides conserved across 
all species. (c) Schematic representation of firefly luciferase reporter constructs for miR-7 perfect target, full-length wild-
type EGFR 3¢-UTR, and truncated EGFR 3¢-UTR (A, B, C, D) target sites. (d) Sequence of wild-type (WT) and mutant (MT) 
EGFR mRNA 3¢-UTR miR-7 target sites. Mutations predicted to disrupt miRNA:mRNA binding were made in the seed 
target region. (e) Luciferase reporter assay to verify activity of miR-7 upon a miR-7 target site and full-length wild-type 
EGFR 3¢-UTR. A549 lung cancer cells were transfected with perfect miR-7 target or full length wild-type EGFR 3¢-UTR 
firefly luciferase plasmid and miR-7 or miR-NC precursor. Relative luciferase expression (firefly normalized to Renilla) 
values are expressed as a ratio of reporter vector alone (±SD). Data are representative of at least three independent 
experiments. Asterisk indicates a significant difference from vehicle (Lipofectamine 2000) – treated reporter vector (p < 0.001). 
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 1. Cell culture media for transfection experiments may contain 
serum, but should not contain antibiotics, as this will cause 
toxicity when cells are exposed to the transfection reagent.

 2. Despite their name, Ambion’s pre-miR molecules should not 
be confused with precursor miRNA (pre-miRNA) hairpin 
structures; rather, they mimic the mature miRNA. It is impor-
tant that a negative control (nontargeting) miRNA precursor 
molecule is purchased together with the miRNA of interest to 
determine whether effects observed on target gene expression 
are specific. Other companies (e.g., QIAGEN, Dharmacon) 

4.  Notes
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Fig. 3. Repression of pMIR-REPORT-miR-331-3p perfect target reporter, but not pGL3-
miR-331-3p perfect target reporter, by miR-331-3p. LNCaP prostate cancer cells were 
cotransfected with miR-331-3p precursor, a control Renilla luciferase plasmid (pRL-
SV40), and either pGL3-miR-331-p perfect target (a) or pMIR-REPORT-miR-331-3p per-
fect target (b) firefly luciferase reporter plasmid. Relative luciferase expression values 
were calculated by normalizing firefly luciferase values to their corresponding Renilla 
luciferase measurements (±SD), and the values demonstrate reduced expression of a 
luciferase reporter gene carrying a consensus miR-331-3p target site within pMIR-
REPORT, but not pGL3-control reporter vector.
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provide miRNA “mimics” that can be used as alternatives to 
the miRNA precursor molecules sold by Ambion/Applied 
Biosystems. Although we do not detail such experiments 
here, miRNA inhibitors can also be used with cell lines that 
express appreciable amounts of a specific miRNA, with the 
“read out” being an upregulation of the target gene or 
reporter upon treatment with the specific miRNA inhibitor. 
miRNA inhibitors incorporating the locked nucleic acid 
(LNA) technology, developed by Exiqon (Vedbaek, Denmark) 
can be used interchangeably with the Ambion miRNA 
precursors in the protocols described here.

 3. Lipofectamine 2000 is an effective cationic lipid-based 
transfection reagent, designed to give high transfection efficiency 
with minimal toxicity to cells. It can be used for simultaneous 
transfection of miRNA/siRNA and plasmid DNA. Invitrogen 
provides information about the use of specific cell lines with 
Lipofectamine 2000 at http://www.invitrogen.com/celllines. 
In our hands, Lipofectamine 2000 has proved the only 
transfection reagent that reliably transfects plasmid DNA and 
small RNA simultaneously. We do, however, note some 
variability in the transfection efficiency achieved with different 
aliquots of Lipofectamine 2000 obtained from the manufac-
turer, even with aliquots bearing the same lot number.

 4. Plasmid DNA for transfection should be prepared using 
Maxiprep or Midiprep protocols and should be of good qual-
ity and purity: predominantly supercoiled, with 260/280 nm 
absorbance ratios of 1.8–2.0. The insert orientation is con-
firmed by restriction digestion, and the correct insert sequence 
is verified by DNA sequencing. Plasmid DNA can be stored 
at −20°C, but care should be taken to avoid repeated freeze–
thawing. Predicted target sequences can be inserted at restric-
tion enzyme sites downstream of the firefly luciferase ORF 
using standard molecular cloning techniques. Alternatively, 
several companies offer reporter vectors containing synthe-
sized 3¢-UTR target sequences (e.g., GenScript, Piscataway, 
NJ; Genecopoeia, Rockville, MD; SwitchGear Genomics, 
Menlo Park, CA). We would suggest initial assessment using 
the full-length 3¢-UTR of the putative target mRNA in 
luciferase reporter assays. If the results suggest that the 
miRNA of interest regulates reporter activity of the 3¢-UTR, 
then vectors containing shorter focused regions spanning the 
putative miRNA target sequence can be generated and tested 
(as described in (12, 13)). It is recommended that “perfect 
target” reporter vectors are used as a positive control for 
cotransfection with miRNA precursor molecules. These vec-
tors contain a target sequence with perfect complementarity 
to the miRNA of interest; thus, expression of the reporter 

http://www.invitrogen.com/celllines
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gene should be significantly repressed with cotransfection of 
the miRNA. It is important to use this control to establish 
that the miRNA precursor was effectively transfected and can 
block gene expression via binding to its target sequence. In 
some instances, we have cloned a perfect target sequence into 
two different reporter vectors and observed repression of one 
vector but not the other with miRNA precursor. An example 
of this is shown in Fig. 3, where miR-331-3p blocked 
luciferase expression from pMIR-REPORT-miR-331-3p tar-
get but not from pGL3-miR-331-3p target. We presume this 
is due to differences in the sequence context of the 3¢-UTRs 
of the two reporter constructs, as differing 3¢-UTR RNA 
secondary structures can affect the interaction between a 
miRNA and its target (18). Finally, to determine the specificity 
of a miRNA–mRNA interaction, mutant miRNA target sites 
should be incorporated in reporter gene assays, in which 
nucleotide substitutions are introduced within the seed-binding 
region of the miRNA target site (see Fig. 2d, f).

 5. Primary antibodies can be stored at −20°C after use and 
thawed several times later for reuse. We have tested antibod-
ies to cancer cell signaling molecules from a number of sup-
pliers and recommend the ones listed for immunoblotting 
experiments.

 6. It is suggested that 1 and 30 mM working stocks of miRNA 
precursor molecules are prepared in nuclease-free water to be 
used 1:1,000 in transfection reactions, yielding a final miRNA 
precursor concentration of 1 or 30 nM. This will generally 
permit changes in target expression (endogenous protein or 
reporter) to be observed in luciferase assays or by immunob-
lotting. However, the optimal final concentration of miRNA 
precursor used should be determined by titration and will 
typically be between 1 and 50 nM in transfections for immu-
noblotting, and between 0.1 and 10 nM in transfection for 
reporter gene assays. Higher concentrations may increase the 
possibility of nonspecific/off-target effects.

 7. Cells should be resuspended at 1.0–2.0 × 105 cells/mL. For 
transfections in six-well plates, we routinely use 1.5 mL of 
this cell suspension per well (i.e., 1.5–3.0 × 105 cells per well). 
For transfections in 24-well plates we use 0.5 mL of this sus-
pension per well (i.e., 0.5–1.0 × 105 cells per well). The pre-
cise cell number to be used in the transfection will depend  
on the cell line being used as well as the time point at  
which samples are to be harvested. Typically, we harvest pro-
tein samples for immunoblotting at 72-h posttransfection 
although the time needed to observe changes in miRNA target 
protein expression may vary depending on the protein and its 
endogenous half-life. The rate of cell growth and the sensitivity 
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of the cell line to transfection reagent will also have a bearing 
on the number of cells to be used. We routinely use reverse 
transfection (i.e., transfection of cells in suspension prior to 
their attachment to the plate) as this favors higher transfec-
tion efficiency and saves time by eliminating the need to pre-
plate cells before transfection (forward transfection). Certain 
cell lines (e.g., MDA-MB-468) are particularly sensitive to 
reverse transfection, and better cell viability will be achieved 
with forward transfection. In such cases, the basic transfec-
tion method described above can be used, except transfection 
mixtures are added to cells 24 h after plating instead of 
together with cells in suspension.

 8. The volume of Lipofectamine 2000 used per well should be 
determined empirically for each cell line and will depend on 
the sensitivity of the cell line to the transfection reagent, the 
transfection efficiency, and results obtained. Volumes between 
5 and 10 mL per well can be tested for six-well plates, and 
between 1.5 and 3 mL per well for 24-well plates.

 9. Cotransfection of plasmid DNA and miRNA precursors per-
mits greater sensitivity in the detection of miRNA-dependent 
regulation of reporter gene expression. Once the reporter has 
been translated, it cannot be regulated directly by the miRNA 
of interest.

 10. Due to the fairly low toxicity of Lipofectamine 2000, it is not 
necessary to remove the transfection complexes after transfec-
tion; however, the media can be changed after 4–6 h if desired.

 11. Freezing cells in lysis buffer at −80°C and thawing prior to 
clearing by centrifugation may improve lysis and protein 
recovery from some cell lines.

 12. The PVDF membrane used in immunoblotting has a high 
affinity for proteins. Following transfer of proteins from the 
gel, it is essential to block the remaining membrane surface to 
prevent nonspecific binding of the detection antibodies dur-
ing later steps. A variety of blocking buffers (e.g., skim milk, 
BSA) have been used to block free sites on a membrane, 
improving the specificity of the assay by reducing background 
and increasing the signal to noise ratio. In our hands, 5% skim 
milk in 1× TBS-T is a suitable blocking buffer for most 
applications.

 13. Chemiluminescent blotting substrates produce a transient 
signal that persists only as long as the enzyme–substrate reac-
tion is occurring. If the ECL substrate is consumed or the 
enzyme (HRP-conjugated to the secondary antibody) loses 
activity, then the reaction will end and the signal will be lost. 
However, in our experience, the signal should be stable for at 
least 30–45 min, allowing detection with X-ray film (ECL 
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Hyperfilm) or digital imaging equipment. Film exposure 
times are typically shorter than those needed with digital 
imaging equipment, as film is densely coated with photoreac-
tive molecules and is placed in direct contact with the blot, 
allowing more light photons to collide with the film emulsion 
than is the case with a digital sensor located behind focusing 
lenses. As a result, film is more sensitive than digital imaging 
equipment.

 14. As certain cell lines are more resistant to lysis, we generally 
recommend freezing cells in 1× passive lysis buffer at −80°C 
and thawing prior to clearing lysates by centrifugation.
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Chapter 12

Epigenetic Regulation of MicroRNA Expression in Cancer

Hani Choudhry and James W.F. Catto 

Abstract

Epigenetic gene regulation is important in human cancer. Both functional and observational data implicate 
alterations of histone modifications, DNA promoter methylation, and non-coding RNA expression in 
carcinogenic roles. We sought to explore the role of aberrant DNA hypermethylation in the regulation 
of microRNA (miR) expression in human cancer. From human genome databases we calculated that 13 
and 28% of human miR genes are located within 3 and 10 kb of a CpG island, respectively. To identify 
miRs that are regulated by epigenetic mechanisms in cancer, we performed expression profiling prior to 
and following treatment of cell lines with 5-azacytidine. We used oligonucleotide microarrays to deter-
mine miR expression. For miRs whose expression changed following 5-azacytidine treatment, we 
sequenced the adjacent CpG island and promoter using bisulphite-treated DNA. Here, we describe these 
methods to enable other researchers to use this approach.

Key words: Cancer, MicroRNA, Epigenetic, DNA methylation, Gene expression, Microarray

MicroRNAs (miRs) are small non-coding RNA species that 
post-transcriptionally regulate gene expression. Altered miR 
expression has been observed in many cancers and is the focus of 
this book. MiRs with carcinogenic gain of functions and tumour 
suppressor loss of function have been observed. For example, we 
recently characterised loss of miRs-99a/100 expression in low-
grade bladder cancer (1). Down-regulation of these two miRs 
leads to upregulation of FGFR3, one of their most conserved 
target genes. Cancer associated loss of miR expression may occur 
either from chromosomal deletion, gene mutations, translocation 
or by epigenetic mechanisms (2, 3).

Epigenetic regulation of miR expression has been reported in 
various cancers (4, 5). We analysed the latest draft of the human 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_12, © Springer Science+Business Media, LLC 2011
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genome and miRBase and found that 13 and 28% of human miR 
genes are located within 3 and 10 kb of a CpG island, respectively 
(Fig. 1) (Choudry and Catto, unpublished data). Thus, 199 miRs 
may be susceptible to silencing by aberrant DNA hypermethyla-
tion. As each miR targets many genes, this could have a profound 
effect upon cell behaviour. To establish epigenetic miR regulation 
various methods can be used. The simplest method is probably to 
sequence the adjacent CpG islands for miRs that are of interest 
(6). This is accurate but laborious for high throughput. Here, we 
describe the chemical re-expression of epigenetically regulated 
miRs by inhibition of DNA methyltransferase. Thus, high 
throughput is possible using oligonucleotide expression 
microarrays. For confirmation, the adjacent CpG islands from 
miRs with altered expression are sequenced. Functional studies 
would then be required to confirm the importance of these 
observational findings (7).

 1. Human bladder cancer cell lines EJ, RT112, RT4 were 
obtained from the American Type Culture Collection 
Manassas, Virginia.

 2. Cancer cell lines were cultured in Dulbecco’s modified Eagle 
medium (DMEM) with 10% foetal calf serum (FCS). For 
long-term use, medium is stored at 4°C and warmed prior to 
every use.

 3. Normal non-immortalised human urothelial cells were 
expanded from fresh urothelial biopsies using standard meth-
ods (8).

2. Materials

2.1. Cell Culture

Fig. 1. Distance of human miRNA genes to the nearest CpG island in bp. Data obtained from UCSC genome browser and 
miRBase (Choudhry and Catto, unpublished data).
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 4. Complete keratinocyte serum-free medium (KSFMc) 
(GIBCO invitrogen) was used for normal human urothelial 
(NHU) cell culture. The medium is available in 500 ml bottle 
and supplied with 25 mg bovine pituitary extract (BPE), 
2.5 mg recombinant epidermal growth factor (rEGF) and 
1 mg of cholera toxin.

 5. KSFMc medium is prepared by adding rEGF (5 mg/ml) and 
BPE (50 ng/ml) to 500 ml bottle of KSFMc. Cholera toxin 
(500 ml, 30 mg/ml) was also added to the medium and was 
kept at 4°C.

 6. Trypsin inhibitor (GIBCO invitrogen) was prepared by add-
ing 205 mg (1 vial) to 5 ml of PBS buffer (pH 7.4). The solu-
tion was mixed and filtered through a 0.2 mm sterile filter. 
Aliquots of 50 ml were stored at −20°C. For each use, one 
aliquot of trypsin inhibitor was thawed and added to 5 ml of 
KSFMc to inhibit 1 ml of trypsin–EDTA solution.

 1. The mirVanaTM RNA isolation kit (Ambion, Texas) is used 
according to the manufacturer’s instructions for miRNA and 
total RNA extraction.

 2. The kit contains miRNA washing solution 1 (WS1), washing 
solution 2/3, lysis, binding buffers, miRNA homogenate 
additive, acid-phenol:chloroform, gel loading buffer II, col-
lection tubes, and elution solution.

 3. The kit is stored at 4°C and warmed to room temperature 
before use.

 4. Washing solutions are diluted with absolute ethanol; 21 ml of 
ethanol is added in WS1, and 40 ml of ethanol is added in 
washing solution 2/3.

 1. The human miRNA microarray (Agilent Technologies, 
California) manufactured using Agilent 60-mer SurePrint 
technology.

 2. Each glass slide contained eight individual microarrays con-
sisting of probes to 726 human and 76 human viral miRNAs 
annotated from the Sanger miRBase (version 10.1).

 3. Microarrays were stored in the dark at room temperature.

 1. miRNA microarray hybridisation gasket slides (Agilent 
Technologies, California) are used to load labelled samples 
for hybridisation, which is performed in a stainless hybridisa-
tion chamber.

 2. Glass slide-staining dishes are used for microarray slide wash-
ing. The glass dish is washed thoroughly with dH2O and rinsed 
twice with gene expression washing buffer 1 before use.

2.2. miRNA and Total 
RNA Extraction

2.3.  miRNA Microarray

2.3.1. Complementary 
Equipments and Kit
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 3. Agilent sample labelling and hybridisation kit (Agilent) contains 
all the required components for sample labelling and hybridi-
sation preparation (Table 1).

 4. 10× GE blocking agent is supplied lyophilised with the sam-
ple labelling and hybridisation kit. Nuclease-free water 
(125 ml) is added to 10× GE blocking agent vial. The solution 
is mixed gently by vortexing and heated for 5 min at 37°C.

 1. Gene expression wash buffers 1 and 2 (Agilent) are prepared 
by adding 2 ml of 10% of TritonX-102 is added into both 
gene expression wash buffers. Buffers are mixed thoroughly 
by inverting the container six times.

 2. Gene expression washing buffer 2 (1,000 ml) is dispensed 
into 1.5 l sterile glass bottle. The bottle is placed in a 37°C 
water bath and stored overnight before washing arrays. The 
gene expression washing buffer 2 is kept warmed at 37°C 
during microarray washing.

 1. TaqMan miR assays (Applied Biosystems, California) consist 
of short hairpin primers for reverse transcription and a minor 
groove binder (MGB) probe for PCR quantification. TaqMan 
miR assays are stored at −20°C.

 2. For reference genes, we use the median expression value of 
two endogenous small nuclear RNAs: RNU44 and 48.

2.3.2. Gene Expression 
Wash Buffers

2.3.3. TaqMan miR Assays 
for Real Time-QPCR

Table 1 
Microarray sample labelling and hybridisation kit’s  
components and their storing temperature

Items Stored

10× Calf intestinal phophatase buffer −20°C

10× GE blocking agent Solution at −20°C 
lyophilised 25°C

10× T4 RNA ligase buffer −20°C

2× Hi-RPM hybridisation buffer 25°C

Calf intestinal alkaline phosphatase (CIP) −20°C

Cyanine 3-pCp −20°C

Dimethyl sulphoxide (DMSO) −20°C

Nuclease-free water 4°C

T4 RNA ligase −20°C



169Epigenetic Regulation of MicroRNA Expression in Cancer

 3. High-capacity cDNA reverse transcription kit (Applied 
Biosystems) stored at −20°C, contains 10× RT buffer, 
25× dNTP mix (100 mM), reverse transcriptase (50 U/ml), 
and RNase inhibitor.

 4. TaqMan 2× Universal PCR Master Mix (Applied Biosystems) 
contains AmpliTaq Gold DNA Polymerase, uracil N-glycosylase 
(UNG), dNTPs, dUTP, passive reference (ROX), and opti-
mized buffer components. The mix is stored at 4°C.

 1. The gold-standard method to evaluate the methyl status of 
Cytosine residues is bisulphite sequencing. For this, DNA is 
treated with sodium bisulphite to induce a bisulphite and 
methyl-specific sequence change and then sequenced using 
primers specific to the bisulphite sequence, not the methyl 
sequence.

 2. DNeasy Blood and Tissue kit (Qiagen, Texas) is used accord-
ing to the manufacturer’s instructions for cell lines. The kit 
contains DNeasy mini spin columns in 2-ml collection tubes, 
buffer ATL, buffer AL, buffer AE, proteinase K, buffer AW1, 
and buffer AW2. The kit was stored at room temperature.

 3. Buffer AW1 and AW2 are diluted with ethanol (100%); 25 ml 
and 30 ml of ethanol are added to buffer AW1 and AW2, 
respectively.

 1. CpGenome DNA modification kit is used for bisulphite 
conversion of DNA to evaluate the Cytosine methylation status 
(Chemicon International, California).

 2. The kit contains DNA modification reagents I, II, III, and 
IV. The entire set of reagents are kept at −20°C and warmed 
to room temperature before use.

 3. Sodium hydroxide (NaOH) (3 M) is freshly prepared by dis-
solving 1 g in 8.3 ml dH2O.

 4. In a 1.5 ml Eppendorf tube, 900 ml ethanol (100%) is added 
to 6.6 ml of 3 M NaOH and 93.4 ml of dH2O is added. This 
achieves a final concentration of 20 mM NaOH/90% ethanol. 
The solution is freshly prepared prior to each use.

 5. In a universal tube, 1 ml of b-mercaptoethanol is dissolved in 
20 ml of dH2O.

 6. Reagent I is prepared by dissolving 0.227 g of DNA 
Modification Reagent I in 0.571 ml of nuclease-free water 
with 60 ml of 3 M NaOH (to adjust the pH to 5.0) per sample 
(see Note 1).

 7. Reagent II is prepared by adding 750 ml of b-mercaptoethanol 
solution (prepared above) to 1.35 g of DNA Modification 
reagent II for each sample to be modified. The solution is 
mixed well and wrapped with foil (see Note 1).

2.4.  DNA Extraction

2.4.1. Bisulphite 
Modification of DNA
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 1. AccuPrime Taq DNA polymerase system (Invitrogen, Paisley, 
UK) contains AccuPrime Taq DNA polymerase, 10× 
AccuPrime PCR buffer I, II and 50 mM magnesium chloride 
(MgCl2). The kit is stored at −20°C.

 2. The 10× AccuPrime PCR buffers contain 20 mM Tris–
hydrochloric acid (Tris–HCl) (pH 8.0), 500 mM potassium 
chloride (KCl), 15 mM MgCl2, 2mM deoxythymidine 
triphosphate (dTTP), 2 mM deoxyadenosine triphosphate 
(dATP), 2 mM deoxythymidine triphosphate (dTTP), 2 mM 
deoxycytidine triphosphate (dCTP), 10% glycerol and ther-
mostable AccuPrime protein.

 3. Bisulphite specific primers are purchased (Sigma) and recon-
stituted to a concentration of 100 mM.

 4. For PCR reactions, primers are diluted to a working stock at 
10 mM.

 1. Concentrated (50×) Tris–acetate–EDTA (TAE) buffer is 
made by adding 121 g Tris base, 9.3 g EDTA and 28.55 ml 
of glacial acetic acid. Distilled H2O (dH2O) is added to make 
the volume up to 500 ml, and pH is adjusted to 8.3.

 2. Ethidium bromide (10 mg/ml) is prepared by dissolving 1 g 
of ethidium bromide in 100 ml of dH2O. The solution is 
wrapped in aluminium foil and stored at 4°C.

 3. DNA hyperladder I, II, V (Invitrogen, Paisley, UK) is used as 
DNA marker (1 mg/ml).

 1. MinElute PCR Purification Kit (Qiagen, Texas) contains 
MinElute Spin Columns, collection tubes, pH indicator, and 
buffers (PB, PE, and EB). The kit was stored at room 
temperature.

 2. The PE buffer is diluted by adding 24 ml of 100% ethanol.

Epigenetic gene silencing is associated with aberrant hypermethy-
lation of CpG dinucleotides within the gene promoters (9). This 
hypermethylation is an active process performed by one of several 
DNA methyltransferases. Thus, inhibition of these DNA methyl-
transferases leads to the reversal of aberrant hypermethylation 
including 5-azacytidine (8). Experiments that detect this re-
expression will, therefore, be able to identify genes whose methyl 
status is reversed by this experiment (Fig. 2). Various experimental 
designs are possible within this context, but the easiest, most 
available, and highest throughput is probably the expression 
microarray. As with typical microarray experiments, one must pay 

2.4.2. Bisulphite-Specific 
Polymerase Chain Reaction

2.4.3. Gel Electrophoresis

2.4.4. PCR Purification 
Prior to Sequencing

3.  Methods
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attention to experimental reproducibility (and therefore use 
biological and experimental replicates) and validate the results by 
another method. Here, we use bisulphite sequencing of individual 
gene promoter regions to validate our microarray findings.

 1. Divide cell lines into: control and treatment groups.
 2. Each contains triplicate repeats.
 3. Cancer cell lines and NHU cells are cultured in sterile condi-

tions in a microbiological grade-2 hood (see Note 2).
 4. Warm all media and cell culture reagents to 37°C prior to 

use.
 5. Cancer cell lines are cultured in Nunc T75 culture flasks with 

DMEM (see Table 2). NHU cells are cultured in Primaria 
culture flasks using KSFMc.

 1. 5-Azacytidine (Sigma) is supplied as 1.2 mg lyophilised powder 
at 50-fold concentration. Add 10 ml sterile DMEM to recon-
stitute and reach a final concentration of 500 mM (see Note 3).

 2. The solution is stored at −20°C in 500 ml aliquots.

3.1. Cell Culture  
and 5-Azacytidine 
Treatment

3.1.1. Control and 
Treatment Cells Culture

3.1.2. Preparation of DNA 
Methyltransferase 
Inhibition “5-Azacytidine”

Fig. 2. DNA methylation patterns of miRNA genes in normal and cancer cells. (a) miRNA genes which are not located close 
to a CpG islands are unaffected by CpG methylation. (b) Tumour suppressor miRNA (TSG miRNA) genes located in a CpG 
island are unmethylated in normal cells but undergo hypermethylation in cancer cells (silenced). Demethylating agents  
can reactivate their expression. (c) Onco-miRNA genes located in CpG islands are hypermethylated in normal cells 
(silenced) but hypomethylated in cancer cells (active). They are less affected by demethylating agents.
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 1. The cancer cell lines are treated for 5 days.
 2. Day 0: seed cells at a low density. This density depends upon 

the cell growth rate. Aims for a 70% confluence by day 5 with 
treatment.

 3. Days 1, 3 and 5:
●● Control group: old media changed for fresh DMEM 
(12.55 ml).

●● Treatment group: old media is changed for fresh DMEM 
(12.5 ml) with 50 ml of 5-azacytidine added to each flask 
(final concentration of 2 mM).

 1. Cells are grown in monolayers and harvested on day 6.
 2. Discard media and wash cells twice with 10 ml of PBS. To 

release adherent cells, add 2 ml of trypsin–EDTA (Sigma) 
and incubate for 10 min at 37°C.

 3. Add 4 ml media to inactivate trypsin and transfer the cells to 
universal tubes.

 4. Centrifuge cells at 400 × g for 5 min, carefully aspirate and 
discard the media, before re-suspending in 1 ml of PBS.

 5. Split the cells/PBS into two 1.5 ml Eppendorf tubes (each 
will contain 0.5 ml of cell solution) and obtain approximate 
cells counts using a haemocytometer chamber (Sigma).

 6. Centrifuge Eppendorf tubes at 400 × g for 5 min and discard 
the PBS to obtain a cell pellet for immediate use or storage at 
−80°C in liquid nitrogen.

 7. To confirm successful 5-azacytdine treatment, we perform 
rtPCR using extracted RNA (from Subheading 3.2) to look 
for re-expression of a gene known to be methylated in your 
cell line of choice. For example, we use EDNRB (10) in our 
bladder cancer cell lines (Fig. 3).

3.1.3. Cell Line Treatment

3.1.4. Cell Harvest

Fig. 3. Expression of EDNRB RNA in the EJ cell line with 5-azacytidine treatment. 
Re-expression of this tumour suppressor gene occurs with inhibition of DNA methyl-
transferase. b-Actin RNA shown as control of the RT-PCR reaction.
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 1. Several protocols for RNA extraction are described. For miR 
extraction, it is important to use a method without a column 
(such as Trizol method) or to use a high ethanol concentra-
tion to bind small RNA species to the silica membrane within 
a column. Otherwise, small species will be washed through 
the column without retrieval. We use the mirVana RNA isola-
tion kit (Ambion, Texas) according to the manufacturer’s 
instructions.

 2. Clean the bench and equipment with an RNase decontamina-
tion solution.

 3. Use fresh or thawed frozen cell pellets and re-suspended in 
200 ml PBS to an appropriate number of cells (e.g. total 
1 × 107).

 4. Add lysis/binding solution (600 ml) and pulse-vortex to 
homogenise lysate.

 5. Add 60 ml of homogenate additive to the lysate and leave on 
ice for 10 min.

 6. Add 600 ml acid-phenol:chloroform and pulse-vortex for 
60 s. Centrifuge the sample for 5 min at 10,000 × g.

 7. Remove the upper aqueous phase and add 100% ethanol 
(375 ml). Load this mixture into the filter column provided in 
the kit. Up to 700 ml can be applied at a time.

 8. Centrifuged at 10,000 × g for 15 s to bind the RNA to the 
membrane.

 9. The flow-through contains small RNA and is used for miR 
extraction (use for Subheading 3.2.2).

 10. Place the filter column into a new collection tube and apply 
700 ml of WS1. Centrifuge for 10 s at 10,000 × g. Discard the 
flow-through and change the collection tube.

 11. Apply 500 ml of washing solution 2/3 and centrifuge at 
10,000 × g for 10 s.

 12. Repeat this step twice, before centrifuging the column with-
out solution for 1 min, to dry the membrane (see Note 4).

 13. Place the column into a new collection tube and add 100 ml 
of pre-heated (95°C) elution solution to the centre of the 
filter.

 14. Centrifuge the column and collection tube at 13,000 × g for 
30 s to recover the RNA. Store at −80°C until used.

 1. The flow-through from the first RNA extraction step (see 
step 9 in Subheading 3.2.1) is used for miR extraction. 
Determine the approximate volume of this flow-through and 
add two-thirds volume of 100% ethanol, before mixing.

3.2. RNA Extraction 
and miR Quantification

3.2.1. RNA Extraction

3.2.2. miR Extraction
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 2. Pipette this mixture in 700 ml aliquots into a new filter 
column and centrifuge for 15 s at 10,000 × g. Pass all the mix-
ture through the column.

 3. Apply WS1 (700 ml) to the filter column and centrifuge for 
10 s at 10,000 × g. Discard the flow-through and change the 
collection tube.

 4. Apply washing solution 2/3 (500 ml) to the filter column and 
centrifuge for 10 s at 10,000 × g. Discard the flow-through 
and change the collection tube.

 5. Repeat this step twice, before centrifuging the column with-
out solution for 1 min, to dry the membrane (see Note 4). 
Then, the cartridge is transferred to a fresh collection tube 
(provided in kit).

 6. Apply 100 ml pre-heated (95°C) elution solution to the cen-
tre of the filter.

 7. Tubes are centrifuged for 30 s at maximum speed to recover 
the miRNA and stored at −20°C until use.

 1. Single-colour Agilent human miRNA microarrays are used to 
investigate miRNA expression.

 2. Microarray processing consists of five main steps: (a) sample 
preparation, (b) preparation of labelling reaction, (c) sample 
hybridisation, (d) microarray slide washing, and (e) microarray 
scanning. All the steps were performed according to miRNA 
microarray system’s protocol with slight changes to achieve best 
array outcome (Agilent Technologies, California).

 1. Total RNA concentration and quality should be first deter-
mined (e.g. using a nano-drop spectrophotometer).

 2. Total RNA from each cell lines is diluted to 50 ng/ml in nucle-
ase-free water for each individual microarray (see Note 5).

 1. Diluted total RNA 2 ml (100 ng) is added to a 1.5 ml 
Eppendorf tube and kept on ice (see Note 5).

 2. Immediately prior to use, the calf intestinal alkaline phosphatase 
(CIP) master mix is prepared by combining 10× CIP buffer 
(3.6 ml), nuclease-free water (9.9 ml), and CIP (4.5 ml). These 
volumes are per 9 ml reaction (see Note 6).

 3. Add 2 ml CIP master mix to each RNA sample for a total reac-
tion volume of 4 ml, and mix by gently pipetting.

 4. De-phosphorylate the samples by incubating at 37°C for 
30 min (see Note 7).

 5. Add 2.8 ml of 100% dimethyl sulphoxide (DMSO) to each 
sample and incubate at 100°C for 7 min. Caution: samples 

3.3. miR Expression 
Microarray

3.3.1. Sample Preparation

3.3.2. Preparation  
of Labelling Reaction
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should not be incubated less than 5 min and no more than 
10 min, as this leads to inefficient sample labelling.

 6. Transfer samples immediately to ice-water (see Note 8).
 7. Immediately prior to use, the ligation master mix is prepared 

by gently mixing of 10× T4 RNA ligase buffer (9 ml), 
Cyanine1-pCP (27 ml) and T4 RNA ligase (4.5 ml). These 
volumes are per 9 ml reaction (see Note 9). Caution: the liga-
tion master mix should be used within 15 min of mixing all 
components. Delay to do so may affect the labelling 
efficiency.

 8. Immediately, 4.5 ml of the ligation master mix is added to 
each sample tube for a total reaction volume of 11.3 ml

 9. Tubes are gently mixed by pipetting and gently spin down.
 10. The reactions are then transferred to PCR tubes and incu-

bated at 16°C in the thermal cycler (Applied Biosystems 
2700) for 2 h.

 11. Samples are then transferred to 1.5-ml Eppendorf tubes and 
dried up using a vacuum concentrator (left for 4 h in vacuum 
concentrator).

 12. To confirm dehydration, tubes are flicked hard on the bottom 
and check that the pellets do not move or spread (see Note 10).

 1. Nuclease-free water (18 ml) is added to resuspend the dried 
samples.

 2. GE blocking agent (10×) and Hi-RPM hybridisation buffer 
(2×) are added to the samples, 4.5 and 22.5 ml, respectively. 
The mixture is gently mixed by vortexing.

 3. Incubated at 100°C for 5 min and then immediately transfer 
to ice water for 5 min. Caution: the mixture must not be left 
in the ice water bath for more than 15 min. Longer incuba-
tions may adversely affect the hybridisation results.

 4. To prepare the hybridisation assembly, a clean gasket slide is 
loaded on into Agilent SureHyb chamber with the label is 
facing up and aligned with the chamber base.

 5. Slowly entire volume of the hybridisation sample is loaded 
into the gasket well (see Note 11).

 6. Carefully, the “active side” of the array is placed onto the 
gasket slide so that the “Agilent-labelled barcode” is facing 
down and “numeric barcode” is facing up.

 7. The SureHyb chamber cover is placed on top as this tight-
ened the clamp onto the chamber.

 8. The assembled chamber is vertically rotated to wet the gasket 
and assess the mobility of the bubbles.

3.3.3. Sample 
Hybridisation



177Epigenetic Regulation of MicroRNA Expression in Cancer

 9. The assembled slide chamber is placed in a hybridisation oven 
at 55°C, rotating at 20 revolutions per minute (RPM) for 
20 h (see Notes 12).

 1. The microarray wash procedure for Agilent’s miRNA plat-
form is done in environments where ozone levels are 50 ppb 
or less.

 2. The gene expression wash buffer 2 is warmed overnight (as 
explained above)

 3. Slide-staining dish #1 is filled with gene expression wash buf-
fer 1 at room temperature.

 4. Place a slide rack into slide-staining dish #2 and filled with 
enough gene expression wash buffer 1 at room temperature 
to cover the slide rack. Stir with a magnetic bar stirrer.

 5. Place a slide rack into slide-staining dish #3 and fill to approx-
imately three-fourths full with warmed gene expression wash 
buffer 2 (at 37°C). This dish is stirred and warmed to 37°C 
by a heated magnetic bar stirrer.

 6. The hybridisation chamber assembly is removed from the 
hybridisation oven after incubation and placed on a flat 
surface.

 7. The thumbscrew of chamber is loosened and the chamber 
cover removed.

 8. With gloved fingers, the array-gasket sandwich is removed 
from the chamber base by grabbing the slides from their ends 
and quickly submerges into slide-staining dish #1 containing 
Gene Expression Wash Buffer 1.

 9. Once array-gasket sandwich is completely submerged in Gene 
Expression Wash Buffer 1, gently open from the barcode end 
only.

 10. The gasket slide is dropped to the bottom of the staining 
dish, and the microarray slide is transferred into the slide rack 
in slide-staining dish #2 containing Gene Expression Wash 
Buffer 1 at room temperature. Caution: the microarray slide 
should be transferred by touching only the barcode portion 
of the microarray slide or its edges.

 11. Place the microarray into the slide rack in slide-staining dish 
#2 and wash at moderate stir speed for 5 min.

 12. Transfer the microarray into the slide rack in slide-staining 
dish #3 and wash in the warmed Gene Expression Wash 
Buffer 2 (at 37°C) for 5 min (see Note 13).

 13. The slide rack containing the microarray is removed slowly to 
minimising droplets on the slides. It takes about 5–10 s to 
remove the slide rack.

3.3.4. Microarray Slides 
Washing and Scanning
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 14. After washing, slides are immediately scanned to minimise the 
impact of environmental oxidants on signal intensities.

 15. For scanning, slides are placed into the slide holder such that 
the numeric barcode side is visible.

 16. The assembled slide holder is placed into a scanner carousel.
 17. An Agilent DNA microarray scanner with high resolution 

technology© from Agilent Technologies Microarray core facil-
ity, University of Sheffield) was used to scan the slides.

 18. The scanner is set according to the miRNA microarray rec-
ommended scanning protocol (scan sitting: values for 8 × 15 k 
formats, scan region: scan area (61 × 21.6 mm), sac resolution 
(mm): 5, 5 mm scanning mode: single press, extended dynamic 
range (XDR): selected, dye channel: green, green photo-multiplier 
tube (PMT): XDR high 100%, XDR low 5%).

 19. After scanning, slides are stored in orange slide boxes given 
with the kit, covered with aluminium foil and stored at room 
temperature.

 1. A grid template (provided with kit in CD) is uploaded on the 
computer. The Grid templates contain all the information 
about probes on the microarray.

 2. The Agilent Feature Extraction software 10.5.1.1 is used to 
extract miRNA microarray data. Feature extraction software 
processes array information from probe features and provide 
measurement of miRNA expression in experiments and quality 
control.

 3. Feature extraction is performed on all microarrays, and the 
extracted data is further analysed using Microsoft excel and 
Genespring GX.

 1. To confirm altered miR expression (detected by microarray), 
we recommend individual real time RT-PCR analysis of RNA 
from the control and treatment cell lines.

 2. Currently, individual miR assays are available from Applied 
Biosystems and Ambion. Each includes a hairpin RT-PCR 
primer and a MGB probe for quantitative.

 3. TaqMan miR assay consists of two steps:
●● First: RNA sample is reverse transcripted (RT-PCR) to form 
a complementary DNA (cDNA) using specific miRNA 
stem-looped primers (provided in kit).

●● Second: cDNA is amplified using specific miRNA real-time 
PCR primers together with probe and TaqMan Universal 
PCR master mix.

 4. For miRNA reverse transcription (RT-PCR), master mix is 
prepared by adding 100 mM dNTPs (0.15 ml), reverse transcriptase 

3.3.5. Data Extraction  
and Data Analysis

3.3.6. Real Time 
Quantitative PCR 
(RT-qPCR) Validation
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50 U/ml (1 ml), 10× reverse transcription buffer (1.5 ml), 
RNase inhibitor 20 U/ml (0.19 ml), nuclease-free water 
(4.16 ml), and miRNA stem-looped RT-primers (3 ml).

 5. The RT-PCR protocol is 30 min at 16°C, followed by 30 min 
42°C and 5 min 82°C.

 6. For Real Time, the PCR master mix reaction is prepared by 
mixing TaqMan 2× Universal PCR master mix (10 ml), nucle-
ase-free water (7.67 ml), miRNA real time primers (1 ml), and 
cDNA (1.33 ml).

 7. The protocol for qPCR: initial temperature for enzyme acti-
vation (10 min at 95°C), denature (15 s at 95°C), annealing 
and extension (60 s at 60°C), PCR for 50 cycles.

 8. The PCR reaction mixture (20 ml) was loaded onto ABI 384-
well clear optical reaction plate. The plate was sealed with 
optical adhesive cover and briefly centrifuged to spin down 
the contents and eliminate air bubbles.

 9. The Applied Biosystems 79000HT system is used for real 
time-PCR.

 10. The data was analysed using the Sequence Detection System 
(SDS) software.2.21.

 11. We compare expression of the miR of interest with two 
endogenous snRNA (RNU44 and RNU48).

 1. There are many reliable methods for DNA extraction. We 
currently use the DNeasy Blood and Tissue kit (Qiagen, 
Texas).

 2. Use fresh or thawed frozen cell pellets (around 5 × 106 cells) 
and re-suspend in 200 ml PBS. Add proteinase K (20 ml) to 
lyse cells.

 3. Add Buffer AL (200 ml) to aid nucleic acid binding to the 
silica membrane within the column. Mix immediately by 
pulse-vortexing.

 4. Incubate tubes at 56°C for 10 min and then add 200 ml 100% 
ethanol.

 5. Transfer the solution to a DNeasy mini spin column, within a 
2-ml collection tube, and centrifuge for 1 min at 6,500 × g. 
DNA is selectively bound to silica-based membrane. Discard 
the flow-through and replace the 2-ml column collection tube.

 6. Add buffer AW1 (500 ml) to the column and centrifuged for 
3 min at 6,500 × g.

 7. Discard the flow-through and collection tubes. Place the 
DNeasy mini columns within a new 2 ml collection tube.

 8. Add Buffer AW2 (500 ml) to the DNeasy mini columns and 
centrifuge for 3 min at 20,000 × g to dry the DNeasy mem-
brane. Discard the collection tube and flow-through.

3.4. DNA Extraction
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 9. For DNA elution, 200 ml of buffer AE is added directly onto 
the DNeasy membrane and incubated at room temperature 
for 1 min. The tubes are centrifuged for 1 min at 6,500 × g to 
retrieve the eluted DNA.

 10. Store DNA at −20 to −80°C for subsequent use (depending 
upon storage time).

 1. There are numerous bisulphite treatment protocols and kits. 
We currently use the CpGenome DNA modification kit 
(Millipore, California).

 2. In a 1.5 ml Eppendorf tube, the genomic DNA (1 mg) is 
added to 7  ml of 3 M NaOH in 98 ml of nuclease-free water.

 3. The DNA Modification reagent IV (2 ml) is added to the 
solution and mixed well.

 4. Incubate the tubes for 10 min in heat block at 50°C.
 5. Freshly prepared DNA modification reagent I (550 ml) is 

added to tubes and vortexed.
 6. The tubes are incubated in heat block at 50°C for 16 h “over-

night” in the dark.
 7. Resuspend DNA modification III agent by vortexing vigor-

ously and add 5 ml to the DNA solution.
 8. Freshly prepared DNA modification Reagent II (750 ml) is 

added and mixed briefly (the mixture should turn into yellow).
 9. The tubes are incubated at room temperature for 10 min and 

centrifuged for 1 min at 5,000 × g (A small white pellet should 
be present).

 10. The supernatant is discarded from the pellet.
 11. To the pellet, 1 ml of 70% ethanol is added, vortexed, spin at 

5,000 × g for 1 min, and supernatant discarded. Perform this 
step three times.

 12. After the supernatant from the third wash has been removed, 
the tubes are centrifuged at high speed for 2 min. The remain-
ing supernatant is removed with a plastic pipette tip.

 13. Freshly prepared 20 mM NaOH/90% ethanol solution 
(50 ml) is added the tubes and vortexed.

 14. The tubes are incubated at room temperature for 5 min.
 15. 90% of ethanol (1 ml) is added to tube, pulse-vortexed and 

then centrifuge at 5,000 × g for 1 min. Carefully discard the 
supernatant. This step is performed twice.

 16. After the supernatant from the second wash has been removed, 
the samples are centrifuged at high speed for 3 min. The 
remaining supernatant is removed with a plastic pipette tip.

 17. Tubes are allowed to dry up for 30 min at room temperature 
(alcohol odour should be diminished).

3.4.1. Bisulphite 
Modification of DNA
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 18. The pellet is dissolved by adding 30 ml of Tris–EDTA buffer 
(pH.8) and vortexed well.

 19. The tubes are incubated in heat block at 60°C for 15 min and 
then centrifuged at 13,000 × g for 3 min.

 20. The supernatant (contains modified DNA) is transferred to a 
clean tube. For short term use the modified DNA is stored at 
−25°C for up to 2 months, while for long-term use, the mod-
ified DNA is stored at −80°C for up to 6 months (see Note 
14). The DNA should be stored in aluminium foil to protect 
it from the light.

 21. The modified DNA can now be sequenced to look at indi-
vidual cell lines or used for Methyl specific PCR (MSP) or 
Quantified MSP (9, 11) if a cohort of samples needs 
analysing.

 22. Bisulphite specific primers can be made from genomic 
sequences using a variety of software tools such as MethPrimer 
(see Subheading 3.4.2, step 3).

 1. Bisulphite sequencing is used to investigate the individual 
methylation status of CpG islands in cells or samples. In this 
case one can look at miRs that have changed expression fol-
lowing 5-azacytdine treatment.

 2. Obtain the genomic sequence of interest (e.g. CpG Island 
adjacent to miR of note) from a genome repository such as 
Ensembl or The University of California Santa Cruz (UCSC).

 3. Export the genomic region (as a FASTA file) into software 
that can generate primers for bisulphite-treated DNA such as 
MethPrimer (http://www.urogene.org/methprimer/index1.
html).

 4. Optimise the generated primers using universally methylated 
DNA (Invitrogen, Paisley, UK). For Bisulphite-specific PCR, we 
use the Accuprime Taq polymerase (Invitrogen, Paisley, UK).

 5. The bisulphite-specific PCR master mix (20 ml) is prepared in 
clean sterile environment in a PCR setup room by adding 
Accuprime Taq DNA polymerase (0.5 ml), 10× AccuPrime 
PCR buffer I (2 ml), bisulphite-specific primers (10 pm/ml)
(4 ml), nuclease-free water (9.5 ml), and bisulphite-modified 
DNA (50 ng/ml) (4 ml).

 6. The bisulphite specific PCR protocol we use is: denaturisation 
(3 min at 95°C), denature (30 min at 95°C), annealing (40 s 
at Tm for ACTB is 56°C and for EDNRB is 57°C), extension 
(30 s at 68°C), and final extension (5 min at 68°C). Forty 
cycles are required.

 7. Run 4 ml of the PCR product on an agarose gel using electro-
phoresis to confirm the success of the amplification and the 
absence of non-specific products.

3.4.2. Genomic 
Sequencing of Bisulphite 
Modified DNA

http://www.urogene.org/methprimer/index1.html
http://www.urogene.org/methprimer/index1.html
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 8. The remaining PCR product is purified using QIAquick PCR 
purification kit (Qiagen, Texas). This step is performed to 
purify and clean the PCR reaction from contaminants 
(enzymes, unincorporated nucleotides) before sequencing.

 9. Five volumes of Buffer PB are added to one volume of PCR 
sample and mixed well.

 10. QIAquick spin column is placed in a provided 2-ml collection 
tube.

 11. The sample is applied into the QIAquick column and centri-
fuge for 1 min at 17,900 × g. Flow-through is discarded, and 
the QIAquick column is placed back into the same tube.

 12. For washing, 0.75 ml of buffer PE is added to the QIAquick 
column and centrifuge for 1 min at 17,900 × g.

 13. Flow-through is discarded, and the QIAquick column is placed 
back in the same tube. An additional centrifuge step is 
performed for 1 min.

 14. QIAquick column is transferred into a clean 1.5-ml micro-
centrifuge tube.

 15. To elute DNA, 15 ml of Buffer EB (10 mM Tris–Cl, pH 8.5) 
is applied to the centre of the QIAquick membrane and cen-
trifuge the column for 1 min at 17,900 × g.

 16. To confirm the presence of clean DNA product, 5 ml of puri-
fied DNA sample is run on agarose gel electrophoresis before 
pursuing the sequencing step.

 17. The purified DNA samples (10 ml) are sequenced using 
appropriate technology. For example we use BigDye termina-
tor sequencing (Applied Biosystems 3730 DNA analyser).

 18. The data is analysed using a sequence analyser such as 
Sequencher software (Gene Codes Corporation, http://www. 
genecodes.com/) (Fig. 4).

 1. Reagents I and II are freshly prepared on day of experiment.
 2. Equipment required for cell culture are wiped down with 

70% ethanol before transfer into the hood (including media 
bottles, reagents, flasks, pipettes, and waste container)

 3. The 5-azacytine is light sensitive, thus, it should be wrapped 
in aluminium foil or kept in dark tube.

 4. It is important to dry mini spin column membrane, since 
residual ethanol may interfere with subsequent reaction. To 

4. Notes

http://www.genecodes.com/)
http://www.genecodes.com/)
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ensure that no residual ethanol is carried over, and addition 
centrifugation is carried out.

 5. The step should be performed on a nuclease free and 70% 
ethanol clean bench.

 6. All the components of the CIP master mix should be added 
in the same order as indicated above and should be main-
tained on ice during preparation.

 7. The samples can be stored at −80°C after incubation.
 8. An ice-water bath should be used, instead of just crushed ice, 

to ensure that the samples remain properly denatured.
 9. Prior use of 10× T4 RNA ligase buffer is warmed at 37°C and 

vortexed until all precipitate is dissolved. Before adding it 
into the master mix, the 10× T4 RNA ligase buffer should be 
cooled to room temperature. Failure to do so will affect the 
T4 RNA ligase activity and thus the labelling efficiency.

 10. The sample must be completely dried after labelling. Residual 
DMSO will adversely affect the hybridisation results.

 11. The pipette tip or the hybridisation solution must not touch 
the gasket walls. Allowing liquid to touch the gasket wall 
greatly increases the likelihood of gasket leakage.

 12. The recommended hybridised time is 20 h and should be 
consistent. However, hybridisation can occur for longer than 
20 h, but different hybridisation times may adversely affect 
the data outcome.

 13. Gene expression washing buffer 2 should be maintained at 
37°C during the wash step. Failure to do so may result in 
alterations of experimental results.

 14. The modified DNA should be stored in aluminium foil to 
protect it from the light.

Fig. 4. Aberrant methylation of CpG dinucleotides in EJ and NHU cells. Bisulphite 
sequencing reveals the conversion unmethylated cytosine to thymidine bases and the 
maintenance of methylated cytosine residues. For EJ there is almost complete protec-
tion of the 5 methylated cytosine residues. In the NHU cells the 5 residues are hemi-
methylated, as shown by the presence of two alleles. The lollipops demonstrate the 
proportion of methylation (black) for each of the five cytosines.
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Chapter 13

In Vitro Functional Study of miR-126 in Leukemia

Zejuan Li and Jianjun Chen 

Abstract

MicroRNAs (miRNAs, miRs) are postulated to be important regulators in various cancers, including 
leukemia. In a large-scale miRNA expression profiling analysis of 435 human miRNAs in 52 acute myel-
oid leukemia (AML) samples, we found that miR-126 and its minor counterpart in biogenesis, namely, 
miR-126*, were specifically aberrantly overexpressed in core binding factor (CBF) AMLs including both 
t(8;21)/AML1-ETO and inv(16)/CBFB-MYH11 samples. Our in vitro gain- and loss-of-function exper-
iments showed that forced expression of miR-126 inhibited apoptosis and increased the viability of AML 
cells, whereas the opposite effect was observed when endogenous expression of miR-126 was knocked 
down. In addition, through in vitro colony-forming/replating assays, we demonstrated that forced 
expression of miR-126 enhanced proliferation and colony-forming/replating capacity of mouse normal 
bone marrow progenitor cells alone and particularly, in cooperation with AML1-ETO, a fusion gene 
resulting from t(8;21). Thus, our data shows that miR-126 may play a critical role in the development of 
CBF leukemias. In the present chapter, the materials and protocols for the study of miR-126 in leukemia 
are described.

Key words: MicroRNA, miR-126, qPCR, Apoptosis, Cell viability, In vitro colony-forming/replating 
assay, CBF leukemia

MicroRNAs (miRNAs) are endogenous small non-protein cod-
ing RNAs that can play important regulatory roles in diverse 
processes (1, 2). Emerging data show that miRNAs may func-
tion as oncogenes or tumor suppressors (2–15). In a large-scale 
analysis of miRNA expression profiling in acute myeloid leuke-
mias (AMLs) using a bead-based miRNA expression profiling 
method (16), we observed that miR-126 and miR-126* were 
specifically highly expressed in core binding factor (CBF) AMLs, 
including both t(8;21)/AML1(RUNX1)-ETO(RUNX1T1) and 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_13, © Springer Science+Business Media, LLC 2011



186 Li and Chen

inv(16)/CBFb-MYH11 samples (17, 18). CBF AMLs represent 
10–20% of primary AMLs; their differential expression patterns 
were confirmed by quantitative real-time PCR (i.e., qPCR) (19, 
20). Gain- and loss-of-function experiments showed that miR-
126/126* inhibits apoptosis and increase the viability of AML 
cells (Fig. 1).

Acute leukemias, like other human cancers, occur as the con-
sequence of more than one mutation (21). Primary oncogenic 
events, such as those triggered by chromosomal rearrangements, 
are generally insufficient by themselves to cause leukemia and 
require secondary cooperating mutations to generate a fully trans-
formed cell (22). For example, conditional expression of knock-in 

Fig. 1. miR-126 inhibits cell apoptosis and increases cell viability. (a) Forced expression of 
miR-126 by transduced MSCVpuro-miR-126 plasmid significantly inhibited, whereas 
downregulation of miR-126 by anti-miR-126 inhibitor significantly increased apoptosis 
in THP-1 and ME-1 cells with or without Etoposide treatment. (b) Forced expression of 
miR-126 significantly increased, whereas downregulation of miR-126 significantly 
decreased cell viability in THP-1 and ME-1 cells. Normalized mean values of three inde-
pendent experiments and standard error (mean ± SE) are shown. *p < 0.05; **p < 0.001 
(paired t-test).
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CBFb-MYH11 or AML1-ETO (AE) fusion gene, or expression of 
AML1-ETO following retroviral transduction/transplantation 
does not result in leukemia without a “second hit,” such as those 
induced by N-ethyl-N-nitrosourea (ENU) (23–26). Although 
several secondary mutagenic events including FLT3, RAS, KIT, 
PU.1, and AML1 mutations, as well as truncated AE fusion (e.g., 
AML1-ETO9a (AE9a)) have been proposed (27), other previously 
unidentified secondary mutagenic events may also play an impor-
tant role in the development of CBF leukemias. Due to the spe-
cific overexpression of miR-126 in CBF AMLs and its potential 
oncogenicity, we hypothesized that its aberrant overexpression 
may contribute to the development of CBF AMLs as a “second hit” 
in cooperation with the primary oncogenic events such as t(8;21)/
inv(16) translocations. Indeed, our in vitro colony-forming/
replating assays showed that miR-126 has a very significant syner-
gistic effect with CBF leukemia fusions such as AML1-ETO in 
transforming mouse normal bone marrow progenitor cells in vitro 
(Fig. 2). Thus, our data suggest that miR-126 may play a critical 
role in the development of CBF leukemia. Here, we report the 
detailed materials and protocols for the above functional assays of 
miR-126, which would be very helpful for investigators to study 
other miRNAs in leukemogenesis.

Fig. 2. miR-126 enhanced colony forming capacity of mouse normal bone marrow pro-
genitor cells alone and particularly, in cooperation with AML1-ETO (AE ). Only the colo-
nies that contained at least 50 cells each were counted. Note that the colony numbers 
of first round of plating largely reflected the transduction efficiency, which was related 
to the size of the plasmids with a higher transduction efficiency for a smaller sized 
plasmid. Thus, the low colony number of the control in the second and third rounds of 
plating is not due to a low efficiency of transduction.
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 1. QIAGEN miRNeasy Mini Kit (QIAGEN, Valencia, CA) for 
total RNA (including miRNA) preparation.

 2. TaqMan® MicroRNA Reverse Transcription Kit, TaqMan® 
Universal PCR Master Mix, TaqMan® MicroRNA Assays for 
miR-126 and for U6 endogenous control RNA are purchased 
from Applied Biosystems (Foster City, CA).

 3. The 7900HT real-time PCR system (Applied Biosystems, 
Foster City, CA) is used to perform qPCR.

 1. Primers to amplify miR-126 precursor sequence (236 bp): 
miR126-precursor-F: 5¢-GATCTCTCGAGCGGAGCCTCA 
TATCAGCCAA-3¢; miR126-precursor-R: 5¢-TCCCAGAATT 
CTCTGCGCAGAGGCTCAGGGT-3¢.

 2. Genomic DNA template isolated from human normal bone 
marrow mononuclear cells purchased from AllCells 
(Emeryville, CA).

 3. MSCVpuro (Clontech, Mountain View, CA) is a retroviral 
vector for cloning and gene expression.

 4. AML1-ETO fusion gene in a vector MIGR1.

 1. THP-1 and ME-1 cells.
 2. Anti-miR126 inhibitor and inhibitor control (i.e., scrambled oli-

gonucleotides) are purchased from Dharmacon (Chicago, IL).
 3. Etoposide (Sigma, St. Louis, MO).
 4. ApoONE Homogenous Caspase 3/7 Assay (Promega, 

Madison, WI).

 1. THP-1 and ME-1 cells.
 2. Anti-miR126 inhibitor and inhibitor control (i.e., scrambled oli-

gonucleotides) are purchased from Dharmacon (Chicago, IL).
 3. CellTiter-Blue Reagent (Promega, Madison, WI).

 1. HEK293T (a human embryonic kidney cell line; ATCC, 
Manassas, VA) for generation of retrovirus.

 2. Rat1a cells (an embryonic rat fibroblast cell line; ATCC, 
Manassas, VA) for monitoring the viral titer.

 3. PCL-Eco vector (IMGENEX, San Diego, CA) is a retroviral 
packaging vector.

 4. QIAGEN Effectene transfection reagent (QIAGEN, Valencia, 
CA) for transfection of DNA (i.e., retroviral constructs) into 
293T cells.

2.  Materials

2.1. TaqMan qPCR 
Assay of the miRNAs

2.2. Construction  
of Retroviral Vectors

2.3.  Apoptosis Assay

2.4.  Cell Viability Assay

2.5. Retrovirus 
Preparation and Viral 
Titer Determination
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 1. A cohort of 4- to 6-week-old normal C57BL/6J (known as 
B6) mice of both sexes as bone marrow donor mice.

 2. Lyse red blood cells with ammonium chloride solution (0.8% 
NH4Cl with 0.1 mM EDTA) (Stemcell Technologies, 
Vancouver, Canada).

 3. Lineage Cell Depletion Kit (Miltenyi Biotec Inc., Auburn, 
CA), a cocktail of immunomagnetically labeled antibodies 
directed against CD5, CD45R (B220), CD11b (Mac-1), 
Gr-1 (Ly-6G/C), 7-4 (or 7/4; neutrophils), and Ter-119, is 
used to isolate Lin(-) cells.

 4. Polybrene, 35 mm Petri dishes (Stemcell Technologies, 
Vancouver, Canada), b-mercaptoethanol, and Puromycin 
(Sigma, St. Louis, MO).

 5. Murine stem cell factor (SCF), IL-3, and IL-6, and GM-CSF 
(R&D Systems, Minneapolis, MN).

 6. Methocult M3231 methylcellulose medium (Stemcell 
Technologies, Vancouver, Canada).

 1. Dulbecco modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum and 1% penicillin–streptomycin 
(Invitrogen) for HEK293T cell culture.

 2. Effectene Transfection Reagent is purchased from Qiagen 
(Valencia, CA) for DNA transfection of HEK293T cells.

 3. ATCC-formulated RPMI-1640 (ATCC) containing 1%  
penicillin–streptomycin, 0.05 mM 2-mercaptoethanol, and 
10% FBS (Invitrogen) for THP-1 cell culture.

 4. RPMI-1640 (Invitrogen) supplemented with 20% FBS, 1% 
penicillin–streptomycin, and 1% HEPES (Invitrogen) for 
ME-1 cell culture.

 5. Cell Line Nucleofector Kit V following program V01 and 
X01, respectively, using a nucleofector device (Amaxa 
Biosystems, Berlin, Germany) for DNA transfection of THP-1 
and ME-1 cells.

 1. Prepare total RNA (containing all the miRNA molecules) 
with QIAGEN miRNeasy Mini Kit (see Note 1). Dilute RNA 
to 1.6 ng/ml with DEPC water.

 2. Use 8 ng of total RNA per the reverse transcription (RT; 
see Note 2). Prepare RT reaction with 0.15 ml of 100 mM 
dNTPs (with dTTP), 1 ml of MultiScribe™ Reverse 
Transcriptase (50 U/ml), 1.5 ml of 10× Reverse Transcription 

2.6. Colony-Forming/
Replating Assays

2.7. Cell Culture and 
DNA Transfection

3.  Methods

3.1. TaqMan qPCR 
Assay of the miRNAs
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Buffer, 0.19 ml of RNase Inhibitor (20 U/ml), 5 ml of RNA 
(1.6 ng/ml), and 4.16 ml of Nuclease-free water (see Note 3). 
The conditions are: 16°C for 30 min, 42°C for 30 min, and 
85°C for 5 min.

 3. Prepare PCR reaction with 1 ml of TaqMan MicroRNA Assay 
(20×), 1.33 ml of Product from RT reaction, 10 ml of TaqMan 
2× Universal PCR Master Mix (No AmpErase UNGa), and 
7.67 ml of Nuclease-free water (see Note 4). qPCR is per-
formed on the Applied Biosystems 7900HT real-time PCR 
system. The PCR conditions are: 95°C for 10 min and then 
15 s at 95°C and 1 min at 60°C for 40 cycles. U6 RNA is 
used as endogenous control.

 4. Each candidate gene is assayed in triplicate.
 5. DCt values are used for the analysis. Briefly, in each sample, a 

DCt(miRNA-U6), which is equal to the difference in threshold 
cycles for miRNA (i.e., target) and U6 RNA (i.e., reference) 
[i.e., DCt(miRNA-U6) = CtmiRNA − CtU6] is calculated.

 6. Hierarchical clustering (28) is performed on the PCR data. 
Values for each candidate gene are mean-centered before 
clustering. TIGR TMeV (version 4.0) (29) is used for the 
analysis.

 1. The precursor sequence of miR-126 (236 bp) is PCR ampli-
fied from human normal bone marrow mononuclear cells.

 2. miR-126 precursor fragment is then cloned into MSCVpuro 
through XhoI (CTCGAG) and EcoRI (GAATTC) sites as 
“MSCV-LTR-BglII-XhoI-miR-126 (precursor)-EcoRI-Pgk-
puromycin,” and named MSCVpuro-miR126.

 3. AE fusion gene is isolated from the original construct, namely, 
MIGR1-AE, and then cloned into the MSCVpuro and 
MSCVpuro-miR-126 vectors, respectively. In MSCVpuro-
AE-miR-126, AE was placed in front of miR-126 and close 
to the promoter region.

 4. The inserts are confirmed by DNA sequencing.
 5. A total of four retroviral constructs including MSCVpuro 

(used as control), MSCVpuro-miR-126, MSCVpuro-AE, 
and MSCVpuro-AE-miR-126 are ready for further functional 
studies.

 1. THP-1 or ME-1 cells are plated at a concentration of 10,000 
cells per well in triplicate for each condition in a 96-well 
plate 24 h after transfection with MSCVpuro-miR-126, the 
control plasmid MSCVpuro, anti-miR126 inhibitor, or inhib-
itor control.

3.2. Construction  
of Retroviral Vectors

3.3.  Apoptosis Assay
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 2. Etoposide (5 mM) or the same volume of DMSO (mock 
treatment) is added to each well.

 3. Caspase-3 and caspase-7 activation are detected using 
ApoONE Homogenous Caspase 3/7 Assay 24 h later follow-
ing the manufacturer’s manual.

 1. THP-1 or ME-1 cells are plated at a concentration of 10,000 
cells per well in triplicate for each condition in a 96-well 
plate 24 h after transfection with MSCVpuro-miR-126, 
MSCVpuro, anti-miR126 inhibitor, or inhibitor control.

 2. Metabolic activity of the cells is determined using CellTiter-
Blue Reagent (see Note 5) 24 h later following the manufac-
turer’s manual.

 1. To produce the ecotropic retrovirus, 0.5 × 106 293T cells are 
plated in a 60 mm dish the day before transfection.

 2. 1.8 mg of retroviral vector DNA and 1.2 mg PCL-Eco vector 
(IMGENEX, San Diego, CA) are transfected using the 
QIAGEN Effectene transfection reagent.

 3. Then, medium is changed with 1 ml of 10% FBS/DMEM 
after 20 h of transfection.

 4. After 48 h of transfection, the virus-containing medium is 
collected and filtered with a 0.45 mm cellulose acetate (low 
protein binding) filter (see Note 6). For each construct, two 
dishes of cells are transfected and the virus-containing medium 
is mixed together.

 5. Rat1a cells (an embryonic rat fibroblast cell line) are infected 
with virus-containing medium to monitor the viral titer.

 1. Bone marrow cells are obtained from a cohort of 4- to 6-week-
old normal C57BL/6J (known as B6) mice of both sexes. 
Inject mice with 150 mg/Kg of 5-Fluorouracil (40–50 ml) 
5 days before sacrificing them.

 2. Red blood cells are lysed in ammonium chloride solution 
(0.8% NH4Cl with 0.1 mM EDTA) and then passed through 
a 40 mM nylon mesh to create a single cell suspension.

 3. To enrich primitive hematopoietic progenitors from the bone 
marrow cells, mature erythroid, lymphoid, and myeloid cells 
are depleted by incubation with a cocktail of immunomag-
netically labeled antibodies directed against CD5, CD45R 
(B220), CD11b (Mac-1), Gr-1 (Ly-6G/C), 7-4 (or 7/4; 
neutrophils), and Ter-119 using Lineage Cell Depletion Kit.

 4. The antibody-labeled cells are then incubated with magnetic 
colloid and pass through a magnetic column. Spin down and 

3.4. Cell Viability Assay

3.5. Retrovirus 
Preparation and Viral 
Titer Determination

3.6. Colony-Forming 
and Replating Assays
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resuspend the lin(-) cells (hematopoietic progenitor cells) in 
RPMI media containing 10% FBS and supplemented with 
100 ng/ml murine SCF, 10 ng/ml IL-3, and 10 ng/ml 
IL-6, and 55 mM b-mercaptoethanol (see Note 7). Culture 
the cells overnight.

 5. The next day, an aliquot of 2 × 104 hematopoietic progenitor 
cells (will be plated into two dishes after transduction) in a 
volume of 0.4 ml in medium are added to 1.6 ml retroviral 
supernatant of a single construct (with an adjusted titer of 
1 × 106 CFU/ml) and 4 mg/ml polybrene in a conical tube.

 6. Centrifuge the tubes at 2,000 × g for 2.5 h at 30°C (i.e., “spin-
oculation” (30–34)) and then replace with fresh media and 
incubate for 20 h at 37°C.

 7. Next day, the same procedure is repeated once.
 8. On the day following the second spinoculation, an equivalent 

of 1 × 104 of the initial lineage-depleted cells are plated into 
duplicate 35 mm Petri dishes in 1.1 ml of Methocult M3230 
methylcellulose medium (Stem Cell Technologies Inc.) con-
taining 10 ng each of murine recombinant IL-3, IL-6, and 
granulocyte-macrophage colony-stimulating factor per ml 
and 100 ng of murine recombinant SCF per ml with 1.5 mg of 
puromycin per ml. For each sample, there are two dishes.

 9. Cultures are incubated at 37°C in a humidified atmosphere of 
5% CO2 in air.

 10. The colonies are replated every 7 days under the same condi-
tions for 3–6 times (see Note 8).

 11. Averages and error margins are determined from two inde-
pendent transduction experiments. Only the colonies that 
contain at least 50 cells each are counted.

 1. Purify the RNA with QIAGEN miRNeasy Mini Kit using the 
protocol: Purification of Total RNA, Including Small RNAs, 
from Animal Cells.

 2. Before performing RT-PCR, do not denature the RNA. 
Denaturation of the RNA may reduce the yield of cDNA.

 3. Prepare RT master mix. Mix gently. Centrifuge to bring the 
solution to the bottom of the tube. Incubate the tube on ice 
for 5 min and keep on ice until you are ready to load the thermal 
cycler.

 4. Keep all TaqMan MicroRNA Assays protected from light, in 
the freezer, until you are ready to use them. Excessive exposure 
to light may affect the fluorescent probes.

4.  Notes
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 5. CellTiter-Blue cell viability assay can be multiplexed with the 
ApoONE Homogenous Caspase 3/7 assay. CellTiter-Blue 
Reagent is added to each well 24 h after transfection, and 
the cells are incubated 3 h prior to recording fluorescence 
(560Ex/590Em). Then caspase activity is measured in the same 
wells by adding 120 ml of the ApoONE Homogenous Caspase 
3/7 assay Reagent. Cells are incubated for three additional 
hours at ambient temperature prior to recording fluorescence 
(485Ex/527Em).

 6. The viral supernatant can be collected from 36 to 72 h after 
transfection. Viral titer will drop dramatically after 72 h of 
transfection.

 7. When spin down the mouse progenitor cells, stop the spin-
ning without brake.

 8. In our previous in vitro colony-forming/replating assays, we 
conducted only three rounds of plating (35). However, 
mouse bone marrow cells obtained from different strains of 
mice may have different capacity in forming colonies. If cells 
transduced with an empty vector still form a relatively large 
number (e.g., over 50) of tertiary colonies (colonies formed 
at the end of the third plating in methylcellulose) as reported by 
Okuda et al. (36), replating the cells for all of the transduc-
tions until cells transduced with empty vector(s) form no or 
very few colonies is necessary.
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Chapter 14

Prediction of the Biological Effect of Polymorphisms  
Within MicroRNA Binding Sites

Debora Landi, Roberto Barale, Federica Gemignani,  
and Stefano Landi 

Abstract

MicroRNAs (miRNAs) are negative gene regulators acting at the 3¢UTR level, modulating the translation 
of cancer-related genes. Single-nucleotide polymorphisms (SNPs) within the 3¢UTRs could impact the 
miRNA-dependent gene regulation either by weakening or by reinforcing the binding sites. Thus, the 
alteration of the normal regulation of a given gene could affect the individual’s risk of cancer. Therefore, it 
is helpful to develop a tool enabling the researchers to predict which of the many SNPs could really impact 
the regulation of a target gene. At present, there are several available databases and algorithms able to pre-
dict potential binding sites in the 3¢UTR of genes. However, each algorithm gives different predictions and 
none of them gives, for each polymorphism, a direct measurement of the biological impact. We propose an 
approach allowing the assignment to each polymorphism a ranking of its biological impact. The method is 
based on a simple elaboration of predictions from preexisting well-established algorithms. As an example, 
we show the application of this approach to 140 genes candidate for colorectal cancer (CRC). These genes 
were identified following a genome-wide sequencing of 20,857 transcripts from 18,191 genes in 11 CRC 
specimens and were found somatically mutated and thought to be crucial for the development of cancer.

Key words: MicroRNA, Colorectal cancer, Polymorphisms, Algorithms

MicroRNAs (miRNAs) are noncoding single-stranded RNAs of 
about 21–25 nucleotides regulating gene translation in both plants 
and animals, by binding the 3¢UTR of target mRNAs. MiRNAs are 
processed from larger (~80-nt) precursor hairpins by the RNase III 
enzyme Dicer into miRNA:miRNA* duplexes. One strand of these 
duplexes associates with the RNA-induced silencing complex 
(RISC), whereas the other is generally degraded (1).

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_14, © Springer Science+Business Media, LLC 2011
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The gene expression is regulated by miRNAs at posttranscrip-
tional level in two manners: when there are mismatches between 
miRNA and target, the translation is reduced or inhibited, whereas 
in case of perfect matching, the miRNA acts as silencing RNA 
(siRNA) and the target is degraded by cytosolic enzymes. In the 
former case, the binding of miRNA to its target does not affect the 
mRNA level, while in the latter case it does (1). Although siRNA 
was discovered first in plants, in animal cells miRNAs play the major 
role. The rules governing the pairing between miRNA and target 
have been established: the maximal complementarity is restricted 
to a region called “seed sequence” on the 5¢ end of miRNA, span-
ning the nucleotides 2–8 (2). Within the seed sequence a maxi-
mum of one mismatch is tolerated. Moreover, the G:T pairing is 
admitted in the miRNA–mRNA hybrid (2).

Recent evidences indicate that miRNAs are involved in most 
biological and pathological processes, including development timing, 
cellular differentiation, proliferation, apoptosis, insulin secretion, 
cholesterol biosynthesis, and tumorigenesis (3). However, the binding 
between miRNA and mRNA can be affected by single-nucleotide 
polymorphisms (SNPs) that can reside in the target site: SNPs can 
either weaken or reinforce the binding sites thereby altering the 
normal regulation of a given gene (4). Therefore, it is helpful to 
develop a tool enabling the researchers to predict which of the SNPs 
could really impact the regulation of a target gene. At present, there 
are several available databases and algorithms able to predict poten-
tial binding sites in the 3¢UTR of genes. The scanning algorithms 
are based on sequence complementarity between the mature miRNA 
and the target site, the binding free energy of the miRNA–target 
duplex, the evolutionary conservation of the target site sequence, 
and the target position in aligned UTRs of homologous genes (5). 
However, each algorithm gives different predictions, and none of 
them gives, for each polymorphism, a direct measurement of the 
biological impact. We propose an approach allowing the ranking of 
each polymorphism falling within 3¢UTRs, from the most biologically 
neutral to the most likely affecting the miRNA binding site. The 
method is based on a reelaboration of predictions from preexisting 
well-established algorithms. The putative miRNA binding sites are 
identified by means of the following algorithms: miRBase, miRanda, 
PicTar, Diana-MicroT, and TargetScanS (for all of them the default 
parameters were used). The method uses the outputs from all the 
algorithms and does not discharge any prediction, preventing any 
loss of information. As an example, we show this approach applied 
to 140 genes candidate for colorectal cancer (CRC). These genes 
derived from a genome-wide study in which 20,857 transcripts from 
18,191 human genes were sequenced in 11 CRC specimens and 
were identified a total of 140 somatically mutated genes (called 
CAN-genes and reported in Table 1), thought to be crucial for the 
cancer development (6).
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Table 1 
Starting list of CAN-genes relevant for colorectal cancer, evaluated for the  
presence of polymorphic miRNA target sites

Gene symbol Gene name Gene symbol Gene name

ABCA1 ATP-binding cassette,  
subfamily A, member 1

KIAA1409 Hypothetical protein 
LOC57578

ABCB11 ATP-binding cassette,  
subfamily B, member 11

KIAA2022 KIAA2022

ACSL5 Acyl-CoA synthetase long- 
chain family member 5

KRAS v-Ki-ras2 Kirsten rat sarcoma 
viral onc. homolog

ADAM19 ADAM metallopeptidase  
domain 19

LAMA1 Laminin, alpha 1

ADAM29 ADAM metallopeptidase  
domain 29

LCN9 Lipocalin 9

ADAMTS18 ADAM metallopeptidase with 
thrombospondin mot. 18

LGR6 Leucine-rich repeat-contain-
ing G protein-coupled 
receptor 6

ADAMTS20 ADAM metallopeptidase with 
thrombospondin mot. 20

LMO7 LIM domain 7

ADAMTSL3 ADAMTS-like 3 MAP1B Microtubule-associated 
protein 1B

ADARB2 Adenosine deaminase, RNA-
specific, B2

MAP2 Microtubule-associated 
protein 2

AGC1 Aggrecan MAP2K7 Mitogen-activated protein 
kinase kinase 7

AKAP12 A kinase (PRKA) anchor  
protein (gravin) 12

MAPK8IP2 Mitogen-activated protein 
kinase 8 interacting prot. 2

AKAP6 A kinase (PRKA) anchor  
protein 6

MCM3AP Minichrom. mainten. complex 
comp. 3 assoc. prot.

ALK Anaplastic lymphoma  
receptor tyrosine kinase

MGC20470 Ubiquitin-like

APC Adenomatosis polyposis coli MKRN3 Makorin, ring finger  
protein, 3

ARHGEF10 Rho guanine nucleotide exchange 
factor (GEF) 10

MMP2 Matrix metallopeptidase 2

ATP11A ATPase, class VI, type 11A MYO18B Myosin XVIIIB

ATP13A1 ATPase type 13A1 MYO5C Myosin VC

ATP13A5 ATPase type 13A5 MYOHD1 Myosin XIX

(continued)
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(continued)

Table  1  
(continued)

Gene symbol Gene name Gene symbol Gene name

BCL9 B-cell CLL/lymphoma 9 NAV3 Neuron navigator 3

C10orf137 Chromosome 10 open  
reading frame 137

NF1 Neurofibromin 1

C13orf 7 Ring finger protein 219 NOS3 Nitric oxide synthase 3 
(endothelial cell)

C14orf115 Chromosome 14 open  
reading frame 115

NTNG1 Netrin G1

C15orf 2 Chromosome 15 open  
reading frame 2

NUP210 Nucleoporin 210 kDa

C1QR1 CD93 molecule OR51E1 Olfactory receptor, family 51, 
subfamily E, member 1

CACNA2D3 Calcium channel, voltage- 
dep., alpha 2/delta sub. 3

P2RX7 Purinergic receptor P2X, 
ligand-gated ion channel, 7

CD109 CD109 molecule PCDH11X Protocadherin 11 X-linked

CHL1 Cell adhesion molecule with 
homology to L1CAM

PCDHA9 Protocadherin alpha 9

CHR415SY T Synaptotagmin XIV-like PIK3CA Phosphoinositide-3-kinase, 
catalytic, a-polypeptide

CLSTN2 Calsyntenin 2 PKNOX1 PBX/knotted 1 homeobox 1

CNTN4 Contactin 4 PLB1 Phospholipase B1

COL3A1 Collagen, type III, alpha 1 PLCG2 Phospholipase C, gamma 2

CPAMD8 C3 and PZP-like, a-2-macr- 
oglob. domain containing 8

PRDM9 PR domain containing 9

CSMD3 CUB and Sushi multiple  
domains 3

PRKD1 Polycystic kidney and hepatic 
disease 1

CUTL1 Cut-like homeobox 1 PTEN Phosphatase and tensin 
homolog

CX40.1 Gap junction protein, delta 4, 
40.1 kDa

PTPRD Protein tyrosine phosphatase, 
receptor type, D

DPP10 Dipeptidyl-peptidase 10 PTPRS Protein tyrosine phosphatase, 
receptor type, S

DSCAML1 Down syndrome cell  
adhesion molecule like 1

PTPRU Protein tyrosine phosphatase, 
receptor type, U

DTNB Dystrobrevin, beta RASGRF2 Ras protein-specific guanine 
nucleotide-releasing factor 2

EDD1 UBIQUITIN protein ligase  
E3 comp. n-recognin 5

RET Ret proto-oncogene
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Gene symbol Gene name Gene symbol Gene name

EPHA3 EPH receptor A3 ROBO1 Roundabout, axon guidance 
receptor, homolog 1

EPHB6 EPH receptor B6 RUNX1T1 Runt-related transcription 
factor 1; translocated to 1

ERCC6 Excision repair cross- 
complementarity,  
complementarity group 6

SCN3B Sodium channel, voltage-
gated, type III, beta

EYA4 Eyes absent homolog 4 SEC8L1 Exocyst complex component 4

F8 Coagulation factor VIII,  
procoagulant component

SEMA3D Sema dom., immunogl. dom., 
short basic dom., 3D

FBN2 Fibrillin 2 SFRS6 Splicing factor, arginine/
serine-rich 6

FBXW7 F-box and WD repeat domain 
containing 7

SH3TC1 SH3 domain and tetratrico-
peptide repeats 1

FLJ10404 Hypothetical protein  
FLJ10404

SHANK1 SH3 and multiple ankyrin 
repeat domains 1

FLJ13305 Hypothetical protein  
FLJ13305

SLC22A15 Solute carrier family 22, 
member 15

FLNC Filamin C, gamma (actin  
binding protein 280)

SLC29A1 Solute carrier family 29, 
member 1

FN1 Fibronectin 1 SMAD2 SMAD family member 2

GALNS Galactosamine (N-acetyl)-6-
sulfate sulfatase

SMAD3 SMAD family member 3

GLI3 GLI-Kruppel family member 
GLI3

SMAD4 SMAD family member 4

GNAS GNAS complex locus SMTN Smoothelin

GPR112 G protein-coupled  
receptor 112

SORL1 Sortilin-rel. receptor, LDLR 
class A repeats-containing

GPR158 G protein-coupled  
receptor 158

STAB1 Stabilin 1

GRID1 Glutamate receptor,  
ionotropic, delta 1

TAF2 TAF2 RNA pol II, TATA box 
bind. protein

GRM1 Glutamate receptor,  
metabotropic 1

TBX22 T-box 22

GUCY1A2 Guanylate cyclase 1,  
soluble, alpha 2

TCERG1L Transcription elongation 
regulator 1-like

HAPIP Kalirin, RhoGEF kinase TCF7L2 Transcription factor 7-like 2

(continued)

Table  1  
(continued)
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For this work, we used the followings web sites:

 1. miRBase (http://www.mirbase.org/).
 2. miRAnda (http://www.microrna.org/).
 3. PicTar (http://pictar.mdc-berlin.de/).
 4. Diana-MicroT (http://www.diana.pcbi.upenn.edu/cgi-bin/

micro_t.cgi).
 5. TargetScan Human (http://www.targetscan.org/).

 1. UCSC genome browser (http://www.genome.ucsc.edu).

 1. SNP database (dbSNP; http://www.ncbi.nlm.nih.gov/SNP/).

 1. RNAcofold (http://rna.tbi.univie.ac.at/cgi-bin/RNAcofold.
cgi).

2.  Materials

2.1. Prediction  
of miRNAs Binding 
Sites

2.2.  Selection of 3 ¢UTR

2.3. Search of SNPs  
in the Target Sites

2.4. Calculation  
of the Gibbs Binding 
Free Energy

Gene symbol Gene name Gene symbol Gene name

HAPLN1 Hyaluronan and proteoglycan  
link protein 1

TGFBR2 Transforming growth factor, 
beta receptor II

HIST1H1B Histone cluster 1, H1b TGM3 Transglutaminase 3

IGFBP3 Insulin-like growth factor  
binding protein 3

TIAM1 T-cell lymphoma invasion and 
metastasis 1

IGSF22 Immunoglobulin superfamily, 
member 22

TLR9 Toll-like receptor 9

IRS4 Insulin receptor substrate 4 TNN Tenascin N

ITGAE Integrin, alpha E TP53 Tumor protein p53

K6IRS3 Keratin 73 UHRF2 Ubiquitin-like, contain. PHD 
and RING finger dom.2

KCNQ5 Potassium voltage-gated  
chan., KQT-like subf., 5

UQCRC2 Ubiquinol-cytochrome c 
reductase core protein II

KIAA0182 KIAA0182 ZNF262 Zinc finger, MYM-type 4

KIAA0367 KIAA0367 ZNF442 Zinc finger protein 442

KIAA0556 KIAA0556 ZNF521 Zinc finger protein 521

Table  1  
(continued)

http://www.microrna.sanger.ac.uk/index.shtml
http://www.microrna.org/
http://www.pictar.mdc-berlin.de/
http://www.diana.pcbi.upenn.edu/cgi-bin/micro_t.cgi
http://www.diana.pcbi.upenn.edu/cgi-bin/micro_t.cgi
http://www.targetscan.org/
http://www.genome.ucsc.edu
http://www.ncbi.nlm.nih.gov/SNP/
http://rna.tbi.univie.ac.at/cgi-bin/RNAcofold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAcofold.cgi
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miRBase (http://www.mirbase.org/) is a database shared in three 
parts: miRBase Registry includes the miRNA gene nomenclature; 
miRBase Sequence is the primary online repository for miRNA 
sequences data and annotation; miRBase Targets is a comprehen-
sive new database of predicted miRNA target genes (7).

 1. Follow the link: “Targets.”
 2. Follow the link: “Enter.”
 3. Follow the link: “Search” on the left.
 4. Insert the name of the gene (e.g., ABCA1), select the genome 

(e.g., Homo sapiens), and push “Search.”
 5. Push “View” to have the list of miRNAs and the binding sites.

miRAnda (http://www.microrna.org/) is an algorithm that con-
siders the sequence complementarity between the mature miRNA 
and the target site, binding free energy of the miRNA–target 
duplex, and the evolutionary conservation of the target position in 
aligned UTRs of homologous genes (5).

 1. Follow the link: “Target mRNA.”
 2. Insert the target mRNA (e.g., ABCA1), the species (e.g., 

H. sapiens), and push “Go.”
 3. Follow the link: “View alignment details” to have the list of 

miRNAs and the binding sites.

PicTar (http://pictar.mdc-berlin.de/) computes a maximum likeli-
hood score that a given RNA sequence (3¢UTR region) is targeted 
by a fixed set of miRNAs (8).

 1. Push “click here for Pic Tar predictions in vertebrates, flies, and 
nematodes (Lall et al. 2006).”

 2. Insert the name of the gene (e.g., ABCA1) and push “Search 
for all miRNAs predicted to target a gene” to have the list of 
miRNAs and the binding sites.

 3. The output consists of the predicted miRNA binding sites 
(only the seed match is shown), highlighted in yellow onto 
the multispecies alignment (H. sapiens on the top). All the 
miRNAs analyzed are reported independently on separate 
sections of the output.

Diana-MicroT   (http://www.diana.pcbi.upenn.edu/cgi-bin/
micro_t.cgi) finds microRNA/target duplexes that are conserved 
in humans and mice with the minimum free energy (10). This 

3.  Methods

3.1. Prediction  
of miRNAs Binding 
Sites with miRBase

3.2. Prediction  
of miRNAs Binding 
Sites with miRAnda

3.3. Prediction  
of miRNAs Binding 
Sites with PicTar

3.4. Prediction  
of miRNAs Binding 
Sites with  
Diana-MicroT

http://www.microrna.sanger.ac.uk/index.shtml
http://www.microrna.org/
http://www.pictar.mdc-berlin.de/
http://www.diana.pcbi.upenn.edu/cgi-bin/micro_t.cgi
http://www.diana.pcbi.upenn.edu/cgi-bin/micro_t.cgi
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algorithm at the moment does not allow us to insert the gene name 
directly. A 3¢UTR sequence must be provided, and only one 
sequence is allowed. In this case, for all the CAN-genes mutated 
in CRC, we selected their 3¢UTR regions defined as transcribed 
sequences from the stop codon to the end of the last exon of 
each gene.

There are several different ways to extract 3¢UTRs. We will 
illustrate one of them based on the UCSC genome browser (http://
www.genome.ucsc.edu).

 1. Follow the link: “Genome Browser.”
 2. Insert the name of the gene (e.g., ABCA1).
 3. Follow the link under “RefSeq Genes.”
 4. On the graphical interface, click the arrowed line under “RefSeq 

Genes.”
 5. Follow the link “Genomic Sequence.”
 6. Check only the box marked as “3¢UTR exons” and push 

“Submit.”
 7. Save the FASTA sequences as “.txt” file (these will be used in 

step 9).
 8. In the DIANA MicroTest page, select “human” in the box at 

the top on the right (in this case, it will use its own internal 
miRNA database). Alternatively, one can insert the miRNAs 
sequences in FASTA format in the box marked as “Enter 
miRNA sequence.”

 9. Insert the 3¢UTR of the gene (e.g., APC) in FASTA format in 
the box marked as “Enter your DNA sequence (fasta format).”

 10. Push “Invia query” to have the list of miRNAs and the binding 
sites.

TargetScan Human (http://www.targetscan.org/) searches the 
3¢UTRs for segments of perfect Watson–Crick complementarity to 
bases 2–8 of the miRNA (numbered from the 5¢ end) and assigns 
a binding free energy of the miRNA–target duplex (11), given an 
internal database of miRNAs and UTR sequences.

 1. Insert the name of the gene (e.g., APC) in the box marked as 
“Enter a human Entrez Gene symbol (e.g., ‘LIN28’).”

 2. Push “Submit” to have the list of miRNAs and the binding sites.

The predicted putative miRNA binding sites were screened for 
the presence of SNPs, by an extensive search in the SNP database 
(dbSNP; http://www.ncbi.nlm.nih.gov/SNP/). In our case, out 
of 140 genes, 109 genes did not bear SNPs within the pre-
dicted miRNA binding sites. Within the remaining 31 genes, we 
found 61 SNPs.

3.5. Prediction  
of miRNAs Binding 
Sites with TargetScan 
Human5.1

3.6. Search of SNPs  
in the Target Sites

http://www.genome.ucsc.edu
http://www.genome.ucsc.edu
http://www.targetscan.org/
http://www.ncbi.nlm.nih.gov/SNP/
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 1. Within dbSNP insert the name of the gene (e.g., APC) in the 
input box and push “Go.”

 2. Follow the tab: “Human.”
 3. Click on any SNP.
 4. In the section “GeneView” check the circle marked as “in gene 

region” and push “Go” to have a complete list of SNPs within 
the gene. Select only the SNPs in 3¢UTR region.

As criterion for polymorphisms selection, we excluded the SNPs 
having the minor allele frequency (MAF) lower than 0.24 in 
Caucasians. The selection was performed based on frequencies 
reported for Caucasians, as in future, case–control association stud-
ies will be carried out on this ethnic group.

 1. As second criterion of selection, we excluded all the miRNAs 
predicted in steps 1–5 not expressed in colorectal cells. The list 
of miRNAs expressed in colorectal cell has been taken from a 
study by Cummins et al. (12). With this second selection crite-
rion, only 38 SNPs remained in 38 different targets sites 
(Tables 2–4).

For the selected SNPs, the algorithm RNAcofold (http://www.rna.
tbi.univie.ac.at/cgi-bin/RNAcofold.cgi) was run to assess the 
Gibbs binding free energy (DG, expressed in kJ/mol), both for the 
common and the variant alleles. The algorithm RNAcofold com-
putes the hybridization energy and base-pairing pattern of two 
RNA sequences (13). The difference of the free energies between 
the two alleles was computed as “variation of DG” (i.e., DDG).

 1. Insert the sequence (direction 5¢–3¢) of the polymorphic pre-
dicted target site (NOT the whole 3¢UTR) bearing the com-
mon allele in the input box marked as “Paste or type your first 
sequence here.” Alternatively, one can upload a file containing 
the sequence of the polymorphic target site in FASTA format.

 2. Insert the sequence of the miRNA (direction 5¢–3¢) in the 
input box marked as “Paste or type your second sequence 
here” (or upload a file containing the sequence of the miRNA 
in FASTA format).

 3. Push “Proceed” to get the results.
 4. Note the value of the free energy of the thermodynamic 

ensemble.
 5. Come back to the home page.
 6. Insert the sequence of the predicted polymorphic target site 

with the variant allele in the first input box.
 7. Insert the sequence of the miRNA in the second input box.
 8. Push “Proceed” to get the results.

3.7.  Selection of SNPs

3.8. Calculation  
of the Gibbs Binding 
Free Energy with 
RNAcofold

http://www.rna.tbi.univie.ac.at/cgi-bin/RNAcofold.cgi
http://www.rna.tbi.univie.ac.at/cgi-bin/RNAcofold.cgi
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 9. Note the value of the free energy of the thermodynamic ensemble.
 10. Calculate the difference of the free energies (variation of DG, 

i.e., DDG) between the two alleles. More negative values cor-
respond to higher stability of the RNA:miRNA duplex.

The typical result is quite heterogeneous for each predicted target. 
For some genes, the same sequence is predicted to be targeted by 
several miRNAs, whereas for others only one miRNA may be pre-
dicted. Given the fact that the predictions are based on probabilis-
tic calculations, at least theoretically, one polymorphic target 
binding more miRNAs should weigh more than those targets bind-
ing one or few miRNAs. In fact, the more miRNAs are predicted 
to bind to a given target, the more likely it is that at least one of 
them truly binds the target. In order to account for these different 
weights, as parameter for predicting the biological impact of each 
polymorphism, the sum of the absolute values of DDGs should be 
used for each SNP (i.e., |DDG|tot = S|DDG|).

In order to give a priority list of SNPs having an impact on miRNA 
binding, we ranked the values of |DDG|tot and classified the SNPs in 
three groups corresponding to three tertiles. The first tertile 
(|DDG|tot ³ 3.21 kJ/mol) is composed of SNPs having a predicted 
high impact on the biology of the miRNA binding sites (reported 
in Table  2). The second tertile (0.46 <|DDG|tot £ 3.21 kJ/mol) is com-
posed of SNPs with a predicted mild biological activity (Table  3), 
whereas within the third tertile (|DDGtot| £ 0.46 kJ/mol) belong 
SNPs with, likely, a weak activity (Table 4).

 1. Here, we provided the basis for a reasoned algorithm-driven 
selection of SNPs. It is important to stress that all the polymor-
phisms predicted as having a strong impact on the miRNA 
biology could be good candidate to be tested for functional 
assays or in case–control association studies. The proposed 
approach could help to select only SNPs having a (putative) 
biological function, minimizing the workflow and the costs.
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Chapter 15

The Guideline of the Design and Validation of MiRNA Mimics

Zhiguo Wang 

Abstract

The miRNA mimic technology (miR-Mimic) is an innovative approach for gene silencing. This approach 
is to generate nonnatural double-stranded miRNA-like RNA fragments. Such an RNA fragment is 
designed to have its 5¢-end bearing a partially complementary motif to the selected sequence in the 
3¢UTR unique to the target gene. Once introduced into cells, this RNA fragment, mimicking an endog-
enous miRNA, can bind specifically to its target gene and produce posttranscriptional repression, more 
specifically translational inhibition, of the gene. Unlike endogenous miRNAs, miR-Mimics act in a gene-
specific fashion. The miR-Mimic approach belongs to the “miRNA-targeting” and “miRNA-gain-of-
function” strategy and is primarily used as an exogenous tool to study gene function by targeting mRNA 
through miRNA-like actions in mammalian cells. The technology was developed by my research group 
(Department of Medicine, Montreal Heart Institute, University of Montreal) in 2007 (Xiao, et al. J Cell 
Physiol 212:285–292, 2007; Xiao et al. Nat Cell Biol, in review).

Key words: miRNAs, Gene expression, miR-Mimic, miRNA interference (miRNAi), RNA interference 
(RNAi)

RNA interference (RNAi) is a well-known strategy for gene silenc-
ing; this strategy takes the advantages of the capability of small 
double-stranded RNA molecules (siRNAs) to bind RNA-induced 
silencing complex (RISC) on one hand and to bind target genes 
(mRNAs) on the other hand (3–5). Through such dual interac-
tions, siRNAs elicit powerful knockdown of gene expression by 
degrading their target mRNAs. Two key characteristics of the 
RNAi strategy are that the only target of RNAi is mRNAs and that 
the only outcome of RNAi is silencing of mRNAs. In other words, 
the RNAi strategy uses siRNAs to interfere directly with mRNAs 
(mostly protein-coding genes) to silence gene expression.

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_15, © Springer Science+Business Media, LLC 2011
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Taking the same concept, I proposed a new concept of 
microRNA interference (miRNAi) (6). miRNAi manipulates the 
function, stability, biogenesis, or expression of miRNAs, and as 
such, it indirectly interferes with expression of protein-coding 
mRNAs. This concept is based on the thoughts outlined below. 
The fundamental mechanism of miRNA regulation of gene 
expression is miRNA–mRNA interaction or binding. A key to 
interfere with miRNA actions is to disrupt the miRNA–mRNA 
interaction. In order to achieve this aim, one can either manipu-
late miRNAs or mRNAs to alter the miRNA–mRNA interaction. 
For miRNAs, one can mimic miRNA actions either to enhance the 
miRNA–mRNA interaction or to inhibit miRNAs to break the 
miRNA–mRNA interaction. Additionally, one can also manipu-
late mRNA to interrupt the miRNA–mRNA interaction.

A general and unique feature of the miRNA–target RNA 
interaction is imperfect complementarity between the miRNA 
guide strand and its target mRNA. Hence, miRNA guide strands 
usually form bulge structures due to mismatches with its target 
sequence. The sequence specificity for target recognition by the 
guide miRNA strand is determined by nucleotides 2–8 of its 5¢ 
region, referred to as the “seed site” (7, 8). This short seed site 
required for miRISC function raises the potential for a single 
miRNA to target multiple mRNAs. Indeed, it has been confirmed 
that unlike a nonnatural siRNA, which targets a particular gene, 
each single endogenous miRNA has the potential of regulating 
multiple protein-coding genes, as many as 1,000. On the other 
hand, each individual gene may be regulated by multiple miR-
NAs. This implies that the actions of miRNAs are not gene-specific, 
but sequence-specific, for they can act on any genes carrying 
motifs matching their seed sites. Thus, when aiming to silence a 
particular gene using a naturally occurring miRNA, one may actually 
knockdown a group of genes. This property of miRNAs creates a 
hurdle for exploiting miRNA function and targets.

The RNAi pathway of siRNA-directed mRNA cleavage and 
the miRNA-mediated translational repression pathway are geneti-
cally and biochemically distinct. In addition to different outcomes, 
the two pathways have differential requirements for Paz-Piwi 
domain (PPD) proteins in Caenorhabditis elegans. Translational 
repression by lin-4 and let-7 depends on alg-1 and alg-2 for miRNA 
processing and/or stability, yet these genes are not required for 
RNAi (9), whereas rde-1 is needed in RNAi but is not necessary 
for translational repression (10). Intriguingly, miRNAs capable of 
translational repression can be conferred the ability to cleave tar-
gets with 3¢UTRs engineered to contain completely complemen-
tary sequences (11, 12). Conversely, functional siRNAs can 
repress translation of reporter genes containing multiple imper-
fect binding sites in their 3¢UTRs (11, 13). The latter mimics the 
action of endogenous miRNAs. The findings from these elegant 
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experiments indicate a possibility of generating nonnatural 
artificial miRNAs simply by converting siRNAs into miRNAs.

To this end, my laboratory has developed a novel technol-
ogy called microRNAs Mimics or miR-Mimics technology (see  
Notes 1–4). The miR-Mimic technology utilizes synthetic, non-
natural nucleic acids that can bind to the unique sequence of 
target genes (mRNAs) in a gene-specific manner and elicit post-
transcriptional repressive effects as an endogenous miRNA does. 
That is, a miR-Mimic can act only on its particular target gene, 
but a native miRNA can act on any gene that carries its binding 
sequence. Additionally, the miR-Mimic technology produces 
artificial miRNAs that act by the miRNA mechanism. Thus, it 
will not lead to changes of expression levels of any endogenous 
miRNAs. The possible applications of miR-Mimics technology 
are summarized below:

 1. To achieve gene silencing by miRNA mechanism in a gene-
specific manner: As already mentioned in the previous chapter, 
miRNA action is not gene-specific. Thus, the gene-silencing 
action through SC-miRNA strategy is not gene-specific either. 
The miR-Mimic technology was developed to circumvent this 
limitation. This property of miR-Mimics can be advantageous 
over SC-miRNAs when specific-genes need to be knocked 
down, which happens in many situations.

 2. To complement the loss of endogenous miRNAs under cer-
tain conditions: In some abnormal conditions, some miRNAs 
are downregulated in their expression, leading to aberrantly 
enhanced expression of some protein-coding genes causing 
diseased phenotypes. Replacement of these miRNAs may 
reverse this process. Alternatively, application of miR-Mimics 
targeting the disease-causing genes to prevent their upregula-
tion may be an efficient maneuver to tackle the problem. For 
example, in the development of cancer, expression of onco-
genes is overexpression, partially as a result of the downregu-
lation of their regulating miRNAs. Under such a situation, 
use of miR-Mimics to keep down of the oncogenes may help 
to slow the tumorigenesis.

 3. Examples of applications: We have examined the application 
of the technique to cardiac pacemaker genes HCN2 and 
HCN4 (1). Following the protocols described above, we first 
identified a stretch of sequence in the 3¢UTR unique to the 
HCN2 (or HCN4) gene that is expectedly long enough for 
miRNA action. Based on the unique sequence, we designed a 
22-nt miR-Mimic that at the 5¢ end has eight nucleotides 
(nucleotides 2–8) and at the 3¢-end has seven nucleotides, 
complementary to the HCN2 (or HCN4) sequence. These 
miR-Mimics produced substantial repression of HCN channel 
protein expression with concomitant depression of pacemaker 
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activities and reduction of beating rate of cultured neonatal 
myocytes but with minimal effects on their mRNA levels. 
These cardiac automaticity-targeting miR-Mimics are expected 
to act like heart rate-reducing agents that have been shown to 
be beneficial to cardiac function during infarction and to be 
able to suppress ectopic beats that can be elicited by abnormal 
automaticity. The results demonstrated a promise of utilizing 
the technology for gene-specific repression of expression at 
the protein level based on the principle of miRNA actions.

Additionally, we have also applied the miR-Mimic strategy to 
repress the oncoprotein Mdm2 and to suppress cancer cell growth 
in culture (2).

The principle of action of miR-Mimics is illustrated in 
Fig. 1.

 1. HeLa cells (ATCC, CCL-2.2) or NTera2 cells.
 2. psiCheck 2 Vector.
 3. Luminometer (Lumat, LB9507) or equivalent.

2.  Materials

2.1.  Luciferase Assay
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Fig. 1. Schematic presentation of actions of miRNA mimic (miR-Mimic) compared with the miRNA and small interference 
RNA (siRNA). Synthetic miR-Mimic and siRNA are introduced into the cells, and endogenous miRNA is synthesized by the 
cell. siRNAs bind to the coding region of target miRNAs and cause mRNA cleavage; miRNAs bind to 3¢UTR of multiple target 
mRNAs and produce nongene-specific posttranscriptional repression to inhibit translation; miR-Mimics bind to 3¢UTR of 
unique target mRNAs and produce gene-specific posttranscriptional repression to inhibit translation.
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 1. Setup buffer: 25 mM Tris (do not adjust pH), 190 mM glycine, 
20% (v/v) methanol.

 2. Transfer buffer: Setup buffer plus 0.05% (w/v) SDS. Store in 
the transfer apparatus at room temperature (with cooling 
during use).

 3. Supported nitrocellulose membrane from Millipore, Bedford, 
MA, and 3MM Chr chromatography paper from Whatman, 
Maidstone, UK.

 4. Tris-buffered saline with Tween (TBS-T): prepare 10× stock 
with 1.37 M NaCl, 27 mM KCl, 250 mM Tris–HCl, pH 7.4, 
1% Tween-20. Dilute 100 mL with 900-mL water for use.

 5. Blocking buffer: 5% (w/v) nonfat dry milk in TBS-T.
 6. Primary antibody dilution buffer: TBS-T supplemented with 

2% (w/v) fraction V bovine serum albumen (BSA).
 7. Antidually phosphorylated MAPK (Sigma).
 8. Secondary antibody: Antimouse IgG conjugated to horse 

radish peroxidase (Santa Cruz, Santa Cruz, CA).
 9. Enhanced chemiluminescent (ECL) reagents from Kirkegaard 

and Perry (Gaithersburg, MD) and Bio-Max ML film (Kodak, 
Rochester, NY).

 1. Ambion’s mirVana miRNA Isolation Kit (Ambion).
 2. The mirVana™ qRT-PCR miRNA Detection Kit (Ambion).
 3. Thermocycler (96-well StepOnePlusTM system, A&B 

Applied Biosystems).
 4. mirVana qRT-PCR Primer Sets (Ambion).

A key issue in creating functional miR-Mimics is to ensure the 
specificity of their interactions with their target mRNAs and to 
direct each interaction to discrete downstream consequences. 
Some principles of this interaction have emerged based on several 
key studies (7, 8, 14). When designing a miR-Mimic, several 
points should be seriously considered:

 1. The key for effective miRNA action is the 5¢ portion comple-
mentarity of a miRNA to its target mRNA. Complementarity 
of seven or more bases to residues 2–8 from the 5¢-end of a 
miRNA, the so-called “seed site,” is sufficient to confer regu-
lation, even if the target 3¢UTR contains only a single site. 
Sites with weaker “seed site” complementarity require com-
pensatory pairing to the 3¢ portion of the miRNA in order to 

2.2.  Western Blot

2.3.  Real-Time RT-PCR

3.  Methods
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confer regulation, and extensive pairing to the 3¢ portion of 
the miRNA is not sufficient to confer regulation on its own 
without a minimal element of 5¢ complementarity.

 2. The 3¢ portion of the miRNA can contribute to efficiency of 
repression, as a modulator of suppression (8, 15, 16). Thus, 
in addition to seed-site complementarity, appropriate 3¢-end 
base-pairing can strengthen the effectiveness of miRNAs.

 3. If efficient endonuclease cleavage is not required, then base-
pairing at the site of cleavage, between bases 10 and 11, 
should be avoided (17–19).

 4. To achieve efficient translational repression, multiple binding 
sites in the 3¢UTR of a target gene may be required, and for 
direct repression by cleavage of target mRNA, only one binding 
site is generally sufficient (8, 11, 13, 20).

 5. Under certain circumstances, some specific conformations, 
such as a bulge, in the miRNA:mRNA duplex may help in 
function as effective repression of the Lin-14 mRNA by the 
Lin-4 miRNA appears to require a bulge in the miRNA:mRNA 
duplex (21). The exact mechanisms are unknown, perhaps to 
allow the recruitment of additional RNA-binding proteins in 
specific contexts.

The detailed protocols are described below with the miR-
Mimics for a cardiac pacemaker channel gene HCN2 and an 
oncogene Mdm2 as examples.

 1. Defining a unique sequence in the target gene: A fundamental 
requirement to be satisfied is that the 3¢UTR of the target 
gene must contain a unique sequence distinct from other 
genes to elicit gene-specific action. Similar to designing a 
siRNA, the first step to design a miRNA mimic is to identify 
a stretch of sequence in the 3¢UTR unique to the gene of 
interest (target mRNA). But, unlike the full complementarity 
between a siRNA and its target in any regions of the gene, a 
miRNA mimic partially base-pairs with the target sequence 
in the 3¢UTR. The length of the sequence should be long 
enough for miRNA action, which is at least 8 nts and ideally 
>14 nts.

 2. Based on the unique sequence, design 22-nt oligonucleotides 
that at the 5¢ portion have 8 nts (nucleotide positions 1–8 
from 5¢-end) fully complementary to the target mRNA.

 3. To ensure the specificity of binding to the target mRNA, the 
oligonucleotides should have at least additional 5–6 nts 
complementary to the target mRNA at the 3¢ portion. The 
base-pairing in this region may not necessarily be continuous 
and can be grouped into 3-nts clusters.

3.1. Designing 
miR-Mimics
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 4. Add an “AU” to the 3¢-end of the fragment. As such, a 22-nt 
miR-Mimic should have at least 14 complementary nucleotides 
to the target gene plus an “AU” overhang.

 5. Design an antisense strand fully complementary to the 
fragment.

 6. Both of the two oligonucleotide fragments need to be artifi-
cially synthesized. Many companies provide excellent services 
for nucleic acids research, such as Integrated DNA 
Technologies, Ambion, Invitrogen, etc.

 7. Anneal the sense and antisense strands of the oligonucleotides 
to form a duplex miR-Mimic. First mix the two synthetic oli-
gonucleotides at an equal molar concentration in an Eppendorf 
tube, and then, incubate the sample in a heat block at 95°C 
for 5 min, and gradually cool the sample to room temperature 
(22–23°C).

 8. Store the miR-Mimic construct at −80°C for future use.
 9. Construct a negative control miR-Mimic (NC miR-Mimic) 

for verifying the effects and specificity of the effects of the 
miR-Mimic. This NC miR-Mimic should be designed based 
on the sequence of the miR-Mimic, simply by modifying 
the miR-Mimic sequence to contain ~5-nt mismatches at the 
5¢-end “seed site.” Such modified or mutated miR-Mimic is 
expected to lose the ability to bind to the target mRNA with 
sufficient affinity and is thus rendered incapable of eliciting 
repressive action. To form an NC miR-Mimic, the annealing 
procedures described above need to be repeated.

 10. Synthesize an anti-miRNA inhibitor (AMO) against the miR-
Mimic as an additional negative control. An AMO is designed 
to be an exact antisense to its target miR-Mimic. An AMO is 
a single-stranded oligonucleotide (ON) or oligodeoxynucle-
otide (ODN) fragment.

 11. Chemical modification should be done for miR-Mimic to 
improve its nuclease stability. Many 2¢-sugar modifications 
have been shown to confer this property, including 2¢-O-Me, 
2¢-F, 2¢-deoxy, 2¢-MOE, and LNA, and have been evaluated 
and are tolerated to varying degrees in either the sense or 
antisense strands (22–31). Introduction of phosphorothioate 
internucleotidic linkages, which can promote plasma protein 
binding and delay renal clearance of single-stranded oligo-
nucleotides, in addition to conferring nuclease stability (32, 33), 
is tolerated by siRNAs in cell culture (22, 23, 29, 31), and 
a beneficial effect on in vivo delivery has been reported 
(34). The first demonstration of in vivo systemic delivery to 
the liver was achieved through high-pressure intravenous 
injection, or hydrodynamic delivery of unmodified siRNAs (35). 
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Alternative strategies to promote cellular uptake and prevent 
renal clearance after systemic delivery have involved conjuga-
tion of the siRNA to moieties such as cholesterol (35), 
or formulation in liposomes (36–38), although uptake and 
activity have only been demonstrated in the liver and lungs. 
The type of modification should be determined based on 
your particular need.

The functional activities of miR-Mimics must be verified with sev-
eral approaches including luciferase reporter gene assay, Western 
blot analysis, qRT-PCR quantification, and functional assays.

The dual luciferase system offers a relatively simple approach to 
assess miRNA inhibition. The psiCheck2 vector system from 
Promega encodes both Photinus pyralis and Renilla reniformis 
luciferase genes on a single plasmid with a multiple cloning site in 
the 3¢UTR of Renilla luciferase for insertion of target 3¢UTRs or 
synthetic oligonucleotides encoding the miRNA target sites. 
Alternatively, combination of the pMIR-REPORTTM luciferase 
miRNA expression reporter vector (Ambion) and PRL-TK 
(TK-driven Renilla luciferase expression vector) for dual luciferase 
activity assay has also been widely used for miRNA research. 
Below, the procedures using the psiCheck2 vector are described:

 1. Cloning a miRNA target site Into psiCheck 2 Vector: There 
are two approaches for designing a miR-Mimic target site. 
First, identify the authentic binding site in the 3¢UTR of the 
target gene and subclone the full length of the 3¢UTR or the 
motif containing the binding site of interest into the psi-
Check2 vector (say, at the XhoI and NotI sites). Second, 
design a standard miR-Mimic binding site with an oligonu-
cleotide fragment containing at the 3¢end 1–9 nts exactly 
complementary to the miR-Mimic and its reverse comple-
ment, and subclone the oligo fragment into the psiCheck2 
vector. Add appropriate overhanging bases corresponding to 
the restriction enzyme(s) used to digest the psiCheck2 vector 
such that the mature miRNA’s reverse complement is in the 
5¢–3¢ orientation.

 2. Transfecting the psiCheck2 vector into mammalian cells: 
Starve cells in serum-free medium for 24 h. Then, transfect 
cells (1 × 105/well) with 0.1 mg psiCheck2 vector for control 
and psiCheck2 vector (0.1 mg) + miRNA of interest (1 mg) for 
test with lipofectamine 2000 (Invitrogen), according to the 
manufacturer’s instructions. For control experiments, cells 
can also be transfected with the antisense to the miRNA 
(AMO) alone, miRNA + AMO, or mismatched miR-Mimic.

 3. Performing luciferase activity assay: Twenty-four hours (mam-
malian cells) after transfection of the constructs, cells can be 

3.2. Validating 
miR-Mimics

3.2.1. Luciferase Reporter 
Activity Assay
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measured for luciferase activity with a dual luciferase reporter 
assay kit (Promega) on a luminometer (e.g., Lumat LB9507), 
according the manufacturer’s instructions.

 4. Assessing miRNA Inhibition: The relative levels of Renilla 
luciferase should reveal first, whether the miR-Mimic has the 
miRNA-like functional activity, and second, whether the 
AMO is able to block this activity. In control cells pretreated 
with AMO or mismatched miR-Mimics, no changes of 
Renilla luciferase activities should be seen. In test cells treated 
with the miR-Mimic alone, Renilla luciferase activities should 
be reduced and when cotransfected with its AMO, reduction 
of luciferase activities should be prevented.

miR-Mimics, like natural and endogenous miRNAs, silence tar-
get genes posttranscriptionally when introduced into cells. 
Downregulation of target genes at the protein level is a character-
istic of miR-Mimic actions, but this needs to be confirmed for 
each miR-Mimic under study. Western blot analysis is a mostly 
commonly used method for verification of downregulation of 
cognate target protein, though other techniques like immunos-
taining are also handy for the purpose (1, 39–42). Western blot-
ting procedures are just those routines you can find nowadays in 
any of the laboratories involved in biomedical research. Just do 
not forget to distinguish among the membrane protein sample, 
cytosolic protein sample, and nuclear protein sample for your par-
ticular need. In addition to Western blot and immunostaining, 
functional assays should also be employed when needed, such as 
enzyme activity assay (43), cell growth and death, patch-clamp 
recordings for ion channels as target genes (1, 39–42).

Extract protein samples from target tissues, employing the pro-
cedures essentially the same as described in detail elsewhere (1, 41). 
Determine protein content with Bio-Rad Protein Assay Kit (Bio-
Rad, Mississauga, ON, Canada), using bovine serum albumin as 
the standard. Fractionate protein sample (~30 mg) by SDS–PAGE 
(7.5–10% polyacrylamide gels) and then transfer to PVDF mem-
brane (Millipore, Bedford, MA). Incubate the sample overnight at 
4°C with primary antibodies. Detect bound antibodies using the 
chemiluminescent substrate (Western Blot Chemiluminescence 
Reagent Plus, NEN Life Science Products, Boston, MA). Quantify 
Western blot bands using QuantityOne software by measuring the 
band intensity (Area × OD) for each group and normalizing to 
GAPDH (anti-GAPDH antibody from Research Diagnostics Inc.) 
as an internal control. Express the final results as fold changes by 
normalizing the data to the control values.

The purposes of RNA quantification described in this section are 
twofolds: one for verifying successful transfection of the miR-Mimic 
introduced into cells and the other for measuring the possible 

3.2.2. Verification  
of Downregulation  
of Target Protein

3.2.3. Quantification  
of mRNA and miRNA
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alterations of the cognate target mRNA produced by the miR-Mimic. 
The traditional method of validation has been northern blotting 
analysis, an effective method to visualize both the precursor 
and the mature miRNA. The sensitivity of northern blotting, 
however, is not sufficiently high for detecting some low-abundance 
mRNAs. As an alternative to northern blotting, real-time quan-
titative reverse transcriptase-polymerase chain reaction (qRT-PCR) 
has been extremely effective in these validation studies (1, 2, 
39–42). The methods can be used for quantifying both the 
miR-Mimics and target mRNAs. Another type of validation is to 
visualize the expression of the miRNA to locate the cellular and 
subcellular distribution using in situ hybridization.

Perform qRT-PCR on a thermocycler for 40 cycles. Determine 
the appropriate cycle threshold (Ct) using the automatic baseline 
determination feature. Conduct dissociation analysis (melt-
curve) on the reactions to identify the characteristic peak associ-
ated with primer–dimers to separate from the single prominent 
peak representing the successful PCR amplification of miRNAs. 
Calculate fold variations in expression of miRNAs between 
RNA samples.

Functional assays for investigating the role of miR-Mimics, in 
particular pathophysiological processes such as tumorigenesis, 
should be conducted. For the assays related to cancer research, 
effects of miR-Mimics on cell proliferation, cell cycle, cell death, 
cell invasion, etc., either in cell lines or in nude mice, may be 
evaluated (1, 43–45).

As an alternative to synthetic canonical miRNA technology (exoge-
nously applied canonical miRNA), miR-Mimic strategy offers a 
couple of advantages that supplement the limitations of the former:

 1. miR-Mimics can be designed to direct either solely translational 
process repression by sole “seed site” base-paring or both trans-
lational process repression and target mRNA degradation by 
larger degree of complementarity.

 2. miR-Mimic strategy offers gene-specific targeting through 
miRNA mechanisms of action. This unique property makes it 
differ from miRNA and siRNA.

 3. For a target gene, one can create as many as miR-Mimics at 
will to enhance the posttranscriptional repression, as long as 
the target sequence contains sufficient gene-specific stretches 
for designing that many miR-Mimics.

3.2.4.  Functional Assays

4.  Notes
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It should be noted that it is unclear yet as to what advantages 
the miR-Mimic technology may have over the siRNA approach. 
And it should also be recognized that finding gene-specific 
stretches of sequences restricted in the 3¢UTR of protein-coding 
genes for designing miR-Mimics may represent a difficult task 
and in some cases may even be unrealistic.
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Chapter 16

Analysis of Targets and Functions Coregulated by MicroRNAs

Shu-Jen Chen and Hua-Chien Chen 

Abstract

MicroRNAs (miRNAs) are small, nonprotein-coding RNAs that negatively regulate their mRNA target 
genes in a sequence-specific manner. While their specific impact on biological processes and cellular func-
tions remain largely unknown, dysregulated miRNAs have been implicated in numerous diseases, including 
cancers. Several large-scale profiling studies using tissue samples have revealed a consistent yet complex 
pattern of miRNA dysregulation in human cancer. In particular, global alteration of multiple miRNAs is 
common in human tumorigenesis. Systemic analysis of pathways and functions coregulated by these dysregu-
lated miRNAs is a crucial step to understand the role of miRNAs in tumorigenesis. This chapter provides an 
integrated pipeline to identify cellular pathways and functions specifically regulated by multiple dysregu-
lated miRNAs. Protocols described in this chapter include (1) miRNA target prediction using TargetScan 
algorithm, (2) data compilation to identify target genes coregulated by multiple miRNAs, and (3) pathway 
enrichment analysis of coregulated targets using MetaCore pathway and network database.

Key words: MiRNA, Tumorigenesis, MiRNA targets, TargetScan, MetaCore pathway

MicroRNAs (miRNAs) are small, nonprotein-coding RNA regu-
lators involved in numerous biological and developmental pro-
cesses (1, 2). MiRNAs bind to the 3¢UTR of their target genes to 
induce translational blockade or transcript degradation. Cumulative 
evidence suggests that dysregulation of miRNA plays an impor-
tant role in many human disorders, including cancer. Approximately 
50% of human miRNAs are encoded in genome regions frequently 
altered in cancer (3, 4). In vitro and in vivo studies also demon-
strated that many miRNAs may behave as tumor suppressors or 
oncogenes (5, 6). Recently, multiple large-scale profiling studies 
using tissue samples from different tumor types confirmed that 
global alteration of miRNA expression pattern is a common 
phenomenon associated with human cancer (7–14) (Table 1). 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_16, © Springer Science+Business Media, LLC 2011
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Table  1 
MiRNA differentially expressed in human cancer

Tumor type Samples Criteria Up Down Reference

Breast cancer 76T, 10N p < 0.05 17 12 Iorio et al. (11)

Pancreatic ductal 
adenocarcinoma

8T, 5N 2-Fold 32 41 Szafranska et al. (12)

Pancreatic ductal 
adenocarcinoma

65T, 42N 2-Fold 21 4 Bloomston et al. (7)

Hepatocellular 
carcinoma

52T p < 0.05, 2-Fold 13 19 Varnholt et al. (13)

Pituitary adenoma 32T, 6N p < 0.05 7 23 Bottoni et al. (8)

Brain tumor (GBM) 9T, 9N p < 0.05, 1.8-fold 9 4 Ciafre et al. (10)

Lung cancer 104T, 104N p < 0.01 15 28 Yanaihara et al. (14)

Nasopharyngeal 
carcinoma

13T, 9N FDR < 0.05, 3-fold 11 24 Chen et al. (9)

Understanding the impact of global miRNA dysregulation on 
cellular functions and pathways is the first step toward uncovering 
the role of miRNA in tumor development (15). This chapter 
describes an integrated approach to predict target genes coregu-
lated by multiple miRNAs and methods to analyze biological 
processes specifically enriched with coregulated miRNA targets 
(Fig. 1).

Predicting targets for individual miRNAs is a crucial step in 
the analysis framework. Various algorithms have been developed 

Fig.  1. Steps and tools involved in predicting targets and functions specifically enriched 
by co-regulated miRNAs.
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in recent years to predict the target genes regulated by miRNAs. 
Several target prediction tools are publically available, either in a 
web server format or as a stand-alone application. One of the 
most popular target prediction tools is TargetScan, a web-based 
service developed and maintained by the Bartel Laboratory at the 
Whitehead Institute, which provides precompiled target genes for 
all human miRNAs (16). TargetScan algorithm predicts potential 
targets of miRNAs by searching for the presence of conserved 
8mer and 7mer sites that match the seed region of each miRNA 
and uses context score to estimate site efficacy for each 
miRNA:mRNA pair (16, 17). Context score was calculated based 
on general features of site context, including site type (8mer, 
7mer-M8, 7mer-A1), local AU composition, additional 3¢ base-
pairing to miRNA nt 13–16, and site position within the 3¢ UTR. 
Data from multiple in vivo and in vitro studies were used to model 
the correspondence between context score and miRNA efficacy. 
Several recent studies using microarray and proteomics data have 
confirmed that many of the TargetScan predicted miRNA–mRNA 
interactions are correct (18–20).

Recent microarray and proteomic approaches have revealed 
that although individual miRNA can regulate hundreds of target 
genes, the degree of repression on individual target is usually very 
mild (18–20). To exert its biological function, miRNA tends to 
regulate genes located within the same pathway. For example, 
miR-16 family has been shown to trigger cell cycle arrest by 
silencing multiple cell cycle-regulated genes (21). Similarly, miR-
17-5p has been shown to coordinately suppress more than 20 
genes involved in the G1/S transition to regulate cell cycle pro-
gression (22). Thus, bioinformatic analysis of pathways enriched 
by predicted miRNA targets is a powerful method to interrogate 
potential biological functions of miRNA (9, 15).

Although pathway enrichment analysis has been widely applied 
to assess the biological function of large gene sets generated from 
high-throughput expression studies, no unified method or gold 
standard has emerged as the enrichment tools are still in an actively 
growing and improving stage. Publically available tools for pathway 
enrichment analysis include the KEGG pathway database (Kyoto 
Encyclopedia of Genes and Genomes, http://www.genome.jp/
kegg), BioCarta database (http://www.biocarta.com), Panther 
classification system (http://www.pantherdb.org/pathway), and 
DAVID gene functional classification tools (http://www.david.
abcc.ncifcrf.gov). Integrated suites for pathway enrichment analysis 
provided by commercial suppliers include the PathwayStudio 
(Ariadne Genomics, Inc., http://www.ariadnegenomics.com), 
IPA (Ingenuity Systems, Inc., http://www.ingenuity.com) and 
MetaCore (GeneGo, Inc., http://www.genego.com). This chapter 
describes protocols for pathway enrichment analysis using the 
MetaCore database.

http://www.genome.jp/kegg
http://www.genome.jp/kegg
http://www.biocarta.com
http://www.pantherdb.org/pathway
http://www.david.abcc.ncifcrf.gov
http://www.david.abcc.ncifcrf.gov
http://www.ariadnegenomics.com
http://www.ingenuity.com
http://www.genego.com
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Currently, several high-throughput methods have been used to 
profile miRNA expression in tissues and cultured cells. These 
technologies have been widely used to profile miRNA expression 
in various cancer types and identified numerous miRNAs dysreg-
ulated in cancer. Differentially expressed miRNAs (DE-miRs) 
between normal and tumor were selected based on the fold 
change in expression level, or p values of statistical analysis, or 
both. List of DE-miRs can be generated through in-house profil-
ing study or through mining of published data. In this chapter, 
we use the 11 miRNAs up-regulated in nasopharyngeal carci-
noma previously published by our laboratory as an example (9) 
(Table 2). The DE-miRs were selected based on the criteria of 
fold change ³3 and false discovery rate <0.05.

In order to calculate the specificity of the miRNA coregulated 
pathways, a set of reference miRNAs (Ref-miRs) should be selected 
and analyzed in parallel to estimate the pathways enriched by 
chance. Ideally, Ref-miRs should be randomly selected from a pool 
of miRNAs whose expression levels are not significantly altered 
(e.g., less than 1.5-fold difference between normal and tumor) in 
the same expression study. The number of Ref-miRs should be the 
same as the DE-miRs, and their seed sequences should not overlap 
with the seed sequences of the DE-miRs. In addition, the number 
of predicted targets for Ref-miRs should be similar to the number 
of targets predicted for DE-miRs (Table 2).

 1. Target prediction: TargetScan (http://www.targetscan.org).
 2. Internet browser: Internet Explorer or FireFox.
 3. Spreadsheet program: Microsoft Excel (2003 and 2007 ver-

sions) or OpenOffice Calc.
 4. Pathway enrichment analysis tool: MetaCore (GeneGO, St. 

Joseph, MI, USA).

Protocols described in this section include (1) predicting targets 
for individual miRNA using the TargetScan web server, (2) com-
piling coregulated miRNA targets using Excel pivot table, (3) 
analyzing pathways enriched with coregulated miRNA targets 
using GeneGO MetaCore, and (4) identifying specifically enriched 
biological pathways using Excel. The overall scheme for data 
analysis is depicted in Fig. 1.

2.  Materials

2.1. Select 
Differentially 
Expressed miRNAs

2.2. Select Reference 
miRNAs

2.3.  Software

3.  Methods

http://www.targetscan.org
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TargetScan is a web-based server that provides precompiled 
targets for human miRNAs. The current version (Release 5.1: 
April 2009) contains predicted targets for 677 mature human 
miRNAs in miRBase (Version 12.0). List of potential targets for 
each miRNA with gene symbol, gene name, numbers of conserved 
and nonconserved sites, and sum of context score can be obtained 
using the following steps:

 1. Go to the TargetScan Human website at http://www. 
targetscan.org/vert_50/ (release 5.1).

 2. Enter the name of miRNA (e.g., hsa-miR-106a) or select the 
desired miRNA from the dropdown list, and click the “SUBMIT” 
button. Predicted targets for the miRNA will be displayed in 
a tabular format (see Note 1).

 3. By default, TargetScan displays genes with conserved mRNA::- 
miRNA sites. To download all predicted targets, click the 
link labeled “View top predicted targets, irrespective of site 
conservation.” TargetScan will display the top “100” pre-
dicted targets.

 4. To retrieve all predicted target, use the dropdown list and 
choose display “all” predicted targets. TargetScan will display all 
predicted targets in a table, irrespective of site conservation 
(Fig. 2).

3.1. Predicting Targets 
for Individual miRNAs 
Using TargetScan

Table  2 
MicroRNAs selected for target prediction

Seed sequence
Predicted  
target Seed sequence

Predicted 
target

DE-miRs Ref-miRs

miR-106a AAAGUGC 1,593  miR-124 AAGGCAC 1,209

miR-138 GCUGGUG 750  miR-129-3p AGCCCUU 569

miR-142-3p GUAGUGU 472  miR-146a GAGAACU 788

miR-155 UAAUGCU 991  miR-193b ACUGGCC 530

miR-15b* GAAUCAU 884  miR-27b UCACAGU 1,500

miR-17 AAAGUGC 1,593  miR-299-5p GGUUUAC 677

miR-17* AAAGUGC 995  miR-324-5p GCAUCCC 436

miR-18a AAAGUGC 527  miR-483-3p CACUCCU 552

miR-196b AGGUAGU 474  miR-500 AAUCCUU 991

miR-205 CCUUCAU 870  miR-516a-5p UCUCGAG 86

miR-25 GGCGGAG 117  miR-654-3p AUGUCUG 873

http://www.targetscan.org/vert_50/
http://www.targetscan.org/vert_50/
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 5. To download the predicted targets into Excel, place the cursor 
within the target table in the browser and right click to export 
the entire table to Microsoft Excel (see Note 2).

 6. Excel will retrieve all of the predicted targets in a new work-
book. Save the new workbook based on the name of the 
miRNA (e.g., “miR-106a target.xls”). The Excel contains the 
following columns: “Target gene,” “Gene name,” “Conserved 
sites,” “Poorly conserved sites,” “Representative miRNA,” 
“Total context score,” “Aggregate PCT,” “Previous TargetScan 
publication(s),” and “Links to sites in UTRs.”

 7. Continue to predict and save targets for individual miRNAs 
by repeating steps 2–6 until predicted targets for all miRNAs 
are saved.

Upon the completion of protocol 3.1, predicted targets for indi-
vidual miRNAs are saved in separate workbooks. In order to 
identify high-efficacy targets coregulated by DE-miRs, all targets 
for individual DE-miR need to be assembled in a single work-
sheet and filtered by context score to remove low-efficacy targets. 
The number of regulating DE-miR for each high-efficacy target 
can then be analyzed using the Excel pivot function. The same 

3.2. Compiling 
Coregulated miRNA 
Targets Using Excel 
Pivot Table

Fig.  2. Screen shot of a search result of the TargetScanHuman database. The screen displays part of conserved and 
nonconserved targets of a human miRNA, hsa-miR-106a. A total of 3,101 targets are predicted for hsa-miR-106a. miR-
106a is a member of the miR-106/302 miRNA family. The “Representative miRNA” column lists the miRNA in the family 
member with the most favorable “Total context score” for each target.
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compiling protocol is also used to identify high-efficacy targets 
coregulated by Ref-miRs:

 1. Open a blank Excel workbook and named the file “Total 
DE-miR target.” Name the first worksheet as “raw data” and 
label the first three columns as “Target gene,” “Total context 
score,” and “miRNA name.”

 2. Open the first DE-miR target-containing workbook (e.g., 
“miR-106a target.xls” in this example), copy data in “Target 
gene” and “Total context score” columns (the first and 12th 
columns) into the first and second columns of the “raw data” 
worksheet (Fig. 3).

 3. Type the name of the first DE-miR (e.g., miR-106a) into 
“C2” cell in the “raw data” worksheet and copy the miRNA 
name to the remaining cells data (see Note 3).

 4. Open the second DE-miR target-containing workbook 
(e.g., “miR-138 target.xls” in this example), copy data in 
“Target gene” and “Total context score” columns and paste 
them into the “raw data” worksheet below the data of the 
first DE-miR targets.

 5. Fill in the name of the second DE-miR (miR-138) (Fig. 3).

Fig.  3. Assemble predicted targets for all miRNAs in Excel (Subheading 3.2, steps 1–5). Copy “Target name” and “Total 
context score” data from the first miRNA workbook (steps 1 and 2). Paste data into the “total DE-miR target” workbook 
and add miRNA name in column C (step 3). Assemble data from the second miRNA (steps 4 and 5).
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 6. Continue to assemble the target name, context score,  
and miRNA name for the remaining DE-miRs into the  
same worksheet. In the example used in this chapter, the 
 finished worksheet contains 50,716 rows of unfiltered  targets 
for 11 DE-miRs.

 7. To select high-efficacy targets for DE-miRs, sort the target 
table by “total context score” column in ascending order. 
Use “autofilter” to select and delete targets with context 
score greater than −0.2 (see Note 4).

 8. Excel pivot function is then used to generate a summary table 
with miRNA counts for individual targets. Place the cursor 
within the data table range. Click the “Insert” ribbon to 
insert a pivot table in a new worksheet (Fig. 4).

 9. Go to the worksheet with pivot table, drag “Target gene” 
field into the row title, and drag “miRNA name” field into 
the column title. Drag “miRNA name” field into the sum 
area. The resulting pivot table will list all unique targets and 
their interacting miRNAs. The number of interacting miRNAs 
for each target are summarized in the “Grand total” column 
(see Note 5) (Fig. 4).

Fig. 4. Compile coregulated targets using Excel PivotTable function (Subheading 3.2, steps 8 and 9). Position cursor within 
the range of data table and activate the PivotTable function (step 8). Drag data into appropriate region to perform the pivot 
analysis (step 9).
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 10. Make sure that the data display is set to “count of miRNA 
name” in the pivot table. To select the targets coregulated by 
DE-miRs, copy the “target gene” and “grand total” columns 
into a new worksheet, rename the new worksheet as “compiled 
DE-miR target” (Fig. 5).

 11. In the “compiled DE-miR target” worksheet, sort the grand 
total column in descending order. Select targets coregulated by 
at least three miRNAs by filtering out targets with grand total 
value £2 (Fig. 5).

 12. Copy and paste the filtered gene list from step 11 into a text 
editor, e.g., NotePad, and save the gene list as “DE-miR 
coregulated targets.txt” in a text file format. This text file will 
be used as the gene list for pathway enrichment analysis 
described in Subheading 3.3 (see Note 6).

 13. Repeat the above steps to generate gene list coregulated by 
Ref-miRs and save as “Ref-miR coregulated targets.txt.”

Fig. 5. Identify target genes coregulated by multiple miRNAs (Subheading 3.2, steps 10 and 11). Set the data display in 
PivotTable to “Count of miRNA name” (step 10). Copy pivoted data into a new worksheet. Filter the “Grand Total” column to 
select targets coregulated by more than two miRNAs (step 11).
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To analyze biological pathways enriched by DE-miR coregulated 
targets, statistical enrichment analysis is performed using the 
MetaCore pathway enrichment tool. MetaCore uses the formula 
of hypergeometric distribution to calculate p value, which reflects 
the probability of a pathway to arise by chance. The p value for 
pathways enriched with targets coregulated by Ref-miRs is calcu-
lated using the same method:

 1. In MetaCore “Data Manager” page, upload the target list as 
“General” data type.

 2. Browse to select the text file (e.g., DE-miR coregulated tar-
gets.txt).

 3. Specify “Gene Symbol” and “Homo sapiens” for uploaded data.
 4. Once data are uploaded, refresh the “Data Manager” to view 

active experiment data.
 5. From the “View” menu, select “Functional Ontology 

Enrichment” tab and select the “GeneGo Pathway Maps” 
item to display all pathways enriched with miRNA targets 
(Fig. 6).

 6. In the “GeneGo Pathway Maps” result page, click on “Maps” 
to display the list of statistically significantly enriched pathway 
maps (Fig. 6). By default, MetaCore displays the top 50 items 
on the list. To display all pathways, scroll down to the bottom 

3.3. Analyzing 
Biological Pathways 
Enriched with 
Coregulated miRNA 
Targets Using GeneGO 
MetaCore

Fig. 6. View pathways enriched with coregulated miRNA targets in MetaCore (Subheading 3.3, steps 5 and 6). In 
MetaCore Data Manager page, make sure that “DE-miR co-regulated target” is the only list in the active data area. Use 
“view functional ontology enrichment” to analyze GeneGO pathway maps enriched with coregulated miRNA targets (step 5). 
The pathway enrichment analysis result will be displayed in graphic format. Click on “Maps” to display pathway data in 
tabular format (step 6).
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of the maps list table, choose “all” items on page, and press 
“More” to display all pathways in the list (Fig. 7).

 7. Once the entire pathway list is displayed on the browser, right 
click in the table to export the data into Excel. Alternatively, 
use mouse to select the entire table and copy the data to Excel. 
Save the pathway list as “DE-miR pathway list” (Fig. 7).

 8. From the MetaCore “Data Manager” page, delete the target 
gene list from the active experiment area.

 9. Repeat steps 1–7 to upload data and retrieve the enriched 
pathway list for the reference gene list. Save the pathway list 
as “Ref-miR pathway list.”

To identify pathways specifically regulated by DE-miR targets, 
the ratio of p values between DE-miRs and Ref-miRs were calcu-
lated and used as specificity index:

 1. In Excel, copy data in “Name” and “pValue” columns from 
the “DE-miR pathway list” to a new worksheet named 
“Combined pathways.” In column “C,” type “DE” as the list 
name (Fig. 8).

 2. Copy data in “Name” and “pValue” columns from the “Ref-miR 
pathway list” and paste the data into the “Combined pathway” 

3.4. Identifying 
Specifically Enriched 
Biological Pathways 
Using Excel

Fig.  7. Display all GeneGO pathways enriched by DE-miR targets (Subheading 3.3, steps 6 and 7). By default, MetaCore 
only display the top 50 enriched pathways. Scroll to the bottom of the table list, select “all” items on page and click 
“More” to display the complete pathway list (step 6). Copy the entire pathway table to an Excel workbook (step 7).
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worksheet below the DE-miR pathway data and label the list 
name “Ref” as shown in Fig. 8.

 3. Position the cursor inside the pathway data area and activate 
the PivotTable function in Excel. Drag the “Name” field into 
the “Row field” area. Drag the “List” field into “Column 
field” area. Drag the “pValue” field into the “data field” area. 
Excel pivot function will automatically align pathway with 
associated pValues from each lists (Fig. 9).

 4. Display pivoted data as “Sum of pValue.” Copy the pathway and 
pValue data into a new worksheet named “enriched pathway” 
(Fig. 9). Use “autofilter” function to select all blank cells in 
“Ref” column. Fill in “1” as the p value for all blank cells. Use 
“autofilter” to select all blank cells in “DE” column. Fill in “1” 
as the p value for all blank cells (see Note 7) (Fig. 10).

 5. Label column “D” as “Specificity ratio.” Divide the pValue in 
Ref column with pValue in DE column to generate the speci-
ficity ratio in column “D” (Fig. 10).

 6. Significantly enriched pathways can be selected by filtering 
the p value of “DE” column. Typically, significantly enriched 

Fig. 8. Assemble the enriched pathway lists in Excel (Subheading 3.4, steps 1 and 2). Copy pathway name and pValue 
data from the DE-miR pathway list into the “combined pathways” worksheet. Add “DE” as the list name in column C (step 1). 
Copy and paste pathway name and pValue data from the Ref-miR pathway list into the “combined pathway” worksheet. 
Use “Ref” as the list name in column C (step 2).
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pathways are selected by setting the p value threshold at 
p < 0.01. Alternatively, false discovery rate can be used to select 
the pathway list. Typically, false discovery rate threshold is 
set at 0.1 (see Note 8) (Fig. 10).

 7. Specifically enriched pathway list can be further generated by 
filtering the specificity index. Threshold for selecting specifi-
cally enriched pathways can be set at “specificity index” 
greater than 100 (Fig. 10).

 1. For miRNAs not included in the precompiled miRNA list, 
TargetScan offers an online “Custom Prediction” interface. 
Users can input the seed sequence (nt 2–8) of mature miRNA 
to run custom prediction. However, the TargetScan online 
custom prediction only displays targets with conserved sites. 
No context score will be provided in the custom prediction. 

4.  Notes

Fig.  9. Use Excel PivotTable to analyze the pValues in “DE” and “Ref” list for individual pathways (Subheading 3.4, steps 
3 and 4). With cursor positioned within the data range in the “combined pathway” worksheet, activate the PivotTable 
function in Excel. Drag data into appropriate fields to perform pivot analysis (step 3). Display data as “Sum of pValue.” 
Copy the pivoted pathways and p value data into “enriched pathways” worksheet (step 4). Note that not all pathways will 
have pValues for both “DE” and “Ref” lists.
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Alternatively, users can download Perl scripts and 3¢UTR data 
from the TargetScan website and run the custom prediction 
locally. To identify all conserved and nonconserved sites 
using a custom set of data, use the targetscan_50.pl script. 
To calculate context scores for a set of predicted miRNA sites 
in a custom set of data, use the targetscan_50_context_scores.
pl script. The 3¢UTR database contains UTR sequences from 
23-way alignment (UTR_Sequences.txt.zip). Setting up 
TargetScan locally for custom prediction is beyond the scope 
of this article.

 2. FireFox does not provide the right click button to directly 
export data in table format into Excel. To copy data from 
FireFox into Excel, use the mouse to highlight the data you 
want to copy, and then click on the “EDIT” function on the 
Toolbar and select “COPY.” Then, you can paste that data 
into Excel. FireFox does not preserve the original table format. 
Therefore, the column labels appeared on the first row in 
Excel do not match the labels displayed in the TargetScan 
result interface. Manually relabeling the columns in Excel is 
needed to do the next step correctly.

Fig. 10. Calculate specificity index and select significantly enriched pathways (Subheading 3.4, steps 4–7). Use “autofil-
ter” to select pathways with missing p value and enter “1” as the p value (step 4). Calculate specificity ratio for all 
pathways (step 5). Use “autofilter” to identify pathways significantly enriched with targets co-regulated by DE-miRNAs 
(step 6). Specifically enriched pathways can be selected by further filter the specificity index column (step 7).
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 3. TargetScan groups miRNAs into families and displays context 
score for miRNA:mRNA pair using a “Representative 
miRNA” from that family. The “representative miRNA” 
listed in the table is the miRNA with the most favorable total 
context score in that family. For a miRNAs with multiple 
members in the family (e.g., miR-106a is a member of miR-
106/302 family), the representative miRNA may be different 
from the miRNA in your list. Therefore, do not use the data 
in “Representative miRNA” column as the name of individual 
miRNA.

 4. TargetScan uses “context score” to reflect differential site 
efficacy. A more negative context score is associated with a 
more favorable site. The context score threshold for high-
efficacy target was set at −0.2. Sites with a total context score 
greater than −0.2 are filtered out from the target list.

 5. Similar pivot function can be found in the OpenOffice Calc 
application. “DataPilots” is OpenOffice Calc’s equivalent of 
Excel’s pivot table. First, select the data containing miRNA 
target. Then select “Data” → “DataPilot” → “Start” from the 
menu. Calc will then ask whether you want to base your analy-
sis on the current selection or you want to base the analysis on 
another data source such as a database or an external interface. 
In this case, leave the “Current selection” option checked and 
click “OK.” The next screen will show a graphical representa-
tion of the pivot table. You will also see buttons representing 
fields (in this case, the fields correspond to the columns in the 
underlying spreadsheet). To create a pivot table for all genes 
targeted by all miRNAs, drag and drop the “Target gene” 
button to the “Row Fields” area, and then drag and drop 
the “miRNA name” to the “Column Fields” area. Also, 
drag and drop the “miRNA name” to the “Data Fields” area. 
The calculation shows a count of the miRNA field.

 6. This example calculates targets coregulated by at least three 
miRNAs in the DE-miR list which contains 11 miRNAs. The 
threshold number of coregulated miRNAs may be adjusted 
based on the total number of DE-miRs.

 7. MetaCore only displays pValue for pathways which contains 
at least one gene from the submitted gene list. Therefore, the 
“DE-miR targets” gene list and the “Ref-miR targets” gene 
list will produce different enriched pathway lists. The degree of 
overlap between the two pathway lists depends on the number 
of genes in each gene list. After pivoting, some pathways will 
show pValues in both “DE” and “Ref” gene lists while other 
pathways will show pValue for only one of the gene list. Before 
calculating the specificity ratio for each pathway, all missing 
pValues must be replaced by 1 to avoid error in calculation.
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 8. There is no standard approach for estimating the statistical 
significance in the enrichment analysis. Although p values may 
be used as a guide, biological functions should also be consid-
ered when selecting pathways for follow-up validation.
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Chapter 17

Utilization of SSCprofiler to Predict a New miRNA Gene

Anastasis Oulas and Panayiota Poirazi 

Abstract

Experimental identification provides a valuable yet slow and expensive method for predicting novel 
miRNA genes. With the advent of computational procedures, it is now possible to capture characteristic 
features of miRNA biogenesis in an in silico model, resulting thereafter in the fast and inexpensive prediction 
of multiple novel miRNA gene candidates. These computational tools provide valuable clues to experi-
mentalists, allowing them to narrow down their search space, making experimental verification less time 
consuming and less costly. Furthermore, the computational model itself can provide biological informa-
tion as to which are the dominant features that characterize these regulatory units. Moreover, large-scale, 
high-throughput techniques, such as deep sequencing and tiling arrays, require computational methods 
to analyze this vast amount of data. Computational miRNA gene prediction tools are often used in syn-
ergy with high-throughput methods, aiding in the discovery of putative miRNA genes. This chapter 
focuses on a recently developed computational tool (SSCprofiler) for identifying miRNA genes and 
provides an overview of the methodology undertaken by this tool, and defines a stepwise guideline on 
how to utilize SSCprofiler to predict novel miRNAs in the human genome.

Key words: Hidden Markov model, Human microRNA prediction, Expression data, Web tool

The recent discovery of miRNAs has opened up a whole new 
world of noncoding regulation (1). The biogenesis of miRNAs is 
initiated by the transcription of a large precursor that folds into an 
imperfect stem–loop or hairpin structure. The mature miRNA, 
which is the functional part, is derived from this precursor and is 
usually 19–27 nucleotides long. The regulatory function of the 
mature miRNA in mammalian systems is dependent highly on an 
elaborate complex of proteins that bind to the mature miRNA. 
Driven by complementary base paring of the mature miRNA and 
its target, this complex binds primarily to the 3¢-UTR region of 

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_17, © Springer Science+Business Media, LLC 2011
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specific target mRNA(s), ultimately leading to the inhibition of 
translation and/or the degradation of the targeted mRNA.

While experimental approaches have contributed signifi-
cantly toward the prediction of novel miRNA genes, they are 
often limited by their complexity and suboptimality (2). More 
specifically, inefficiencies of experimental techniques arise from 
low expression of miRNAs, making isolation and cloning very 
difficult, that is, the tissue specificity of miRNAs as well as tech-
nical difficulties with the cloning procedure itself. Often the 
most tedious problem faced by experimentalists is the identifica-
tion of genomic regions in which to search for novel miRNAs. 
Computational prediction of miRNA genes within such regions 
provides a valuable alternative technique which offers a fast, 
cheap, reliable, and effective way of identifying novel miRNA 
genes. By predicting genomic regions that are likely to contain 
miRNA genes, computational tools enable experimentalists to 
direct their efforts to these “hotspots,” hence facilitating the 
search process (see Note 1).

Effective computational prediction of putative miRNA genes 
requires taking under consideration specific characteristic fea-
tures, derived either from experimental (3–5) or from computa-
tional evidence (6–10), that define these molecules. These features 
include sequence, secondary structure, and species conservation. 
Computational prediction of miRNA genes has been addressed 
via the use of both supervised and unsupervised algorithms. The 
first are trained on known miRNA biological features to build a 
classification scheme or predictive model which is then used to 
identify putative miRNAs, while the second consist of alignment 
tools or conservation detection methods (see Note 2).

Recently, a sophisticated miRNA gene prediction tool (SSC 
profiler (11)) that relies on supervised machine learning algo-
rithms (hidden Markov models) has proved to be very effective, 
achieving high performance on identifying miRNAs in the human 
genome.

SSCprofiler is a successful example of a next generation tool 
that combines multiple biological features of miRNAs (sequence, 
structure, and conservation) and also takes into consideration 
high-throughput methods in the form of tiling array expression 
data to further provide greater credence to computational predic-
tions (see Note 3). Moreover, SSCprofiler is one of the few com-
putational tools that provided raw material for wet-lab experiments, 
the results of which were positive with respect to four miRNA 
gene candidates. For these reasons, the next section will provide a 
detailed stepwise outline on how to use the scanning interface of 
SSCprofiler to search for novel human miRNAs.
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SSCprofiler works on a quad core xeon server (2.66GH) with 
2 × 2GB dual rank DIMMs supported by the Institute of Molecular 
Biology and Biotechnology (IMBB). The scanning interface of 
SSCprofiler can be found at: http://mirna.imbb.forth.gr/SSC 
profiler.html (see Fig. 1). The software was implemented using 

2.  Materials

Fig. 1. Screenshot of the scanning interface of SSCprofiler http://mirna.imbb.forth.gr/SSCprofiler.html.

http://mirna.imbb.forth.gr/SSCprofiler.html
http://mirna.imbb.forth.gr/SSCprofiler.html
http://mirna.imbb.forth.gr/SSCprofiler.html
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the high-level programming language JAVA; however, it also uti-
lizes various publically available tools developed in the C pro-
gramming language. These include the biosequence analysis tool, 
HMMER (12), based on profile hidden Markov models, which 
can be found as a web server at: http://bioweb2.pasteur.fr/
motif/intro-en.html#hmm and also the RNA secondary struc-
ture prediction tool RNAfold found as part of the Vienna RNA 
package (13) and supported as a web server at: http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi. The SSCprofiler scanning inter-
face makes use of the human genome version hg17 – May 2004 
for mapping genomic coordinates to sequence and the multiz full 
genome alignment files of the human May 2004 hg17 genome 
assembly to obtain conservation information for human and seven 
other vertebrate genomes: Mouse May 2004 (mm5), Rat June 
2003 (rn3), Dog July 2004 (canFam1), Chicken February 2004 
(galGal2), Fugu August 2002 (fr1), Zebrafish November 2003 
(danRer1). Note: Chimp data were not included owing to high 
percentage similarity (~95%) with humans.

The process of scanning genomic regions for miRNA precursors 
using SSCprofiler is approached by scanning the genome, and 
subsequently, the resulting candidates are ranked according to 
their expression value derived from large-scale expression data. 
This approach entails the following steps.

 1. The user defines a nucleotide start and end position, which 
encompass the search space (limited to 1,000 nt) in a specific 
chromosome of the human genome. A sliding window of 
selected length is passed along the genomic sequence shifting 
1-nucleotide at a time.

 2. The user is also permitted to define the DNA strand which 
will be scanned, namely, the positive (1) or the negative (−1) 
strand.

 3. For every window shift, sequence, structure, and conservation 
information is retrieved. According to the tool’s prior training 
specifications, all three of the above features are utilized, 
unless otherwise specified by the user. Structure prediction is 
performed by the computational tool RNAfold (13), and 
conservation across multiple species is obtained from the 
multiz files.

 4. Each sequence is passed through a set of filters utilizing the 
user-defined filtering parameters. The filtering parameters 

3.  Methods

3.1. Scanning Genomic 
Regions for Profiles

http://bioweb2.pasteur.fr/motif/intro-en.html#hmm
http://bioweb2.pasteur.fr/motif/intro-en.html#hmm
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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provided by the SSCprofiler scanning interface (including 
their default values) are shown below.
(a) The number of hairpins (default value = 1).
(b) The number of bulges (default value £16).
(c) The number of loops (default value £32).
(d) The degree of asymmetry, often defined as the difference 

in loops + bulges on either side of the hairpin (default 
value £13).

(e) The combination of bulges and loops, i.e., the sum of 
loop and bulge count (default value £37).

(f) The length of the hairpin (default value £16).
(g) The minimum folding energy as defined by RNAfold 

(default value £−25.44 kcal/mol).
(h) The percentage of conservation across species – usually 

according to multiz full genome alignment files (default 
value ³25% of nucleotides conserved).

 The default values for these parameters are as defined in 
the SSCprofiler study (11) and represent optimum cut-
off values between positive (miRNA) and negative 
sequences that were used to build the classifier. These 
parameters can be adjusted by the user.

 5. For each sequence, the features used during training (sequence, 
structure, and conservation) are considered simultaneously 
for every nucleotide position in the genomic sequence.

 6. The trained HMM classifier is used to assign a score to each 
genomic sequence within the sliding window. The score 
threshold can be selected by the user. The default score (value 
of 3) was defined as the score where sensitivity and specificity 
from the training/validation process were optimal in the 
respective study (11).

 7. Candidates that overlap by £50 nt (average minimum genomic 
distance between two miRNA genes) are grouped together 
and the candidate with the highest HMM score is used to 
represent the cluster.

 8. The candidates can also be assessed according to their expres-
sion in specific cell cultures using tiling array data. The user 
can specify the cell culture that will be used (HeLa or HepG2) 
as well as the expression threshold or cutoff by which the data 
will be further filtered. The default value for the expression 
threshold is initially set to 0.

 9. For batch jobs, the user can specify a file that contains multi-
ple genomic regions each limited to 1,000 nt. The format of 
this file is defined in the SSCprofiler scanning interface.
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The scanning procedure of SSCprofiler is summarized in five 
steps in Fig. 2.

The output of SSCprofiler is a table with predicted miRNA gene 
candidates that exceeded the user-defined thresholds. The table dis-
plays the chromosome number of the predicted miRNA gene can-
didate, the exact genomic coordinates (according to human genome 
versions hg17 – May 2004), the DNA strand that the predicted 
candidate resides on, and the maximum expression as well as its 
nucleotide location in the candidate miRNA gene (this is most likely 
the start of the location of the mature miRNA region). Moreover, 
the results display the score given by SSCprofiler to the predicted 
candidate as well as the cell line (HepG2 or HeLa) used to obtain 
expression information for the specific candidate miRNA gene. An 
example of SSCprofiler output is shown in Table 1. The result page 
of SSCprofiler further allows for user interaction by displaying a link 
for a secondary structure view of any predicted candidate. By click-
ing on this link, the user can view a pdf image of the secondary 
structure of a selected candidate as predicted by the program 
RNAfold (13) (as shown in Fig. 3).

3.2. Output  
of the Program

3. Filtering: keep
sequences that
pass all
thresholds.

5. Query the trained
HMM : keep only
sequences that pass
the threshold

1. Input:
Genomic
Sequence
within sliding
window of
specified
length.

4. Combine Training Features
a. Sequence
b. Structure
c. Conservation

2. Information retrieval:
a. Structure prediction
b. Conservation retrieval

6. Check for
expression: use
tiling data from
HeLa and/or HepG2
cells

Fig. 2. Flowchart of the scanning procedure. The process of scanning genomic regions for miRNA precursor profiles 
involves six steps: Step 1: A sliding window of selected length is passed along the genomic sequence shifting 1 nt at a 
time. Step 2 : For every window shift, sequence structure and conservation information is retrieved according to the 
selected training features, i.e., structure prediction is performed and conservation is obtained from the multiz files. 
Step 3 : Each sequence within the sliding window is passed through the filters utilizing the predefined filtering parame-
ters (i.e., Hairpin Length, Asymmetry). Step 4: For each sequence, the features used during training (sequence, structure, 
and/or conservation) are generated according to the 16-letter key described in (11). This allows the simultaneous con-
sideration of information for every nucleotide position in the genomic sequence. Step 5: The trained HMM model is used 
to assign a likelihood score to each genomic sequence within the sliding window. The HMM score threshold can be 
selected by the user. It is usually defined as the score where sensitivity and specificity from the training/validation pro-
cess are optimal. Step 6 : Candidates that overlap by £50 nt are grouped and the candidate with the highest score is used 
to represent the cluster. Thereafter, the candidates are assessed according to their expression in HeLa or HepG2 cells 
using tiling array data.
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 1. As a cautionary note, it should be stressed that for any 
computational tool to prove its effectiveness, a subset of 
the high-scoring miRNA gene candidates should be exper-
imentally verified.

 2. Only a few studies (11, 14–16) have performed experimental 
verification of their miRNA gene candidates, mostly because 
experimental verification requires solving various difficult 
technical issues. One such issue is whether or not the pre-
dicted miRNA gene candidate is expressed in the tissue culture 
under investigation.

4.  Notes

Fig. 3. The secondary structure of a predicted miRNA generated after following the link 
shown in Table 1. This allows the user to examine the secondary structure of a specific 
miRNA gene candidate predicted by SSCprofiler as well as observe the location of the 
mature miRNA according to its expression data.
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 3. High-throughput methods such as tiling arrays (17) and deep 
sequencing (16, 18) are anticipated to address issues like 
tissue specificity and allow for a global, genome-wide expression 
profile of miRNAs.
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Chapter 18

MicroRNA Profiling Using Fluorescence-Labeled  
Beads: Data Acquisition and Processing

Thomas Streichert, Benjamin Otto, and Ulrich Lehmann 

Abstract

The discovery of small regulatory RNA molecules during the last years has changed our understanding 
of many biological and pathological processes. The most prominent and best analyzed class of these small 
regulatory noncoding RNAs is composed of the microRNAs. The analysis of microRNA expression 
patterns is now widely used in biology and pathology employing a range of methodologies. However, 
procedures for data processing and calculations are far from standardized and differ considerably between 
published studies. This makes comparisons and meta-analyses still quite difficult.

In this chapter, we describe a modified method for normalization and processing of raw data obtained 
if utilizing fluorescence-labeled bead technology from Luminex. Inc.

Key words: MicroRNA, data normalization, Luminex. Inc. FlexmiR, fluorescence-labeled beads

Regulatory or noncoding (i.e., not for protein coding) RNAs 
have emerged during the recent years as a new class of key regulators 
involved in development, normal physiology, and many different 
types of diseases (1, 2). Some studies suggest that microRNA 
profiling is superior to mRNA profiling (e.g., (3)), most probably 
due to the pleiotropic effects of every microRNA and the inherent 
greater stability of the microRNA molecules in comparison to 
mRNA molecules.

In breast cancer, deregulation of microRNA expression and 
alteration of microRNA loci are well described. Numerous diag-
nostic, prognostic, and therapeutic options are discussed in the 
literature. (See (4) for a recent review.)

1.  Introduction

Wei Wu (ed.), MicroRNA and Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 676,
DOI 10.1007/978-1-60761-863-8_18, © Springer Science+Business Media, LLC 2011
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There are several options for the detection and quantification 
of microRNA expression levels: northern blotting, semiquantita-
tive in situ hybridization, quantitative real-time PCR, fluores-
cence-labeled bead technology, and array hybridization (with 
various probe sets). Each approach has its specific advantages and 
shortcomings. Advantages of the fluorescence-labeled bead tech-
nology are the omission of any amplification step, which might 
introduce a bias of unknown extent, and the hybridization of 
probe and target in a homogeneous solution which avoids any 
boundary surface artifacts, a potential problem for every array 
hybridization method.

Alternative protocols and methods for microRNA profiling of 
FFPE specimens (based on real-time PCR or array-hybridization) 
have been published (5–11). A detailed discussion of the merits 
and shortcomings of these studies can be found in our recent 
freely available publication Hasemeier et al. (12).

Besides the wet-laboratory steps, the statistical analysis plays a 
crucial role. The different tools are well characterized for normal 
gene expression or genomic analysis. Here, we describe the use of 
selected tools for miRNA analysis.

After the array scan and the readout of the raw signals, the 
measured signals have to be corrected for systematic bias and 
noise variation effects, a step called postprocessing. This step 
could be performed according to manufacturer’s descriptions, or 
using standard procedures like median adjustment or quantile 
normalization (13). To detect differential miRNA expression, 
standardized procedures used for gene expression analysis could 
be applied. These procedures could comprise supervised approaches 
like t-test variations, correlation tests, bayesian networks, or 
principal component analysis. In addition, unsupervised methods 
like hierarchical clustering could be applied to identify groups 
within the sets.

In this chapter, we describe the normalization and processing 
of data obtained with the Luminex miRNA expression platform 
(FlexmiR), which represents a modification of the procedures 
suggested by Blenkiron et al. (14). The raw data were taken from 
a project in which the microRNA expression profile of male breast 
cancer was analyzed (15). A detailed description of all materials 
and methods required for the wet-laboratory work can be found 
in a recently published book chapter from the same series (16).

In general, miRNA analysis and gene expression analysis are 
very similar. However, the miRNA assay construction introduces 
a necessity for a specific choice of the methods and algorithms 
used. These single steps are here discussed while introducing the 
most common approaches and pointing out their strengths and 
weaknesses.
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R is an open-source programming platform suited for statistical 
analysis and visualization tasks. Due to the modular construction 
the integration of new functions, methods and datasets can be 
realized quite simply in the form of so-called packages. High flex-
ibility, simple extensibility, and the provided interfaces to other 
programming languages and external programs qualify R to one 
of the most popular analysis platforms in microarray analysis.

BioConductor is an open-source project providing an enor-
mous variety of extension packages for R especially designed for 
microarray analysis (see Note 1).

R is available for all three common operating systems. While 
it is already provided with the most Linux distributions, it can be 
downloaded as simple self-installing file for MS Windows and 
Mac OS. Independent of the running operating system, the basic 
BioConductor packages can be directly installed with two code 
lines within R:

>source(http://bioconductor.org/biocLite.R)

>biocLite()

Single BioConductor package, e.g., made4 package, can be 
installed with:

>bioc(“made4”)

More information about further package installation can be found 
on the official BioConductor website (http://www.bioconductor.
org). A very good introduction to analyzing microarrays with R 
and BioConductor can be found in the R & BioConductor Manual 
(http://faculty.ucr.edu/~tgirke/Documents/R_BioCond/ 
R_BioCondManual.html ).

The TM4 Microarray Software Suite is a modular program collec-
tion for microarray analysis (http://www.tm4.org/mev.html). 
The MeV module provides the most common statistical approaches 
such as hypothesis tests, clustering methods, classification proce-
dures, or normalization steps with a user-friendly graphic interface. 
The new program version features an interface to the R statistical 
platform. The programs are Java-based, so the modules run on 
all common operating systems where the Sun Java Running 
Environment (http://www.java.com/de/download/manual.jsp) 
is installed. The Principal Component Analysis requires the addi-
tional installation of Sun Java 3D (http://java.sun.com/javase/
technologies/desktop/java3d/).

2.  Materials

2.1. R Statistical 
Platform and 
BioConductor Project

2.2. TM4 Microarray 
Software Suite

http://bioconductor.org/biocLite.R
http://www.bioconductor.org
http://www.bioconductor.org
http://faculty.ucr.edu/~tgirke/Documents/R_BioCond/R_BioCondManual.html
http://faculty.ucr.edu/~tgirke/Documents/R_BioCond/R_BioCondManual.html
http://www.tm4.org/mev.html
http://www.java.com/de/download/manual.jsp
http://java.sun.com/javase/technologies/desktop/java3d/
http://java.sun.com/javase/technologies/desktop/java3d/
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Cluster and TreeView are two programs published by Michael 
Eisen et al. (http://rana.lbl.gov/EisenSoftware.htm). Cluster offers 
hierarchical clustering, self-organizing maps, k-means clustering, 
and principal component analysis. The program has been used for 
clustering in several frequently cited publications such as the initial 
classification of breast cancer into subtypes by Sorlie et al. (17). 
The results calculated by Cluster can be visualized and investigated 
with TreeView. Both programs perform very well but unfortunately 
are only available for MS Windows.

Due to the multiplex nature of microarray assays, the resulting 
signals are quite error prone. On the one hand, biological vari-
ability is frequently observed; on the other hand, scanned raw 
signals usually contain systematic bias and noise variability intro-
duced by technical and experimental artifacts. The nonbiological 
noise components should be removed before any statistical analysis 
steps to ensure significance of final results.

Nonspecific hybridization effects, background fluorescence, or 
unusual effects such as scratches and bubbles might introduce a 
signal component usually termed as background noise. These 
variations incorporate information of the single array only. The 
corresponding correction procedures are thus called background 
correction. A second variance type can appear when several arrays, 
well plates, or samples are analyzed. Measured signals might be 
globally weaker on one array than on the other due to a different 
setting of the scanner or influences of the wet laboratory. 
Correction of this variation type is called normalization.

In miRNA expression experiments, the number of measured 
signals is usually much too small to assume certain conditions 
such as Gaussian distribution of measured signals. Therefore, 
background corrections as the method used by RMA (13) are not 
suited here.

Using bead coupled capture probes and several vials (“pools”) 
will directly return signals for each pool and include several samples 
on each plate. Here, a potential approach would run a negative 
control sample on each plate and use the signals of that sample 
as a measure for background noise. The advantage of this method 
is that a really measured signal for unspecific hybridization and 
background fluorescence is used. However, effects such as regional 
unequal hybridization will not be included.

2.3. Cluster  
and TreeView

3.  Methods

3.1. Data  
Post-processing

3.1.1. Background 
Correction

http://rana.lbl.gov/EisenSoftware.htm
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As mentioned before, the normalization of arrays is the process of 
removing nonbiological data variance that occurs among arrays or 
samples. The variations could, e.g., be a result of slightly differing 
settings or conditions during the scan or differences in the process-
ing of the samples. The problem of this step is the introduction of 
new artificial variances to the data. Some of the common methods 
performing nicely for gene expression arrays such as RMA depend 
on a high number of probes on each array. Because the number of 
probes in miRNA analysis is usually rather small, these approaches 
are not suitable. To overcome this problem most manufacturers 
include internal controls, spike-in probes, or use housekeeping 
genes, which can be utilized for normalization. Two common 
methods not depending on internal controls (ICs) are variance 
stabilization normalization VSN (18) and median centering. VSN 
incorporates a signal transformation such that the global signal 
variance among the samples or arrays is equalized. Median center-
ing shifts the sample or array signals to a common median value. 
The following three examples show how the mentioned procedures 
could be applied to the results of a Luminex multivial assay. The 
internal control based procedure follows the recommendation 
of the manufacturer (http://www.luminexcorp.com/microrna/
documents/templates/89-00002-00-166_FMIR_Hum_Panel_
Manual_revB.pdf ), while the median centering example is per-
formed according to a procedure used by Blenkiron et al. (14) 
modified slightly to accommodate the used platform.

 1. Background correction. The Median Fluorescence Intensities 
MFI of the background control sample (water treated in the 
same manner as an RNA sample throughout the experiment) are 
subtracted from the corresponding other sample intensities.

 2. Figure 1 demonstrates this calculation using Excel.
 3. Inter-pool normalization. One of the pools is selected as refer-

ence pool. The assay includes four normalization microspheres 

3.1.2.  Normalization

3.1.2.1. Background 
Correction and Normalization 
as Recommended by 
Luminex. Inc

Fig. 1. Screenshot of an Excel sheet used for background correction.

http://www.luminexcorp.com/microrna/documents/templates/89-00002-00-166_FMIR_Hum_Panel_Manual_revB.pdf
http://www.luminexcorp.com/microrna/documents/templates/89-00002-00-166_FMIR_Hum_Panel_Manual_revB.pdf
http://www.luminexcorp.com/microrna/documents/templates/89-00002-00-166_FMIR_Hum_Panel_Manual_revB.pdf
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in each pool. For each of the four normalization microspheres, 
the ratios between the reference pool signals and the other 
pool signals are determined. For a total of five pools includ-
ing the reference this would return 4 × 4 ratios. For each of 
the four nonreference pools, the median of the four normal-
ization ratios are determined, and the result is used as scaling 
factor for all signals of that pool.

 4. Intersample normalization. Similar to the interpool normal-
ization with the difference that the median normalization 
factors are determined within each sample and all samples are 
scaled one sample chosen as reference (see Note 2).

 1. Signal scale adjustment. All mean fluorescence intensity signals 
smaller 1 are set to a value of 1 and all values log2-transformed. 
The log2 scale features a more robust intensity range for 
further analysis.

 2. Background correction. The Median Fluorescence Intensities 
MFI of the background control sample are subtracted from 
the corresponding other sample intensities.

 3. Interpool normalization. Skipped (see Note 3).
 4. Inter-sample normalization. To adjust for sample specific bias 

the median intensity in each sample is determined and sub-
tracted from the sample signals.

 5. For a better highlighting of the intensity differences over the 
samples the signals of each bead is median centered over all 
samples (see Note 4).

The following steps are performed on the R statistical platform. 
Signals need to be formatted in a tab-delimited file with the first 
column containing unique probe identifiers.

>library(“vsn”)
## here the signals will be read in from your tab-delimited file
>exp <- read.table(“mysignalfilename.txt”,sep=”\t”,header=T,row.

names=1)
## normalization step
>exp.norm <- exprs(vsn(exp))
## write back to new file
>write.table(exp.norm, file=”normalizedsignalsfile.txt”,sep=”\t”, 

quote=FALSE)

3.1.2.2. Median Centering 
like Normalization

3.1.2.3.  VSN Normalization

4.  CODE
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Figure 2 shows a screenshot of the start of the normalization 
procedure using the statistical platform R.

Like Median centering VSN usually is a gentle normalization 
procedure. The advantage is that unlike median centering this pro-
cedure can correct noise affecting signal scaling not only signal 
shifts. Yet it should be remembered, that it assumes comparable 
variance across the samples. If due to experiment design that 
assumption does not hold, then probably a different normalization 
might perform better.

Subsequently, check the normalization effect with signal 
Box-Whisker plots:

## check the raw signals. The “las” flag just sets the type
## of axis-labellings to always perpendicular to the axis
>boxplot(exp,las=2)
## and now the normalized
>boxplot(as.data.frame(exp.norm),las=2)

The effects of this normalization procedure on our data set are 
illustrated in Fig. 3.

Today, a variety of potential and freely available statistical tools and 
platforms for expression analysis exist. Some of them are easy to use 
such as TIGR (http://www.tm4.org/mev.html) or Cluster and 
TreeView (http://rana.lbl.gov/EisenSoftware.htm), while more 
experienced users might prefer more potent solutions as the R statis-
tical platform (http://www.r-project.org) assisted by the packages of 
the BioConductor project (http://www.bioconductor.org).

Basically two general approaches can be distinguished, the 
supervised and the non-supervised analysis. While in a supervised 

4.1.  Statistical Analysis

Fig. 2. Screenshot of the start of the normalization procedure using the statistical platform R.

http://www.tm4.org/mev.html
http://rana.lbl.gov/EisenSoftware.htm
http://www.r-project.org
http://www.bioconductor.org
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analysis the statistical method is based on previous knowledge of 
the data composition, such as sample groupings, unsupervised 
methods provide an unbiased outlook. A typical representative of 
unsupervised analysis is hierarchical clustering, a method that 
shuffles samples and/ or genes according to signal similarity and 
might display the data relationships as dendrogram. Principal 
Component Analysis PCA or Self Organizing Maps are other 
approaches searching for relationships in the data. A typical 
method associated with supervised analysis is the simple hypoth-
esis driven student’s t-Test which can be used for differential 
expression search. But, there are a number of further approaches 
like Significance Analysis of Microarrays SAM or k-means cluster-
ing frequently used for gene expression investigations. Last but 
not the least, correlation methods such as Pearson correlation or 
Wilcoxon Signed-Rank Test can be applied to integrate different 
data sets or types, e.g., comparing expression values derived from 
array experiments with quantitative RT-PCR results.

The application of a hierarchical clustering procedure is a quick 
and easy option for reviewing the relations in data. The method’s 
name refers to the sequential merging of single clusters (samples 
most similar to each other) by building up a relational hierarchy. 
The measure used to quantify this relationship is called similarity 
distance. Typically used distances are Euclidean and Pearson 
correlation distance. While Euclidean distance weights differences 
in signals directly, the Pearson correlation distance values signal 
profiles across the samples.

When two clusters get merged to a new one, the distance of 
that cluster to all other clusters has to be calculated from the 
distances of the two former single clusters. This step is called link-
age. The linkage is called complete linkage when the new cluster 

4.1.1. Hierarchical 
Clustering

Fig. 3. Effect of the normalization on the distribution of the raw data (i.e., miRNA expression signals for 13 samples). 
Left: Raw signals. Right: Signals processed with median normalization.
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distance is set to the maximum of the two old distances, single 
linkage when the minimum distance is used and average linkage 
when it is set to the average.

There is a variety of programs and tools that can be used for 
data clustering. Aside packages for the R statistical platform like 
“gplots” programs like “Custer” and TreeView from EisenLabs 
(http://rana.lbl.gov/EisenSoftware.htm) and the “MeV” module 
of the “TM4 Microarray Software Suite” are popular. The R plat-
form usually requires coding or programming and thus is more 
suited for more experienced users. However after getting familiar 
with the platform it offers a large amount of freedom and tweak-
ing possibilities. An easy example is provided below. The other 
three programs offer a nice self-explanatory user interface with easy 
handling. These are a good choice for the beginning. “Cluster” 
and “TreeView” build upon each other. While “Cluster” performs 
the clustering procedure, “TreeView” is provided to display the 
results (see Note 5).

The easiest way to perform a hierarchical clustering is using MeV. 
The function is under “Clustering”® “Hierarchical Clustering.” 
In this menu, the distance metric and linkage method can be 
chosen.

Figure 4 displays a screenshot of the first window of the MeV 
module, which is used for performing the hierarchical clustering.

In Fig. 5, the result of the clustering of a subset of microRNAs 
and the samples is shown. “Cluster” version 2.11 and “TreeView” 
version 1.60 were used (using an uncentered correlation metric).

4.1.1.1. Hierarchical 
Clustering with MeV

Fig. 4. Screenshot of the starting window of the module MeV used for hierarchical 
clustering.

http://rana.lbl.gov/EisenSoftware.htm
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Principal component analysis (PCA) is a mathematical transfor-
mation procedure identifying components in a provided vector 
of signals correlating with the major data variability. PCA is an 
unsupervised approach just as hierarchical clustering and thus 
is frequently used to investigate the composition of the data set 
signals. Plotting the main components on the coordinate axes, 
the relationship between data can be displayed as distance between 
set members in two- or three-dimensional space. Sample relations 
can be analyzed, as well as gene relations. Given that well-defined 
classes exist within the data, the main principal components, 
describing the biggest part of variation, should correlate with 
them. Graphically, they might separate these classes in two- or 
three-dimensional space. This analysis can be performed by 
several programs including R statistical platform, the MeV module, 
or the EisenLabs’ Cluster program.

Principal component analysis can be calculated with the TM4 MeV 
module. The procedure can be found under “Data Reduction”® 
“Principal Component Analysis”. This analysis will require an 
additional installation of Sun Java 3D (11) for visualization.

t-Test approaches are very common in differential expression anal-
ysis. The best known procedure is the Student’s t-Test. Student’s 
t-Test is a hypothesis-driven and parametric procedure compar-
ing the mean values of two groups, taking the group variances 
into account. If the p-value calculated by the test falls below a 
given threshold, the difference between the mean values is 
regarded as significant and thus the two groups as different. The 
significance increases with increasing mean difference and 
decreasing variances. The reliability of the statistic increases with 
increasing group sizes.

4.1.2. Principal  
Component Analysis

4.1.2.1.  PCA with MeV

4.1.3. Differential 
Expression with Welch 
t-Test

Fig. 5. Hierarchical clustering of a subset of miRNA expression values. The clustering was 
performed with the MeV module of the TM4 Microarray Software Suite using pearson 
correlation distance and average linkage.
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The test is called hypothesis driven because the classification 
of the data into two groups hypothesizes some major differences 
between these two groups. The denotation “parametric” refers 
to the assumption underlying the Student’s t-Test that the 
value distribution of the provided data follows certain standard 
parameters and thus an equal variance in both groups. These standard 
distribution assumptions might hold if the group sizes are big 
enough. Yet such dimensions are rather seldom in microarray 
experiments. To overcome this problem in differential expression 
analysis, usually, a derivated procedure called Welch Test is used. 
The Welch Test can handle unequal variances und hence much 
smaller groups (see Note 6).

Correction for multiple testing
In microarray analysis, a multitude of genes, miRNAs, or other 

probes are analysed simultaneously. The risk of finding a few 
significant candidates by pure chance rises with increasing number 
of analyzed probes, which is particularly often true with large gene 
expression arrays. To solve this problem, a p-value correction pro-
cedure such as Bonferroni, Benjamini-Hochberg or Holm, which 
should reduce the number of false significance assignments are 
appended to the initial test. They can, however, be very harsh in 
some cases and affect real significant candidates in turn.

Because of the usually small number of investigated probes in 
miRNA analyses, it is advisable to use a less-stringent correction 
like Benjamini-Hochberg, if any. An alternative easy way to restrict 
results to highly significant candidates is setting a minimum 
threshold for the difference between signal means.

In MeV, the t-Test is provided under Statistics-> t-Test. If needed 
(see above), the test type has to be set to Welch approximation 
(unequal variance).

Figure 6 displays the starting window of the MeV module 
used for theWelch t-Test calculation. Comments are inserted to 
guide the new user.

MS Excel can perform a t-Test by inserting the function:

=TTEST(A1:E1,F1:J1,2,3)

where the fields A1 to E1 are the values of group 1, and F1 to J1 
are the values of group 2. The 2 as third parameter denotes a 
two-sided test and the fourth parameter “3” an unequal variance 
based test.

Another common method used for differential expression is 
Significance Analysis of Microarrays by Tusher et al. (19). This is a 
statistical technique measuring the strength of the relationship 
between expression signals and the assigned groups by calculating 
a statistic di during several repeated assignment permutations. 

4.1.3.1. Welch Test  
with MeV

4.1.3.2. Welch Test  
with MS Excel

4.1.4. Differential 
Expression with SAM
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If the signal difference between groups is high and the variance 
within groups small, then this statistic will tend to grow. The cutoff 
for significance is determined by a parameter delta chosen based on 
the false positive rate. Significant candidates would have to pass this 
delta cutoff with the statistic di.

To speak from our experience, the application of different 
methods for differential expression analysis and checking the 
overlap between the results can enhance the interpretation. 
Highly significant candidates tend to be detected by most meth-
ods. However, it cannot conversely be assumed that candidates 
who are only detected by one method are insignificant.

Performing a SAM analysis with MeV is quite easy. The function 
is found under “Statistics”®“Significance Analysis for Microarrays”. 
The higher the number of permutations set, the more reliable 
the results are. But, the number of permutations is limited by the 
number of samples.

There is a SAM macro for MS Excel. Instructions can be found in 
this manual (http://www-stat.stanford.edu/~tibs/SAM/).

There are several methods for correlating different data sources. 
One possible approach here is the application of a correlation test 
such as Pearson’s correlation or Spearman’s rank correlation test. 
Performing a linear regression would be another one. The differ-
ence between Pearson’s correlation and Spearman’s rank correla-
tion is the data type used. The former uses the pure values, while 

4.1.4.1. Performing  
SAM with MeV

4.1.4.2. Performing SAM 
with MS Excel

4.2. Correlation  
of Data for Validation

Fig. 6. Screenshot of the starting window of the MeV module used for performing Welch t-test calculations.

http://www-stat.stanford.edu/~tibs/SAM/
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the latter digitalizes these values into their discrete ranks within the 
value set. This feature provides the Spearman’s correlation with a 
higher robustness against outliers in bargain for less precision. 
If the number of samples in the experiment is small or the expected 
variability in the signals due to experiment design rather high, then 
a rank-based approach might be the safer choice. For example, the 
biological variance expected in human samples is much higher than 
in cell-culture samples.

Figure 7 shows correlation analysis for selected microRNAs 
using quantitative real-time PCR as a second independent 
method.

There are limitations if MS Excel is used for correlation calculation. 
According to the author’s knowledge, only Pearson’s correlation is 
provided with the standard installation. The function “CORREL” 
can be used like this:

=CORREL(A1:E1,F1:J1)

where again group 1 is given by the fields A1 to E1 and group 2 by 
the fields F1 to J1.

Having investigated the data in the last steps, the analysis reaches 
a point where the results have to be annotated and further data 
mining must be performed. There is a variety of different online 
resources for accomplishing this task.

The most prominent resource is the miRBase of the Sanger 
Institute (8). This database provides information about miRNA 
annotations and tools for sequence and target search. The sequence 
database contains all published miRNA sequences, genomic loca-
tions, and associated annotations. The target database allows 
searching for predicted miRNA target genes.

The ARGONAUTE database (20) of the University of 
Heidelberg provides many tools for miRNA annotation, gene-
based pathway and target miRNA information, information about 

4.2.1. Correlation  
with MS Excel

4.3. Annotation of Data 
and Data Mining
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disease or organ associations with miRNAs, Motif searches, and 
further statistics (see Note 7). The “microRNA” database (21) is 
another site providing information about miRNAs, targets, and 
sequences, and in addition a tissue-based search database for miRNA 
expression. Similarly, the TargetScan database (http://www.
targetscan.org) and miRDB (http://mirdb.org/miRDB/faq.html) 
allow mining for miRNA targets in a variety of organisms.

CORNA is a recently published package by Wu and Watson 
(22) for the R statistical platform, introducing a procedure for 
testing gene lists for regulation by miRNAs.

 1. The advantage of R and BioConductor is the great potential 
and the active community. Unfortunately R requires at least 
some basic programming skills and some initial exercise. 
Therefore, some other programs might prove more user-
friendly for beginners.

 2. Spike-in and internal controls provide high potential for 
normalization. This holds true as long as the control signals 
are only affected by global variance influencing all measured 
probes and not by control probe specific bias. Experience has 
shown, however, that in some experiments internal con-
trols, like all the other probes on an array, can sometimes be 
subject to nonglobal influences. If that is the case, IC-based 
normalization might be outperformed by other approaches. 
In general, a quick look at the single IC raw signals is 
recommended.

 3. Because every plate of the Luminex Assay features different 
beads, it could be argued that a common median intensity on 
each plate would not be expected, and a correction would 
introduce more artificial noise than the plate specific bias. 
However, if this step is to be performed, for each pool, the 
global median over all beads and all samples could be deter-
mined. Then, the intensities are scaled such that the global 
median values converge.

 4. Median centering is a gentle method without big demands to 
the data. As already mentioned above, it could be restricted 
to just centering samples, pools, or probes. Yet its simplicity 
can turn out to be a disadvantage if the stretching of signal 
scale is affected by artificial variance across samples. This vari-
ance would not be corrected; moreover, if the signal scales are 
only affected by different stretching factors, but not shifted, 
the median centering might introduce even more bias.

5.  Notes

http://www.targetscan.org
http://www.targetscan.org
http://mirdb.org/miRDB/faq.html
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 5. For the interested user, it is worth to have a look at the 
Coupled Two Way Clustering CTWC server of the Weizman 
Institute (http://ctwc.weizmann.ac.il/).

 6. It should be stressed that for mathematical reasons, group 
sizes smaller than three samples definitely cannot be handled 
by such an approach and that the minimum group size recom-
mended is always five samples.

 7. During the preparation of this manuscript, the ARGONAUTE 
database was incorporated in a new internet-based resource 
named “miRWalk” (http://www.ma.uni-heidelberg.de/apps/
zmf/mirwalk/). The validated target genes of the former 
ARGONAUTE database are now combined with in silico 
target gene prediction data.
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