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Abstract

MicroRNAs (miRNAs) are small non-coding RNA molecules of ~22 nt
sequences that have an important role in the translational inhibition and degradation
of mRNA to downregulate gene expression. Recent work supports miRNAs
downregulate gene expression during various crucial cell processes such as apoptosis,
differentiation and development. Reeent-studies have suggested that oncogenesis
may be link with aberrant expression of miRNAs, butin most case it is still not clear
what mechanism of miRNA leads to“cancer' formation. In this study, we analyzed
more than 200 miRNAs which are aberrantly expressed in tumor cells, and the tissue
specificity is tested by the miRNA expression among normal tissues. We identified 20
oncomirs which are up or down-expressed to regulate downstream genes and involved
in oncogenesis of eight cancer types. We also predicted the transcription factor
binding sites (TFBS) in miRNA promoter and identified miRNA targets which are
tumour suppressors or oncogenes. Those analyses are integrated for miRNA
regulatory network construction in eight cancers, and we hope our achievements can

support cancer research and clinical trial.
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Chapter 1 Introduction

Chapter 1 Introduction

The term “microRNA (miRNA)” was first introduced in 2001 (1), but in 1993,
the miRNAs have been discovered in C.elegan and known the function of regulation
in developmental stage (2). Since their discovery, miRNAs have been found in many
organisms. In the latest version of miRBase (3), a database of miRNAs, 8619
miRNAs have been discovered in 87 different species. The numbers of human
miRNAs are 695, more than tripled in the records of 2004 (Figure 1.1). In spite the
fact that a large number of miRNAs have been identified, most of them are unknown
the functions. Recently, miRNA expression has been linked to cancer, and to perform
a comprehensive study of miRNA functions”in oncogenesis. To systematically
analyze miRNA regulations,in tumor célls, we collected,cancer-related miRNAs from
literatures and integrated related information-of miRNAsand gene expression profiles
(Chapter 2). We also conducted the prediction of cis-regulatory elements of miRNA
genes (Chapter 3) and miRNA targets identification (Chapter 4). We worked with
the miRNAs which are direcCtly associated with cancers and constructed the
regulatory networks of oncomirs in 8 different cancer types (Chapter 5). We hope to
provide an effective analytical platform to determine miRNA regulatory systems that
are contributors to oncogenesis and it might aid cancer diagnosis, including
possibilities in tumor classification, disease prognosis, early cancer detection and

therapeutic decision making.
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Figure 1.1 Numbers of human'miRNAS have tripled since 2004.

1.1 Biological background"

1.1.1 miRNA Biogenesis and Function

miRNAs are small non-coding RNAs of ~22 nt sequences that function to
regulate gene expression by interfering the post-transcriptional level, resulting in
degradation of mRNAs and repression of translation by the base pair to 3’ untranslated
regions (3'-UTR) of the mRNAs. Recent work supports miRNAs downregulate gene

expression during various crucial cell processes such as apoptosis, differentiation and

development.
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Figure 1.2 The biogenesis and function of miRNAs (Bsquela-Kerscher and Slack, 2006).

MicroRNA (miRNA) genes are generally transcribed by RNA Polymerase
IT (Pol II) in the nucleus to form large pri-miRNA transcripts, which are with 5’
7-methyl guanosine cap and 3’ poly-A tail (Figure 1.2). These pri-miRNA transcripts
are processed by the RNase III enzyme Drosha and its co-factor DGCRS (also known
as Pasha) (4) to release about 70 nucleotide pre-miRNA precursor product. In this
process, Drosha functions as the catalytic subunit, while DGCRS8 recognizes the RNA
substrate. This processing is crucial for the vast majority of miRNAs, although a
small subgroup of miRNAs found in short introns can bypass this step (5). The

pre-miRNA is then exported to the cytoplasm by exportin-5 and turned into 22-nt
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miRNA duplex by RNase III enzyme Dicer (6) (Figure 1.2). One strand of the
miRNA duplex is incorporated into an effector complex known as RNA-induced
silencing complex (RISC) with Argonaute proteins (7). Recent study shows that
nuclear RISC, consisting only of Ago2 and mature miRNA, is loaded in the
cytoplasm and imported into the nucleus (8). Diederichs and Haber indicate that
Ago?2 can serve as Dicer enzyme to cleave pre-miRNA (9). The mature miRNA then
binds to complementary sites in the mRNA target to negatively regulate gene
expression depend on the degree of complementarity between the miRNA and its
target. miRNAs that bind to mRNA targets with imperfect complementarity block
target gene expression at the level of protein translation. However, miRNAs can
function as siRNA to affect mRNA stability (10). Complementary sites for miRNAs
using this mechanism are generally found in the 3! untranslated regions (3'-UTRs) of
the target mRNA genes. miRNAs that+bind to theéir mRNA targets induce
target-mRNA cleavage. miRNAbinding site_such as seed regions (Watson—Crick
consecutive base pairing between mRNAs and the miRNA at position 2—7 counted
from its 5' end) (11) located in 3'-UTRs of'mRNAs are important to translational
repression and mRNA degradation (12). miRNAs using this mechanism bind to
miRNA complementary sites that are generally found in the coding sequence or open
reading frame (ORF) of the mRNA target.

Figure 1.3 shows the function of miRNAs in different ways. Plant miRNAs differ
from animal miRNAs in that many plant miRNAs have perfect homology to their target
mRNAs, and they act through the RNAi pathway to cause mRNA degradation (13). However,
some plant with imperfect complementarity to their target sites and act a function similar to

animal miRNAs. Plant miRNAs are also known to target chromatin modifications, such as

histone methylation and DNA methylation (14).
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Figure 1.3 miRNA function: (A) mRNA degradation, common in plants, (B) Translation
repression, common in animals, (C) Transcription repression by histone or DNA methylation,
common in yeasts, plants.

1.1.2 Intronic and intergenic miRNASs

According to the miRNAlocations of mRNA transcripts, five full-length
pri-miRNAs have been characterized inZFigure.1.4 (15), miR-155, miR-23a-27a-24-2
and miR-21 are intergenic miRNA which locate on noen-protein-coding transcripts;
whereas those miRNAs locate on'the-proteinrcoding transcripts, like miR-26 and
miR-198, are intronic miRNA"and exonic miRNA.

Most human miRNAs are genomically isolated, several are found in miRNA
clusters that are transcribed and expressed coordinately. Cai et al. analyzed the
pri-miRNA precursors of 15 human miRNAs, five isolated and the others in clusters,
have shown that all derive from pri-miRNA precursors that bear a 5’ 7-methyl
guanosine cap and a 3’ poly-A tail (15). The pri-miRNA precursor for the clustered
human miRNAs miR-23amiR-27amiR-24-2 is an unspliced 2.2 kilobase (kb) RNA,
and the 3.4 kb pri-miRNA for the isolated human miRNA miR-21 is also unspliced. In
contrast, the pri-miRNA for human miR-155 contains two introns and is
polyadenylated at two alternate poly-A sites to give spliced pri-miRNA precursors of

0.6 and 1.4 kb.
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Figure 1.4 The structures of primary transcripts of microRNA (Cullen et al., 2004), PA,
alternate poly-A-site.

The computational analysi$ of 695 human miRNAs, Identification of human
miRNA host genes and transeription-units (Figure 1.5),;concluded that 51 were located
in exon regions, 291 in intergenic regions of‘non-protein-coding transcripts, and 365
were located in intronic xegions of protéin coding transcripts. Twenty-four miRNAs
were located in 3°-UTR or 5’-UTR regions. Twenty-five were found in both exonic and
intronic locations, depending on‘the alternative splicing pattern of the flanking gene.
Approximately 40% miRNAs are intergenic miRNAs and 52% miRNAs are located

within the introns of protein coding mRNAs.
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Figure 1.5 Approximately 40% miRNAs are expressed from non-protein-coding transcripts.

usually coordinately expressed with their host gene mRNA, implying that they also

generally derive from a common transcript (17).
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Table 1.1 Correlation between expression of intronic miRNAs and host gene (Baskerville and
Bartel, 2005).

Host gene Upstream Downstream

Gene name Ensembl ID* MicroRNA corr. COIT. COIT. In situ
CROC4 125462 hsa-miR-9-1 0.999 0.083 -0.054 Ab (Jeffrey et al. 2000)
PDE2A 186642 hsa-miR-139 0.990 -0.293 0.493 Ab (Sadhu et al. 1999)
C200rf166 174407 hsa-miR-133a-2 0.988 —-0.105 0.185

hsa-miR-1-1 0.968 —0.045 0.226
PCSF1 176840 hsa-miR-7-3 0.961 -0.394 -0.123
ABLIM2 163995 hsa-miR-95 0.960 -0.302 -0.089
LOC254559 LOC254559 hsa-miR-9-3 0.950 -0.122 —0.150
AATYK 181409 hsa-miR-338 0.921 0.906 -0.123 Ab (Baker et al. 2001;

Tomomura et al. 2001)

EGFLZ7 172889 hsa-miR-126 0.888 0.727 —0.246 Ab, Nuc (Parker et al. 2004)
R3IHDM 48991 hsa-miR-128a 0.856 -0.037 -0.363
MCM7® 166508 hsa-miR-25 0.838 -0.548 -0.377
TRPM3 83067 hsa-miR-204 0.796 —-0.047 —0.240
TIN2 171914 hsa-miR-190 0.663 -0.269 -0.172
PANK3 120137 hsa-miR-103-1 0.638 -0.203 0.079
PTPRN 54356 hsa-miR-153-1 0.626 0.579 -0.178
CTDSP2 175215 hsa-miR-26a-2 0.609 0.492 0.265
SMC4LT 113810 hsa-miR-15b 0.509 -0.134 —0.098

hsa-miR-16-2 0.504 -0.128 —-0.021
UREB1 86758 hsa-miR-98 0.503 -0.209 -0.512

hsa-let-7f-2 0.379 —-0.242 -0.194
PTPRN2 155093 hsa-miR-153-2 0.499 0.302 0.536
CTDSP1 144579 hsa-miR-26b 0.453 0.292 —-0.079
ARPP-21 172995 hsa-miR-128b 0.444 0.622 -0.171
MEST 106484 hsa-miR-335 0.442 0.129 -0.088 Nuc (Mayer et al. 2000)
NFYC b6136 hsa-miR-30c-1 0.406 —-0.071 0419
Q8TDAZ 174496 hsa-miR-99a 0.335 0.217 0.221

hsa-let-7c 0.067 0.712 -0.053

hsa-miR-125b-2 0.297 -0.037 0.221
PANK2 125779 hsa-miR-103-2 0.270 -0.138 0.450
PRO2730 164091 has-let-7g 0.268 0.516 -0.288
RCLT 120158 hsa-miR-101-2 0.226 —-0.494 0.196
DNM1 79805 hsa-miR-199a-1 0.020 -0.124 —0.444
C9Yorf5 106771 hsa-miR-32 -0.22 0.111 —0.290
CTDSPL 144677 hsa-miR-26a-1 —-0.285¢ -0.202 0.099

“Ensembl ID numbers begin with the prefix “ENSG00000," LOC254559 is a Genecards 1D.

PA score of =16 in at least one tissue was required to be included in the analysis. MCM?7 contains two other miRNAs, miR-106b and miR-93,
which were excluded based on this criterion although their correlation coefficients are consistent with coordinate expression.

“The anti-correlation between miR-26a-1 and CTDSPL can be explained by the CTDSP2 transcript being the primary source of miR-26a.
CTDSP2, the host gene of miR-26a-2, is generally expressed at much higher levels than is CTDSPL, and its expresgitjy; grg;—q[orre SdCion
with that of CTDSFPL. Similar scenarios could explain the low correlations between the expression of other miRNAs and their host genes.
MNuc, nucleic acid hybridization; Ab, antibody staining or immunofluorescence.

Liang et al. used TagMan® MicroRNA Assays (a new type of real time reverse
transcription (RT)-PCR-based miRNA assays) to analyze intronic miRNAs from a
published literature based on the following rules: (1) the host gene and the miRNAs are
transcribed from the same strand of DNA; (2) the host gene is a protein-coding gene
with defined gene name and protein domains that link to its possible biological
functions; (3) the miRNA does not have extra copies in other part of the genome since
the transcription of each copy of the miRNA gene could be regulated by different
mechanisms that would confound the result of our analyses. Among the 31 miRNAs
qualified (Table 1.2), 22 of them had significant correlation (p < 0.05) with their host

genes in expression among 19 tissue types.
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Table 1.2 Correlation of expression patterns in human normal tissues between intronic miRNAs

and their host genes (Liang et al., 2007).

miRNA Host Gene p value® Gene Description
miR-106b MCM7 0.047 MCM7 minichromosome maintenance deficient 7 (5. cerevisiae)
miR-107 PANKI 0.022 pantothenate kinase |
miR-126 EGFL7 0.027 EGF-like-domain, multiple 7
miR-128a R3IHDMI 0.002 R3H domain (binds single-stranded nucleic acids) containing |
miR-128b ARPP-21 0.001 cyclic AMP-regulated phosphoprotein, 21 kD
miR-139 PDE2A 0.007 phosphodiesterase 2A, ¢GMP-stimulated
miR-140 AlP2 0.249 WW domain containing E3 ubiquitin protein ligase 2
miR-148b COPZI 0.472 coatomer protein complex, subunit zeta |
miR-149 GPCI 0.053 glypican |
miR-151 PTK2 0.031 protein tyrosine kinase 2; focal adhesion kinase |
miR-15b SMC4L| 0.003 SMC4 structural maintenance of chromosomes 4-like | (yeast)
miR-186 ZNF265 0.335 zine finger protein 265
miR-188 CLCN5S 0.07 chloride channel 5 (nephrolithiasis 2, X-linked, Dent disease)
miR-190 TLN2 0.001 talin 2
miR-196b HOXA9% 0.005 homeo box A9
miR-204 TRPM3 0.009 transient receptor potential cation channel, subfamily M, member 3
miR-208 MYH6 6% 1030 myosin, heavy polypeptide 6, cardiac muscle, alpha
miR-211 TRPMI 0.004 transient receptor potential cation channel, subfamily M, member |
miR-224 GABRE 0.006 gamma-aminobutyric acid (GABA) A receptor, epsilon
miR-25 MCM7 0.022 MCM7 minichromosome maintenance deficient 7 (S. cerevisiae)
miR-28 LPP 0.023 LIM domain containing preferred translocation partner in lipoma
miR-30e NFYC 0.618 nuclear transcription factor Y, gamma
miR-326 ARRBI 0.013 arrestin, beta |
miR-33 SREBF2 0.287 sterol regulatory element binding transcription factor 2
miR-335 MEST 0.006 mesoderm specific transcript homolog (mouse)
miR-338 AATK 0.0003 apoptosis-associated tyrosine kinase
miR-340 RNF130 0.346 ring finger protein 130
miR-342 EVL 0.017 Enah/Vasp-like
miR-346 GRIDI 0.895 glutamate receptor, ionotropic, delta |
miR-452 GABRE 0.0001 gamma-aminobutyric acid (GABA) A receptor, epsilon
miR-93 MCM7 0.022 MCM7 minichromosome maintenance deficient 7 (S. cerevisiae)

*When multiple clones are available in the database, the clone with the best p value was chosen. *¥Pearson correlation; bold-type numbers indicate
those with p values > 0.07

1.1.3 Roles of human miRNAS in cancers

miRNAs play different and diverse roles in cancer. They can be involved in

metastasis, invasion, proliferation, cell cycle, and apoptosis. Figure 1.6 illustrates that a

miRNA is downregulated in cancer and targets an oncogene might act as a tumor

suppressor, whereas an upregulated miRNA that targets a tumor suppressor (TS) or a

gene important for differentiation might act as an oncogene (OG). Several groups have

studied the miRNA expression in cancer patients and found that miRNAs are

differentially expressed

in normal and tumor tissues, these differences are
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tumor-specific and, in some cases, are associated with prognosis (18).

The first evidence that miRNAs acting as tumour suppressor function is provided
by let-7a which down-regulates expression of Ras oncogenes (19). Interestingly, let-7a
family members map to fragile sites associated with lung, breast, urothelial and cervical
cancer (20). Let-7a expression is reduced in tumours, potentially contributing to
increase activity of the Ras pathway and effects on growth control (21). Furthermore,
overexpression of let-7a in a human adenocarcinoma cell line inhibits cellular
proliferation, indicating that this might be a potential therapeutic approach to treat lung
cancer (22).

A variety of platforms have recently been developed for miRNA expression
analyses. Those platforms made possible large profiling studies in cancer patients,
confirming that miRNAs sare differentially. expressed in normal and tumor samples,
Higher throughput expression approaches can in  general be classified as
hybridization-based methods using microarrays, or cloning and sequencing approaches
(including miRAGE). While .the latter have the advantage of being open systems that
permit identification of novel miRNAs and accurate miRNA quantitation, the former are
cost effective and more amenable to a large number of routine analyses. Examination of
individual miRNAs can be performed by Northern hybridization and specialized
real-time PCR, and can be assessed in cellular contexts through in situ hybridization.

Although expression profiling studies in cancer suggest that miRNAs might
function as oncogenes and tumor suppressors, definitive evidence linking miRNAs with
the development of cancer is scarce. Table 1.3.1 lists several studies which have

investigated the roles of specific miRNAs in some cellular events.

10
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A. Normal cells B. miRNA functioning as an C. miRNA functioning as a
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Figure 1.6 miRNAs can functioh as tdmour suppressosiand oncogenes. A. In normal cells,
proper miRNAs result in the nor?ﬁél.'_rg,t_q of growthrpfo.ﬁ'kration, differentiation and cell death.
B. The amplification or overexpre"s's'i'é;lﬁ":df'zl._-wgiﬁ}k that has an oncogenetic role would
eliminate the expression of tumour suppressor genes and lead to cancer progression. C. The
reduction or deletion of a miRNA that functions as a tumour suppressor leads to tumour
formation.
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Table 1.3 Experimental data supporting a role for miRNAs in cancer development.
miRNA Expression in patients Function TS/OG Refs
miR-122 Down regulated in liver Regulate metastasis gene ADAM17 | TS
cancer
miR-335 Down regulated in breast Regulate a set of metastasis genes TS (23)
miR-126 cancer includes SOX4
miR-373 Up regulated in breast cancer | Promote tumour invasion and oG (24)
metastasis by suppression of CD44
miR-15a Down regulated in CLL and Downregulate BCL-2 TS (25-27)
miR-16-1 in pituitary adenoma
let-7a-2 Down regulated in lung Downregulates RAS and induces TS (19,21,
cancer apoptosis in lung cancer cell lines 22)
miR-155 Up regulated in bad prognosis | Induces pre-B lymphoma and/or oG (21,28)
CLL and lung cancer, breast leukemia in mice
cancer, lymphoma, hodgkin
and pediatric BL
miR-17-92 | Up regulated in lymphomas Cooperates with c-MYC; modulates | OG 2n
cluster and lung cancer E2F1
miR-21 Up regulated in pancreas, Anti-apoptotic in glioblastoma oG (28)
glioblastoma and breast
cancer
miR-106a | Up regulated in lung, gastric Downregulates RB-1 oG 29)
and prostate cancer
miR-372, Up regulated in testicular Neutralizep53 funetion oG (30)
miR-373 germ-cell tumor cell lines
miR-142 ¢-MYC is translocated Enhances MYC expression oG (31)
downstream of the miR-142
hairpin, resulting=in
B-lymphoma
1.1.4 Experimental “approaches « for studying the

function of mMiRNAS in cancer

Almost all of the miRNA-related studies on cancers are based on the different

expression profile of miRNAs comparison in cancer cells and normal cells. Detecting
mRNA expression can also be used in studies on the potential roles of miRNAs in
cancers. Several experimental approaches are frequently used for cancer study:
Knockout or overexpression of miRNAs

To regulate the expression of the candidate miRNAs is a good approach to
study the function of miRNAs in cancer pathogenesis. Knockdown or overexpression of
a specific miRNA can study the specific roles of the miRNA in cancer initiation and

development.

12
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There are several methods to conduct this study, such as antisense inhibitors,
transgenics, and point mutants. Using antisense inhibitors to block the targeted miRNA
function is a good example. In this strategy, an artificial antisense RNA competes with
cellular mRNAs to bind miRNAs. The antisense RNA pairs with the miRNA and
inhibits the miRNA function. This has been adopted by two independent research
groups to sequence-specifically inhibit miRNA- and siRNA-induced RNA silencing
(32,33), and inhibit four miRNAs in vivo by modified antisense RNAs(34).

Point mutants of miRNAs or their targets can also be employed to study the
function of miRNAs in cancers. One obvious advantage of point mutants is to study the
direct interaction of miRNAs and their targeted genes. Several studies have shown that
the “seed region” is important for miRNAs to recognize their targets, and increasing the
mismatch in the seed sequences will significantly decrease the gene regulation function
of miRNAs (35). The rules of miRNA target can be used to design point mutants of
miRNAs or their targets. One or two nucleotide changes in the “seed region” of a
specific candidate miRNA will dramatically decrease the possibility of the miRNA
binding to its targets, resulting in the overexpression of the targets of the studied
miRNAs. If these miRNAs or their targets are involved in cancer formation, this point
mutation will affect the formation of cancer.

Northern blot analysis

Northern blot analysis is a reliable technique to detect gene expression at the
mRNA level; it is widely used in gene expression analysis. Early on, it was adopted to
study the expression of miRNA genes (2,36), and now is used as a method for detecting
miRNA expression in cancer cells. For example, Hayashita et al. found that the
miR-17-92 cluster is significantly overexpressed in lung cancer (37), especially with

small-cell lung cancer, when compared with miRNA expression in normal cells.

13
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Real-time PCR
Real-time PCR can also be employed to quantify miRNA expression profiles

and study the potential function of miRNAs in cancer pathogenesis. Real-time PCR was
first employed to measure miRNA precursors and to study the expression of 23 miRNA
precursors in six cell lines (38). More recently, the real-time PCR assay was expanded
to 222 miRNA precursor analysis in human cancer cell lines; different expression
profiles of miRNA precursors in human cancers do exist (39). These PCR-based
analyses quantify miRNA precursors and not the active mature miRNAs. The
relationship between pri-miRNA and mature miRNA expression has not been
thoroughly addressed. Applied Biosystems Inc. developed TagMan® miRNA assays,
a new real-time quantification’ 'method, using looped-primer RT-PCR to accurately
detect mature miRNAs. Liang et al. applied the new approach to provide expression
data of 345 miRNAs in 40 normal human tissues, which identified universally
expressed miRNAs, and: several “groups of miRNAs expressed exclusively or
preferentially in certain tissue:types (40).
microRNA microarray

Although northern blotting is a widely used method for miRNA analysis, it has
some limitations, such as unequal hybridization efficiency of individual probes (41),
and difficulty in detecting multiple miRNAs simultaneously. For cancer studies, it is
important to be able to compare the expression pattern of all known miRNAs between
cancer cells and normal cells. Thus, it is better to have methods which detect all miRNA
expression at a single time. Two-color fluorescence-based microarray technology (DNA
microarray) has been widely used to detect gene expression simultaneously. Several
laboratories have modified DNA microarray technology to form miRNA microarray

technology (41-46) developed a custom dual-channel miRNA microarray platform, and

14
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employed it to monitor expression levels of 124 mammalian miRNAs. They observed
that the expression patterns of miRNAs are different between adult mouse tissue and
embryonic stem cells (41). More recently,(47) developed a novel strategy to detect
abundant miRNA expression profiles in different cell types, including several human
cancers. To overcome the concerns about probe specificity in miRNA microarray
analysis, they first performed hybridization in solution, and then quantified the polymer
heads that are hybridized to miRNA species using multicolor flow-sorting (47). This
method can be used to detect miRNA expression profiles in cancers, and even in poorly
differentiated tumors (47)

Table 1.4 lists the strengths and weaknesses of these principle approaches for
studying the functions of miRNAs in cancer pathogenesis (48). Although Northern blot
analysis, real-time PCR, and miRNA microarray can detect the expression of certain
miRNAs and determine which miRNAs may be associated with cancer formation, it is
difficult to determine whether or not miRNAs play a unique role in cancers. Also, these
techniques cannot directly determine the correlation between mRNA expression levels
and whether the up-regulation or down-regulation of certain miRNAs is the cause of
cancer or a downstream effect of the disease. Those problems can be solved by using
antisense inhibitors, transgenics and point mutants. However, the techniques for
regulation of specific miRNAs are still under development, and it has a long way to go
before being used for clinical purposes (48). To better understand the functions of
miRNAs in cancers, combining the bioinformatics strategy with the strengths of current

techniques needs to be developed.

15
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Table 1.4 Comparison of principle techniques for studying the functions of miRNAs in cancer

pathogenesis (48).

Technique Strengths Weaknesses

Antisense inhibitor ~ Inhibiting specific miRNA Need to design and transform specific antisense
expression to study miRNA inhibitor into targeted cells.
functions in cancers.

Transgenics Regulating specific miRNA Need to obtain transgenic cell line to study
expression to study miRNA specific miRNA functions.
functions in cancers.

Point mutant Directly affecting the miRNA Complicated design process. Need to obtain
binding to targeted mRNAs, and  transgenic cell lines before study miRNA
studying the interaction of functions.
miRNAs and their targeted
cancer-related genes.

Northern blot The most reliable techniques to ~ No direct correlation between mRNA
study the expression of miRNAs  expression levels and whether the up-regulation
in cancers. or down-regulation of certain miRNAs is the

cause of cancer or a downstream effect of the
disease.

Real-time PCR Rapidly detectmiRNA No direct correlation between mRNA
expression,especially pri-miRNA.sexpression levels and whether the up-regulation
expressiop. ot down-regulation of certain miRNAs is the

cause of cancer or a downstream effect of the
disease.

miRNA microarray ~ Simultaneously detect the No direct correlation between mRNA

expression of multiple. miRNAs in ‘expressiondevels and whether the up-regulation
cancers, may becomie.a‘techiiique ot down-regulation of certain miRNAs is the

in cancer epidemiology and early ““cause’of cancer or a downstream effect of the
cancer detection: disease:

1.2 Motivation

Although hundreds of human miRNA genes have been discovered, the functions
of only a handful of these miRNAs have been experimentally determined. As the
miRNA field advances, more and more researchers have identified aberrant expression
of miRNAs in cancers including lymphomas, colorectal carcinoma, breast cancer, lung
cancer, thyroid cancer, and hepatocellular carcinomas. It is crucial to find out what kind
of regulatory mechanism results the aberrant expression of miRNAs in cancers and what
kind of genes are targeted by miRNAs and results tumor formation. Therefore, a

systematic analysis of miRNA function is essential to comprehensive study their roles in
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cancer. Using bioinformatic tools to combine experiment data can predict the diverse
roles of miRNAs which might be involved in metastasis, invasion, proliferation, cell
cycle, and apoptosis. In this study, we try to provide an efficient method to systematic
analysis the regulatory relationship between cancer-related miRNAs and coding genes
which include transcription factors, oncogenes and tumor suppressor genes. We hope to

support cancer study to forward understanding miRNA role in tumor pathogenesis.

1.3 Research goals

The goal of this study was to develop a computational approach to
comprehensive analysis of the transcription factors of cancer-related miRNA and
miRNA targets that are most likely 'to be ‘the. major biological processes in cancer
pathogenesis. Those cancer-related miRINAs-are:analyzed by tissue specific test and the
following items: transcriptional ' start site-('TSS) prediction, cis-regulatory elements
prediction, miRNA target prediction and target gene annotation (Figure 1.7). The
oncomir regulatory networks involved in'different oncogenesis pathway were identified

after those analysis accomplished,

Cancercell ﬂ
- , \J

Chromatin

Transcription factor binding site
(TFBS) prediction

0 I~ Transcriptional start site (TSS) prediction

Transcription factor
\-_i—r. miRNA gene
~ N
4
=FF
/
Oncogenesis pathway
l miRNA targets prediction
I Proliferation
Result T Invasion < 5 - AAAAA-3
1 Angiogenesis =
| Apoptosis u Gene annotation

Figure 1.7 The research in this dissertation contains TSS and cis-regulatory elements prediction,
miRNA targets prediction and gene annotation.
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Chapter 2 Construction of MiRNA
iInformation repository
2.1 Introduction

Although the first published research of miRNAs appeared fifty years ago (2),
study in small RNA regulatory has been appreciated only in the last five years and
becomes one of the most important events in genome-wide studies. It attributes the
success to the discovery of RNA interference (RNAi), which has revolutionized
approaches to down-regulate gene function. To understand the endogenous RNA
interference in gene regulatory systeny, motré and more miRNAs have been identified,
and several groups have studied the miRINA. expression in cancer patients by microarray,
bead-based hybridization or real-time PCR ‘and found that miRNAs are differentially
expressed in normal and tumor tissues.

To comprehensive Study in cancer-related miRNA function, we developed useful
tool, named miRNAMap (49,50) and collected related information from miRbase
database (3) and literatures in PubMed Central. After accomplishing data collection,

cancer-related miRNA will be further analyzed in next two chapters.

2.2 Related works

There are several existing resources that provide updated data regarding each of
these areas of research. miRBase is the main database of experimentally validated
mature miRNA sequences. The miRBase database also provides integrated interfaces to
comprehensive miRNA annotation and predicted gene targets. ARGONAUTE (51)

provides a larger miRNA tissue expression dataset — collected from various miRNA
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expression studies. DIANA TarBase (52,53) collects experimentally validated miRNA
targets in eight species.

miRBase

The miRBase (http://microrna.sanger.ac.uk/) is a main database for miRNA
study. It contains sequences of all experimentally verified mature miRNAs, annotated
with primary literature references and the experimental method used for discovery,
together with their predicted hairpin precursors, structure and function. It also integrated
interfaces to comprehensive microRNA data and predicted gene targets.

In the current version 12.0, released in September 2008, there are 8619 miRNAs
have been discovered in 87 different species, comparing with last version 11.0 (released
in April 2008), 2227 new hairpini sequences and 2413 novel mature miRNAs have been

added in the current version. This shows that the database grows very rapidly.

ARGONAUTE

Argonaute (http://www.ma.uni-heidelberg.dé/apps/zmf/argonaute/interface) is a

database on mammalian microRNAs and their function in gene and pathway regulation.
In contrast to miRBase, it has information on (i) origin of a miRNA, i.e. in which host
gene it is encoded, (ii) its expression in different tissues and its known or proposed
function, (ii1) its potential target genes including Gene Ontology annotation as well as
(iv) on miRNA families and proteins known to be involved in miRNA processing. The

first release of Argonaute contains 839 miRNAs from human, mouse and rat.

TarBase
TarBase (http://microrna.gr/tarbase) is a database which collects experimentally

supported miRNA targets in eight species of animals, plants and viruses. Even though
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several computational programs exist to predict miRNA targets, there is a need for a
comprehensive collection and description of miRNA targets with experimental support.
The current version Tarbase 5.0, released in October 2008, includes more than 1300
experimentally supported targets. Each target site is described by the miRNA that binds
it, the gene in which it occurs, the nature of the experiments that were conducted to test
it, the sufficiency of the site to induce translational repression and/or cleavage, and the
paper from which all these data were extracted. Additionally, the database is
functionally linked to several other relevant and useful databases such as Ensembl,

Hugo, UCSC and SwissProt.

2.3 The specific aim of data integration of miRNAs

To facilitate the annotation of the miRNA function, it is obliged to integrate relative
information. We developed “an integrated | database, namely miRNAMap
(http://mirnamap.mbc.nctuwedu.tw/) (49), to. compile the ' miRNA genes, miRNA targets
and the regulatory relationships between the miRNAs and the miRNA target genes.
miRNAMap was published in 2006, is also one of the main databases to comprehensive
study miRNA. It provides a variety of search functions and graphical interface to
facilitate the researchers who interested in the miRNA riles in cell regulations (Figure
2.1).

The initial version of miRNAMap includes two portions: miRNAs and miRNA
targets, and focuses on four species, human, mouse, rat and dog. miRNAMap collects
published miRNAs from the microRBase and predict putative miRNA precursors
(Figure 2.2) by RNAz (49) which is based on genome-wide mapping of conserved RNA
secondary structures from UCSC clustering (54), and also predicts the mature miRNAs

by an algorithm which is based on MDD (maximal dependence decomposition), all of
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the known mature miRNAs have been detected their targets by miRanda (55) and

TargetScans (35) results.
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Figure 2.2 Putative miRNAS predicted by miRNAMap.

miRNAMap 2.0 contains both the.collection of experimentally verified miRNA
targets and computationally \predicted miRNA binding sites in metazoan genomes.
These data should aid researchers in-the exploration-of miRNAs biological function and
the interpretation of the results of experiments. Table 2.1 shows the difference between
previous version and miRNAMap 2.0. The main improvements incorporated to the
database in the past year which include incorporating information on the accessibility of
target genes predicted by Sfold (56) and the additional expression profile of miRNA and
their target genes in expanded of 4 —increasing to 12 — species (Table 2.2). The
assessment of the RNA accessible regions of target genes is supported and it provides
the different viewpoint for the study of miRNA/target relationship. We also update the
known miRNAs and annotate these miRNA targets according to combinations of widely
used target prediction programs. Finally, both textual and graphical web interface are

designed to facilitate the retrieval of data from the miRNAMap (Figure 2.3).
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Table 2.1 The comparison of data and function between miRNAMap 1.0 and miRNAMap 2.0.

Features miRNAMap 1.0 miRNAMap 2.0
Known miRNA entry miRBase (version 6.0) miRBase (version 9.2)
Species 4 mammalian 2 insects, 8 vertebrates, 2 worms

Experimental miRNA

Literature TarBase and literature
targets resource
miRNA gene MIT  microRNA  profiling, Q-PCR
) MIT microRNA profiling ) )
expression profile microRNA profiling
Target gene
) NCBI GEO
expression profile
Integrated ~ miRNA
miRanda miRanda, RNAhybrid, TargetScan

target prediction tool

miRNA target
accessible region
prediction

Sfold

Relationship between

Analysis of the expression profiles

miRNA and target between miRNA gene and its target
genes genes.
miRNA tissue R Analysis of the miRNA expression
o Text deseription v )
specificity level in each tissue.
I.  Pre-miRNA secondary structure

1. Pre-miRNA'secondary structure” 2. miRNA target sites
Graphical 2. miRNA target sites 3. gene group search .

3. gene group search 4. literature and Tarbase experimental
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Table 2.2 Numbers of mature miRNAs categorized by type of species in miRNAMap.

Species Abbr. Numbers

human (homo sapiens) Hsa 542
mouse (mus musculus) Mmu 424
zebrafish (danio rerio) Dre 371
rat (rattus norvegicus) Rno 261
frog (xenopus tropicalis) Xtr 196
chicken (gallus gallus) Gga 162
worm (caenorhabditis elegans) Cel 135
pufferfish (fugu rubripes) Fru 133
opossum (monodelphis domestica) Mdo 111
fly (drosophila melanogaster) Dme 85
mosquito (anopheles gambiae) Aga 38
dog (canis familiaris) Cfa 6

2.4 Materials and methods

We collected those cancer-related miRNAs which differentially expressed
between normal and tumor, tissues from literature. miRNA-related information was
obtained from miRNAMap which is a powerful toolto provide detail information to
annotate those miRNAs and target genes for further analysis with cancer-related
miRNAs.

In this work we used many gene expression data from Gene Expression Omnibus
(GEO) (57) which is a public database that archives and freely distributes microarray
and other forms of high-throughput data submitted by the scientific community. A
human genes expression profile in 79 normal tissues (NCBI GEO DataSet GDS596) is
integrated in our research to analysis the regulatory relationship between miRNAs and
coding genes (See Chapter 3). Several tumor microarray data were used to identify
certain cis-regulatory elements of miRNAs and miRNA target genes which are involved

in oncogenesis (See Chapter 3 and Chapter 4). miRNA expression profiles are also
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important in our study, the tissue specific miRNAs were identified by using miRNA

expression profiles among different normal tissues (40) (See Chapter 5). Figure 2.4

shows that the integration of miRNA data and related gene expression data in this study.

3'UTR from BioMart

Prediction of miRNA
targets

miRNAMap

Gene Ontology

-__7 -

[
PubNQed

Collection of miRNAs
differentially expressed in
normal and tumor tissues

Cancer-related miRNAs

Breastcancer hsa-miR-126 Down
Breastcancer hsa-miR-205 Down
Colon cancer hsa-miR-192 Down

Prostate cancer hsa-miR-92a-2 Up

ml)/\l.\.\i r's

Gene expression profiles
among 79 normal tissues

miRNA promoter analysis

TSS prediction

miRNA target prediction

cﬁou_f\‘u\ﬁli,l 3
Gene expression profiles
in tumor cells

Gene expression profiles
in cancer study

ol

Publijed

miRNA expression profiles
among 40 normal tissues

miRNA expression profiles

Tissue-specific miRNAs

Figure 2.4 Integration of miRNA data and related gene expression data in this study.
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2.4.1 Collection of cancer-related miIRNAs from

literatures

The first report of the association between miRNAs and cancer was published in
2002, by Calin et al. (25). Since their discovery, researchers have identified more and
more aberrant expression of miRNAs in other malignancies. For efficiently searching
related references, PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) was screened for
papers describing cancer-related miRNAs by using the general key words like “cancer
and miRNA”, we also used more than twenty cancer types as keyword like "breast
cancer and miRNA", " B-cell lymphoma and miRNA". All of the cancer-related
miRNAs are marked “Up” or “Down’ which infer upregulated mRNA expression or

downegulated mRNA expression in cancet.

2.4.2 Integration of miRNAMap database

In this study, we foeused on human cancer-related miRNAs and acquired
integrated information from miRNAMap database which includes locations of miRNAs
on chromosomes, annotation of miRNAs and target genes.

The annotations of the coding genes were obtained from Ensembl database (58),
Gene Ontology (59) and HGNC gene grouping/family data (60). The conserved regions
among the genomes in the database are obtained from the UCSC Genome Browser (54).
Several useful tools were integrated in miRNAMap to identify miRNA functions and
structures. Table 2.3 and Table 2.4 show the integrated databases and tools in

miRNAMap.
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Table 2.3 The list of the integrated external data sources in miRNAMap.

Integrated Description Literature cited
Databases
miRBase Known microRNAs (3,61)
UCSC Genome Conserved regions of human, mouse, rat,
(54)
Browser and dog
] Gene expression profiles of known
Lu et al. ‘s work miRNAs A7)
Gene Ontology Gene annotations (59)
Ensembl Genomic sequences and gene annotations (58)
HGNC Gene annotations (60)
Table 2.4 The list of the integrated annotated tools in miRNAMap.
Integrated Tools Description Literature cited
miRnada Predicting of miRNA targets (55)
TargetScan Predicting of miRNA targets (35),
RNAhybrid Predicting of miRNA targets (62)
RNAz Identifying non-ceding structural RNAs (49)
RNAfold RNA structural-analyses (49)
gcsc Genome Genome'browser forparticular locations (54)
rowser
mmiRNA Identifying the mature miRNA' innmiRNA Not published yet
precursor

Mfold Drawing “ the miRNA" secondary (63)
structures

Sfold Accessibility of target genes predicted (56)
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2.4.3 Collection of gene expression data

2.4.3.1 Characterization of microRNA expression profiles in 40 normal
human tissues

A new type of real time reverse transcription (RT)-PCR-based miRNA assays
were recently developed by Applied Biosystems, Inc, that have better sensitivity and
specificity compared to bead- and microarray-based technologies. We used miRNA
expression profiles from Applied Biosystems, Inc.(40), the expression of 345 human
miRNAs was quantitated in 40 normal human tissues that included brain, muscle,
circulatory, respiratory, lymphoid, gastrointestinal, urinary, reproductive, and endocrine
systems. In recent study, miRNAs.expressed in certain tissue types (47). Many miRNAs
with co-regulated expression patterns are locatéd.within,the same genomic clusters, and
candidate transcriptional “factors’ that controlsthe pattern of their expression may be
identified by a comparative genomic. strategy. Figure 2.5 shows the pattern of
expression in tissues without regarding the abundance of miRNA, but identification of
tissue-specific miRNAs (40). ‘Analysis=the expression profiles can obtain the
information of universally expressed miRNAs, and several groups of miRNAs

expressed exclusively or preferentially in certain tissue types.
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Figure 2.5 Unsupervised hierarchical _clustering_of the normal human tissues based on the
variation of miRNA expression, coirelates with the anatomical locations and physiological
functions of the tissues (Liang &t .al.; 2007).

2.4.3.2 Large-scale analysis of the human transcriptome (HG-U133A)

from 79 normal tissues obtained from various sources

We analyzed the expression profiles of transcription factors, miRNA target
genes and the other coding gene in NCBI GEO dataset GDS596 (64). This dataset
provides a large-scale analysis of human 14048 genes in 79 normal tissues from various
sources. The tissue-specific pattern of mRNA expression can provide important clues
about gene function. The same expression pattern involves that tissue-specific miRNA
and coding gene have a close regulatory relationship, on the other hand, the opposite

expression pattern indicates that the coding gene may be downregulated by miRNA or
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transcription factor.

2.4.3.3 Differentially-expressed gene profiles between normal and

cancer tissues

We collected eight tumor microarrays and related references from GEO and

PunMed system (Table 2.5). To compare the gene expression profiles in normal and

tumor cells can provide a clue to check our prediction of miRNA regulatory pathway.

Using gene expression profiles can also find the most potential genes which are

involved in the mechanisms of tumorgenesis and metastasis.

Table 2.5 The sources of gene expression.profiles il cancer study.

Cancer GEO Acc., Ref
Hepatocellular o pcr) Liao et al., 2008
carcinoma

Brain cancer GSE2223

Colon cancer GSE13067; GSE13294

Breast cancer GSE11951

Lung cancer GSE1037

Ovarian GSE6008
cancer
Prostate GSE6919
cancer
Pancreatic GSE7824
cancer

Bredel et al., 2006; Markert et al.,
2001

Jorissen et al., 2008;
Birkenkamp-Demtroder et al.,
2002; Birkenkamp-Demtroder et
al 2005

Bertucci et al., 2002

Jones et al., 2004

Hendrix et al., 2006; Bignotti et
al., 2007

Chandran al., 2007; Yu et al.,
2004

Nakamura et al., 2007;
Crnogorac-Jurcevic et al., 2001;
Missiaglia et al 2004

The overall design and introduction of each microarray data from GEO are

transcribed as follows:

Hepatocellular carcinoma

The dataset GSE6222 was used in HCC study. Total RNA was extracted from
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human liver cancer at various stages (T1-1~4, T3-1~6), 2 normal human livers and
HuH7 cell line. Genes showed differentially up- or downregulated by two-fold with
respect to the normal human livers were identified using GeneSpring software version
7.2.
Brain cancer

The dataset GSE2223 was used in brain cancer study. Gene expression
profiling in 50 glial brain tumors and 4 normal brains were used in cDNA microarrays
(65). 6,706 Genes with expression in 80% of samples and whose expression levels
differed by at least 2-fold, in at least one sample, from their mean expression levels
across all samples were included in downstream statistical analyses.
Colon cancer

Two datasets (GSE13067 land GSE13294) were used in colon cancer study. The

tissues were taken from' 74 and 155 colorectal cancer patients respectively. Gene
expression of about 6,800.knowni'genes and 35,000 expressed sequence tags (ESTs) on
five pools (four to six samples.in each pool) of total RNA from left-sided sporadic
colorectal carcinomas was used in oligonucleotide microarrays (66). 908 known genes
and 4,155 ESTs were identified that changed remarkably from normal to tumor tissue.
Based on intensive filtering 226 known genes and 157 ESTs were found to be highly
relevant for colorectal cancer (66)
Breast cancer

The dataset GSE11951 was used and for this study, the MDA-MB-231 cell line
was used as a prototypic mesenchymal and invasive cell line, spontaneously expressing
high levels of CD146. Using whole-genome DNA microarrays, we investigated genes
for which expression was modified by CD146 down-regulation, obtained by siRNA or

shRNA technology (67)
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Lung cancer

The dataset GSE1037 was used in lung cancer study. The neuroendocrine
tumours from 38 patients undergoing surgery were analyzed and were classified into
large-cell neuroendocrine carcinoma (LCNEC) and small-cell lung carcinoma (SCLC)
as distinct groups (16). These genes were then filtered across the
neuroendocrine-tumour samples passing any gene for which the log expression ratio
varied either above 2-0 for any six of the 38 neuroendocrine tumours or below 0-5 for
any six. This process resulted in a set of 2803 genes that were regulated across the
neuroendocrine-tumour samples.
Ovarian cancer

The dataset GSE6008: was used in ovarian.cancer study. The purpose of this
study was to identify genes. that are highly differentially:expressed in metastatic serous
papillary ovarian tumors (MET) when «Compared with primary ovarian serous
carcinomas (OSPC). About 14,500 human_genes were used to determine whether
patterns of gene expression may differentiate OSPC from MET in 31 snap-frozen serous
papillary ovarian carcinomas. Hierarchic cluster analysis of gene expression in OSPC
and MET identified 156 genes that exhibited 2-fold differences (P < 0.05) and that
distinguished OSPC from MET (68).
Prostate cancer

The dataset GSE6919 was used in prostate cancer study. The clinical
characteristics of the 64 primary tumor samples were used in this study. Affymetrix
GeneChip HGU95av2, HGU95b and HGU95c arrays were used. The metastatic samples
are highly heterogenous in expression; differential expression analysis shows that 415
genes are upregulated and 364 genes are downregulated at least 2 fold in every patient

with metastasis. (69)
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Pancreatic cancer

The dataset GSE7824 was used in pancreatic cancer study. Using Affymetrix
HG-U133-Plus 2.0 array and Laser Capture Microdissection techniques, the growth in
different zones of the same tumor affected expression of genes were determined by
human pancreatic cancer cells. Human L3.6pl pancreatic cancer cells were implanted
into the pancreas of nude mice. Gene expression patterns in tumor cells within the
central and peripheral zones were compared and statistical differences were determined
for 1222 genes (70). Bioinformatic functional prediction analysis revealed that 346
upregulated genes in the peripheral zone were related to cytoskeleton organization and
biogenesis, cell cycle, cell adhesion, cell motility, DNA replication, localization,
integrin-mediated signaling .« pathway, development, morphogenesis, and IkB
kinase/NF-kB cascade (71); and 876 upregulated genes in the central zone were related
with regulation of cell proliferation, regulation of transcription, transmembrane receptor
protein tyrosine kinase signaling ‘pathway, response to stress, small GTPase mediated
signal transduction, hexose .metabolism, cell death; response to external stimulus,

carbohydrate metabolism, and response to wounding (71).

2.5 Results

2.5.1 Cancer-related miRNAs in different cancer types

Figure 2.6 shows the numbers of literature collections about human
cancer-related miRNAs in latest five year. We collected 205 miRNAs which are
aberrantly expressed among twenty-seven cancers or cancer cell lines (See Appendix I)

and Figure 2.7.
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Figure 2.6 Statistics of literature collection about cancer-related miRNAs during last five years
in this study.

Certain researches are reported that some miRNAs significantly are upregulated
in most of the tumor types, like miR-21 which are overexpressed in bladder cancer,
brain cancer,b reast cancer, cervix be-mcer,f colon cancer, hepatocellular carcinoma, lung

cancer, ovarian cancer, pangreatic canchr;‘ prostate cancer, stomach cancer and thyroid

- L L
cancer. The ubiquitous timor suppressor gen¢ PTEN was shown to be a direct target

of miR-21, and to contrbute to miR-21 effects on cell invasion in hepatocellular

carcinoma. (17681183). miii_—Zl @igﬁf pl:cly-th-é: same r':o‘lier as oncogene in other cancers.
Identical miRNA can lla'e hp: or d0\>v_nreg11.1.ated in different tumor types. For
example, miR-221 was downregulated in prostate cancer, but upregulated in most of
other cancers. Down regulation of miR-181a was observed in brain cancer, colon cancer
and hepatocellular carcinoma, but overexpression in pancreatic cancer, prostate cancer

and breast cancer.
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Figure 2.7 Statistics of cancer-related miRINAs i different cancer types.

Figure 2.8 shows the distribution of cancer-related miRNAs in human genome, some
evidences have indicated that many miRNAs®have been imapped to chromosome aberrant
regions in cancers (72), thie location .of miRNAs_in_deleted regions, amplified regions and
breakpoints could be involve(i in-human cancers, Forr example, seven miRNAs of the miR-17-92
cluster (miR-17-5p, miR-17-3p, miR:18a, miR-19a, miR-20a, miR-19b-1 and miR-92-1)
located at 13g31, a region commonly amplified in lymphomas and provide an oncogenic
function (18). More than half of cancer-related miRNAs are located in protein-coding genes or
mRNA-like noncoding RNAs (mIlncRNAs) (Figure 2.9). It suggests that approximately half of
cancer-related miRNAs share the same promoters with their host genes and are expressed by a

similar mechanism.
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Figure 2.9 More than half of cancer-related miRNAs are itragenic miRNAs.
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Chapter 3 Identification of cis-element of

cancer-related miRNAs

3.1 Introduction

To discover what regulatory mechanism results downregulation or
upregulation of miRNAs in tumor cells, we have to identify cis-regulatory modules
and transcription factor binding sites. Alought much attention has focused on finding
the targets of both miRNAs and TFs, the transcriptional elements that regulate
miRNA expression remain largely unexplored. To understand the regulatory
mechanism of miRNAs in cancer study, we. identified complex interactions among
transcription factors, miRNAs:and their target genes.

The first step to.understand - the stranscriptional regulation of intergenic
miRNA is to know the exact position of transcriptional start sites (TSS) of intergenic
miRNA. It is believed that.the distance between the precursor of intergenic miRNA
and its TSS is relatively more diverse then the distance between the coding gene and
its TSS. Moreover, due to the lower expression level of miRNAs, it is more difficult
to obtain full-length ¢cDNAs of miRNA primary transcripts than coding genes.
Therefore, it is crucial to determine the potential TSS of intergenic miRNAs based on
previous investigation of RNA poly II transcription.

In this study, we identified the potential TSS of cancer-related miRNAs by
using computational promoter prediction programs (Eponine, EP3, NNPP and
Promoter2.0) and experimental data (CAGE tag, Solexa tag, EST and H3K4me3
locations). Then we used TRANSFAC database and MATCH program to search
transcription binding sites in the region 3000 base-pairs (bp) upstream of the TSS.

To reduce the false positive in our prediction and to determine the most potential
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cis-regulatory elements, we developed a computational method of systematically
identifying tissue-selective transcription factor. The expression profiles of those
transcription factors were evaluated by microarray. Those transcription factors with
the aberrant expression in tumor cells were chosen as most important cis-regulatory

elements, and they may upregulate or downregulate their target miRNA in cancer.

3.2 Related works

There are two public databases associated with gene transcriptional regulation
analysis (Figure 3.1). DBTSS (http://dbtss.hgc.jp/) is a database collecting gene
transcriptional start sites, which are supported by experimental evidence, i.e., the
experimentally-determined 5’-end ;séquence of. full-length cDNAs (73). In addition,
DBTSS includes human TSS supported-by-around 19:million of illumina Solexa tags.
Another  public  database ' is — Eukaryotic* 'Promoter  Database (EPD)
(http://www.epd.isb-sib.ch/), which collects non-redundant experimentally confirmed
promoter of RNA polymerase: Il transcribed in-eukaryotic (74). Both DBTSS and EPD
offer the information about transcriptional start'sites of protein coding genes; however,
none of biological database collects the transcriptional start sites for intergenic miRNAs.
It is crucial to construct a resource for determining TSSs of intergenic miRNAs for

further research of transcriptional regulation.
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Figure 3.1 The web interfaces of (A) DBTSS database (B) EPD database.

A variety of tools have been developed for identifying putative transcriptional start

sites (TSS) of protein coding genes

EP3 (75), Eponine (47), NNPP (76) and
Promoter 2.0 (77).
EP3

EP3 (.http://bioinfo ot the identification of the core

region of a eukaryotic gemnt I properties of the promoter to
detect those regions in a wholé-genome context."EP3 has been tested on several
eukaryotes ranging from protists to human. It is efficient to identify regions that are

associated with transcription initiation. EP3 provides graphical user interface (Figure

3.2) and stand-alone command line tool available for download.

ﬁ Easy Promoter Prediction Program (EP3)

‘Home Overview
e EP3 is atodl for the ieatification of the core region of a cukaryotic genc promoter. It uses
of the pr detect those regions i 2 whole genome context EP3
Tt as been tested on several eukaryotes ranging from protists to buman. O buman it is, at the
moment, the repons that are assocated
Cae EP3 axanon
Docmmertution Start at once
PAQ e
Comversion tabies.
Caveat!

EP3 shouid only be run on 3 commplets genome a cace when not wsing a precaicdlated model
The program requires no raiming. but does need to extract some isformation from the e quence

Features

« Webstant soocation, stand-skoae praphical wser iterface sad stand-abose: command ke

tool avadable for download,

« EP3 is fast, & can make predictions for a whole genome (srimals, placts, etc ) in a master
of misaes

= EP3 is accurate # performs better than the current state-of the a1 promoter prediction
programs cn the burman geaceme

« EP3 requaires 5o wrsining is is apphcable to all eukaryosc gesomes

« EP3 is free for academc we
EP3 is simple design and swaightforward to use
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Figure 3.2 Graphical user interface of EP3.

Eponine

Eponine is a probabilistic method for detecting transcription start sites in
mammalian genomic sequence, with good specificity and excellent positional accuracy.
Eponine models consist of a set of DNA weight matrices. A weight matrix is a simple
generative model for a short, ungapped sequence motif. Each model is associated with a
position distribution relative to the transcription start site and has the properities as
follows (Figure 3.3): (1) CpG enrichment downstream of the start site, (2) a TATAAA
motif, with a tightly focused distribution centered at position -30 relative to the

transcription start site, (3) two GC-rich matrices closely flanking the TATA box.

v

tataaa
A - _
cg
( SObE )

gcgeg

Figure 3.3 Schematic of Eponine core prometor model,; showing the constraint distributions and
weight-matrix consensus sequences (47).

NNPP
NNPP provides a web application to find eukaryotic and prokaryotic promoters

in a DNA sequence (http://www.fruitfly.org/seq_tools/promoter.html) (Figure 3.4). The

NNPP program is a time-delay neural network which consists mainly of two feature
layers, one for recognizing the TATA-box and one for recognizing the "Initiator", which
is the region spanning the transcription start site. A set of 419 promoter sequences from
experimental data was used as training dataset (76). Both feature layers are combined

into one output unit, which gives output scores between 0 and 1.
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Figure 3.4 Graphical user interface of NNPP.

Promoter 2.0

Promoter 2.0 (http;//www.cbs.dtu.dk/services/Promoter/) predicts TSS of
vertebrate Polll promoters=in DNA sequences.(Figure 3.5). It has been developed as an
evolution of simulated transcription factors that interact with sequences in promoter
regions. It builds on prin€iples “that are“‘common: to' neural networks and genetic

algorithms.
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3.3 Materials and methods - |
3.3.1 Predict potential TSS of intergenic miRNAs from

computational and experimental data

We developed a systematic method for identifying promoter region of
intergenic miRNAs for further study of finding cis-regulatory elements. We collected
computationally identified TSS of intergenic miRNAs in human by using the tools as

Table 3.1. The detail functions of those tools are mentioned in previous section.

Table 3.1 Transcription start sites prediction tools.

Tools Ref Method Species
Structural features of DNA
EP3 Abeel et al.,2008 (75) dentification eukaryote
Eponine Thomas et al., 2002 (47) Relevance vector machine mammalian
NNPP2.2 Reese et al., 2001(76) Neural network prokaryote/ eukaryote
Promoter 2.0 Knudsen (77) Neural network vertebrate
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Experimentally determined 5'-end sequences were evaluated for TSS identification
by mapping sequences on human genome. Cap-analysis gene expression (CAGE) tags
are ~20 nts sequences derived from the mRNA sequence in the proximity of the cap site
(78). Because all of the RNA polymerase Il transcripts were altered at the 5’ end
nucleotide from a guanosine to 7-methylguanosine during transcription, the genomic
position of CAGE tags can represent for the transcription start site (TSS). In addition,
CAGE tags having an identical 5’ terminal site were grouped into a CAGE-tag starting
site (CTSS). If CAGE tags are mapped to the upstream flanking region of miRNA
precursor, the location of tag can be viewed as a TSS of the intergenic miRNA. The
greater number of the CAGE tags are clustered in a region, the more likely to locate the
TSS. Millions of human high-quality CAGE tags. were obtained from FANTOM3

database (http://fantom.gsc.rikenjp/). Only tag clusters with at least two mapped tags on

the same genomic location were considered to be real TSSs, with which most false
positives should be removed. This filtering mechanism resulted in 123,400 unique start
sites for human genes.

Solexa tag is a type of new-generation, high-throughput sequencing tag which
DNA templates are immobilized on a special surface fluorescently labeled nucleotides
with specific enzyme (79). In the late update of DBTSS, they incorporated
oligo-capping method with Solexa sequencing technique (73). The oligo-capping
method could ensure that the cDNA is full-length because of the ability of the
substitution of 5’ cap structure with the 5’ oligo and 5’ oligo sequence could be
represent as the cDNA with 5° terminal sequence. With the massively parallel
sequencing technology and full-length cDNA sequence, the thousands of TSS
information has been generated. The solexa tags can be obtained from DBTSS database

(http://dbtss.hgc.jp/). TSSs which were supported by >= 5 sequences were counted for
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the Solexa tags and 29,210 unique start sites for human.

The histone H3 is trimethylated at its lysine 4 residue (H3K4me3) at the
transcriptional start sites of most genes in the genome, even when genes are not
productively transcribed, and the knowledge that this covalent modification is restricted
to sites of transcription initiation(80,81). We used H3K4me3 enriched loci upstream to
miRNAs which are identified by Marson et al by using ChIP-Sequencing (ChIP-Seq)
data. (82). H3K4me3 enriched regions are identified on the upstream of 113 intergenic
miRNAs.

To accurately determine the TSS, a ranking method for each putative TSS was
applied in this work. The ranking score of a site X is based on the density of predicted

site around the site in the upstream of miRNA gene and define as:

n
1
D(x) = Zi:l ((|Loci—L0cX|+1)2)

5 if site x is from CAGE tagsdata
W(x) = {2 if site x is from:DBTSS Solexatags data
1 otherwise

Score (x) = D(x) + W(x)

Where the Loc; are location of predicted site and the Locy is location of the site to
be ranked. There are n predicted site in the upstream of the miRNA gene. There are
three factors effectively to the ranking score in our function. The first is the number of
neighbors and the second is the distance to the neighbors, if a putative TSS with much
more putative TSSs close-by, it will have highest score. The third is the weight values
which depend on sources of putative TSSs, the direct evidences from mRNA sequences,

like CAGE tags and Solexa tags, are given higher weight.
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Ensure there is no known gene in this region!

H3K4me3

‘/— DBTSS Solexa

promoter L3 TSS

[l Human genome

A [ Promoter 2.0 Bl Pre-miRNA

Figure 3.6 Predict TSS of intergenic miRNAs from computational and experimental data.

3.3.2 ldentifying." transcription “.factors control the
syn-regulated expression patterns of miRNA and coding

genes

We used Match™“which"is*a position-specific weight matrices (PWMs) tool
for searching putative transcription factor binding sites (TFBS) in DNA sequences.
Match™ uses the matrix library collected in TRANSFAC database. PWM method can
scan genomic DNA sequences and identify potential TFBSs. But the majority of
predicted sites are false positives that have no biological significance. We combined
predictions with gene-expression data and used the knowledge of syn-regulation to

reduce the false-positive rate.

3.3.2.1 Clustering the expression profiles to find the syn-expression of
miRNA and coding genes

The tissue-specific pattern of mRNA expression can provide important clues
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about gene function. The same expression pattern involves tissue-specific miRNA and

coding gene has a close regulatory relationship. Gene expression profiles provide

specific molecular signatures containing information able to explain the mechanisms of

tumor development and progression.

Table 3.2 The source of gene and miRNA expression profiles among normal tissues.

Specimen #Tissues Method Ref
coding genes 79 microarray (64)
miRNAs 40 real time qPCR (40)

DNA chip

Coding gene expression
profile in 79 human
normal tissues

(Affy, GDS596)

Normalization

15 common tissues

s# The pink line in each cluster
represent the mean expression
level of genes in that cluster

in 40 human normal
tissues (Real-time gPCR)

Normalization

S

miRNA expression
pattern of interest

Clusters of genes and miRNAs
with similarities in expression

Pearson’s correlation coefficient> 0.8

TRANSFAC

Syn-regulatory factors of genes and miRNAs

Figure 3.7 Analysis of syn-regulatory factors of genes and miRNAs.

The gene and miRNA expression profiles among human normal tissues have

been used in Table 3.2. Fifteen normal tissues are identical between these two data sets:
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brain, pancreas, ovary, placenta, uterus, prostate, heart, lymph node, lung, liver,
skeletal muscle, thymus, thyroid, trachea and kidney. The normalization and
hierarchical clustering were reconstructed by software Hierarchical Clustering Explorer
v3.5 (83).

The same expression patterns of coding genes and miRNAs are clustered with
stronger correlation (r = 0.8). Pearson correlation coefficients were calculated using the

equation:

S z.’ﬂ.ﬂ*‘ — H’iﬂ' _ HZT]T.I'?*' — Z’EI zyx
Y (n—=1)s,s, \/ﬂsz — (X 2;)? \/ﬂny — (T yi)?

Where X and y are the sample means of X and Y, sy and Sy are the sample standard
deviations of X and Y and the.sumis from i =1 ton.

3.3.2.2 Obtainmenit of miRNA: and . gene promoter sequences to

identify transcription factor binding sites

The TSSs of intronic:miRNAS are considered the same positions with their host
genes. 3 kilobases upstream 0f TSS are obtained from human genome as the promoter
regions; the whole genome sequences for human (hgl7) were retrieved from the UCSC
Genome Bioinformatics Site (http://genome.ucsc.edu/).

The program Match™ was used for scanning upstream sequences of TSSs for
potential TFBSs. Figure 3.7 shows an example of Match™, a PWM-based tool, from
the TRANSFAC database. The sequences that have been shown experimentally to bind
to the human transcription factor GATA-1 have 14 positions, among which only
positions 6—10 are fully conserved. Abbreviations: R, G or A (purine); N, any; S, G or C

(strong); D, G or A or T. Twelve sequences were used to build this matrix (84).
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TRANSFAC accession number: M00127

TRANSFAC identifier: VSGATA1_03
Name: GATA-1
Description: GATA-binding factor 1
Posiion A c G T Debsensts
sequence

1 4 1 2 0 R

2 1 1 3 2 N

3 1 2 4 0 S

4 2 2 2 1 N

5 3 0 2 2 D

6 0 0 12 0 G

7 12 0 0 0 A

8 0 0 0 12 T

9 12 0 0 0 A

10 8 1 3 0 A

1 1 4 4 3 N

12 3 4 3 2 N

13 3 1 7 1 G

14 2 4 4 2 N
Statistical basis: 12 selected binding sequences

Figure 3.8 An example of a 'position-specific weight matrix (PWM) adapted from the
TRANSFAC database.

3.4 Results

3.4.1 TSS of intergenic and cancer-related miRNAS

The TSS of 78 intergenic and cancer-related miRNA are identified in this work
(Figure 3.7). The heighest ranking score of putative TSS was selected from other
candidates which are derived from experimental data and computational data. The

majority of TSSs occur within 4 kb upstream of the pre-miRNA (Table 3.3).

Table 3.3 The locations of TSSs within upstream of pre-miRNAs.

TSS upstream to pre-miRNA #TSSs
<1kb 10
1kb~2kb 15
2kb~3kb 16
3kb~4kb 12
4kb~5%kb 20
5kb~6kb 5
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Figure 3.9 The TSS of intergenic cancer-related miRNAs.
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3.4.2 Syn-regulated expression patterns of miRNA and

coding genes

We performed an unsupervised hierarchical clustering based on the variation of
gene and miRNA expressions among 15 different tissue types, 84 groups of expression
patterns are identified (Figure 3.10). The genes and miRNAs in the same groups are

with the similar expression pattern (r > 0.8).

# of tems Left = 2698
Minimum Similarity = 0,845 ¥ of Clusters = 84 ¥ of Alones

B 4 i | .'. ol S A 1 4 T " { A A & '1
l"llr?\ﬂ .N‘TWF'I ‘m .':‘ ‘ Wl | | 1 I| ﬂ' ﬁﬂl‘"llﬂ?mw 4 ‘I '1“ ‘Fm- ml“yﬁmﬁ\wﬁ‘lﬁrﬂ “: ﬂ' l M |]—|T\F'nmﬁ‘ “‘n ll |‘l|‘wI 'f \“ﬂl ‘;ﬂlm I]W'-ﬁ il ’.'ﬁ ‘ ,ﬂ-ﬂ\'l _‘W ‘ I 1|‘
g . o 4 LT

Figure 3.10 Syn-regulated expression patterns-of miRNAs andigenes among 15 different tissue
types. i Fa- 4

L ' Il == 1c P =

We used TRANSFA(-; to_;p_re.dict the transqripti.'é)-n factors that can co-operate the
cancer-related miRNAs and coding éeﬁes in the same expression patterns. We selected
those transcription factors that are syn-regulated with cancer-related miRNAs by using
tumor microarray data (See Table 2.5). A case study will illustrate the strategy in next

section.
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3.5 Case study

3.5.1 Cis-regulatory elements of miR-122 in

hepatocellular carcinoma

3.5.1.1 Potential TSS of miR-122

Hsa-miR-122 is a liver specific miRNA located at 18q21.31, it acts as a key
regulator of cholesterol and fatty acid metabolism in the adult liver. In this case study,
the putative TSSs of miR-122 are showed in Figure 3.11. We obtained several
candidates from experimental data and computational data. The putative TSSs was
analyzed the density which depends on number of other putative TSSs and the distance

to other putative TSSs. The putative was given a scoreras Table 3.4.

4759255 Chromnosone 18 [+]1 { hsa-nir-122 } Sd209285
-188808 -98808 -30ea -70808 -Gaaa -5880 —-4888 -3008 -20008 -18808 i
Lo b b b b b b becvnnene] b b |
-2741 1132
Eiarkeearital it I Solexa
Xperimen ata I " I CIAGE
-4833"—4809 -3521 -2576
-4811 -3102
-3080
: | | | Promoter 2.0
C
omputational data e 4701 1901

Figure 3.11 Putative TSSs of miR-122.

There are two cage tags (ID: HIOBAO6E2310 and H28BASSE(0701 in
FANTOM3 database) mapped the same position -4811 nt (negative number indicates
the upstream size from the 5’ end position of pre-miRNA which is given 0) and the
position got the highest score. And in our analysis, the density shows that potential TSS
should be around the position -4833 nt ~ -4809 nt. Using UCSC Genome browser
(http://genome.ucsc.edu/cgi-bin/hgGateway), we can find several ESTs are mapped to

the upstream of miR-122, and the position of 5’ end of EST R01863 is -4800 nt and it
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should be very close to the TSS of miR-122 gene. With the support of experimental data,

we believe that the position -4811 nt is the transcription start site of miR-122 gene.

Table 3.4 The score of putative TSSs of miR-122.

Data Putative TSSs Score
Solexa tags -1132 2.000012386
Solexa tags -2741 2.000017192
CAGE tags -4833 5.006381298
CAGE tags -4811 6.11300207
CAGE tags -4811 6.11300207
CAGE tags -4809 5.11271239
CAGE tags -3521 5.000005669
CAGE tags -3102 5.001890359
CAGE tags -3080 5.000003921
CAGE tags -2576 5:000013192
Promoter 2.0 -6701 1.00000025
Promoter 2.0 -4701 1.00013852
Promoter 2.0 -1901 1.000032276
chris:| | S42e4808| S42eSees| S42ece0s| S4267eee| S42650e8| S42698e8| Se27esss| S4271688]

BAC End Fairs
BAC End Fairs

UCEC Gene Fredictions Based on Eefied, UnhiFrot, GenBank, and Comparative Genomics
FefIeq Genes
FEefieq Genes
Mammalian Gene Collection FUll ORF mRHAsS
cs0 and HAACA Box snoRMAs, =scaRMA=s, and microRMAs from shoREMABase and miREEase
h=a-—mir—122
Human mREMAs from GenBank
Human mEMNA=

Humarn ESTS That Hawe Been Spliced
il

Ra1ZES |
Human ESTs Including Unsgpliced
DEAISEED ccc2e | Hazzzo (I AIoTescs EEEER  Ro193c HIEE Moze41 L
RSeS| =il H7123E I RES4510
Hzzz27 BN Heso72 H7za54 I
Exeoocas [EEEEEE ra7azc Il
AIazzEc o HeEzes1 I
He=o41 IEEE HEzes2 NI
reisc4 || Hecess NI

ro1osS [l AATaE000 EEEER
Exiizess
AARETS1 05 [EEEE FRoS7c1 EEER
Exl087215 EEEER
ra7eso |
ra7s7s [N
H71237 DEI

METEES [
HEEETS I

Figure 3.12 The 5’ end of EST R01863 should be near the TSS of miR-122 gene.
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3.5.1.2 Identifying transcription factors of miR-122

The liver-specific miR-122 and 159 genes are the same expression pattern
among 15 normal tissues (Table 3.5). We obtained the promoter sequences of 159 genes

by using BioMart (http://www.ensembl.org/biomart/martview/). The transcription factor

binding sites are predicted through the 3000 bp upstream sequences. Only the TFs
which regulate more than two genes are retained in our data. Table 3.6 shows the TFs of
miR-122 and the number of genes were also regulated by the certain TF. It illustrates

that the same expression pattern of genes may be co-regulated by certain TFs,
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Table 3.6 The TFs co-regulate miR-122 and other genes.

. #Genes are

TFs of miR-122 i sl

MEC] 147
TEAD] 129
MESAL 126
HMGA] 115
ET%4 112
ZBTB1& 106
ZEE1 o
CYTA7R] |
ELF12 |
MNFE2 e
FOS T
FOSHE Ta
JUM T
JUNE 78
JUND Ta
I i
[RFF1 iz
ERES T
EZEl 72
TFAF2A 7l
FLALT 40
GTF2 43
MDA 47
TCFL2 45
MNFEZLL a5
CEEE] 44
GDMF 41
TRIMEAD 9

Then we tried to find the Syn-expresssion of TFs and miR-122. miR-122 is

downregulated in liver tumors of both human and rodents (85). Only 3 transcription

factors: NR3C1, KLF12 and TCF7L2 are downregulated in hepatocellular carcinoma

(the expression T1 stage > T3 stage). The three genes are most potential cis-regulatory

elements of miR-122.

59



Chapter 4 Identification of target genes of cancer-related miRNAs

Chapter 4 Identification of target genes of

cancer-related miRNAS

4.1 Introduction

In 2003, it was shown that the fly miRNA bantam targets and down regulates
the pro-apoptotic gene hid (86). Using genetic approaches, other miRNA targets had
been found in Caenorhabditis elegans before, but hid was the first target identified by
performing a genome-wide, sequence-based bioinformatic screen for targets of a
miRNA. To understand how many and what kind of genes are regulated by
cancer-related miRNAs, the direct method is to predict the miRNA target sites through
the base paring to the 3'-UTR of the mRNAS:.

The basic compesitions of algorithm to predict miRNA targets are as follows:
first, searching the 3'UTR sequence-topfind-the segments of perfect Watson-Crick
complementarity to bases 28 of the miRNA from'5' end, the segments are called
“miRNA seeds”. The seed correlated with both mRNA degradation and translational
repression (12). Second, extending each seed match to a longer “target site” or using
pairwise alignment to calculate the weight of base pairing. Third, calculating the free
energy of the miRNA:target site interaction (kcal/mol); Figure 4.5 shows a miRNA
target site which is based on seed region searching and minimum free energy

calculation.
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SMAD-1 5" UGCCU---CUGGAAAACUAUUGAGCCUUGCAUGUACUUGAAG

LEE T | I
miR-26a UCGGAUAGGACCUA == === == mm = e m = AUGAACUU §°

-21.8 kcalimol

SMAD-1 5" GAGCCUU----- GAUAAUACUUGAC
[T 11 RERER
miR-26a UCGGAUAGGACCUA--ALICAACLUD 5
-17.0 kecal/mol

Figure 4.1 Structures and energies for predicted RNA duplexes involving human miR-26a and
two target sites in the 3~ UTR of the human SMAD-1 gene, with seeds and seed matches in
red and seed extension in blue (35).

In recent years, there are several useful tools to predict the miRNA targets, it
makes easier to study the function of miRNA. But the defect is that a miRNA usually
has thousands of putative target genes and hard to define which gene is the most
significant regulated by miRNA, so it is crucial to reduce the false positive of putative
miRNA targets. In this study,” we combined with miRanda miRNA target prediction
program and array chips to significantly reduce the.number of candidate miRNA targets

and had higher predictionsrate.

4.2 Related works

Recently, many biologists haverbeen paying much more attention to the
functions of miRNAs in biological systems. Several miRNA target prediction tools
were have been developed, such as miRanda (8), TargetScan (9) and RNAhybrid (10),
for determining the energetically favored hybridization sites of small RNA to large
RNAs. Lu et al. (11) developed an miRNA microarray to measure the expression
profiles of all known miRNA in various normal tissues and tumors.

Many of the initial algorithms share a common approach of evaluating
miRNA-target complementarity first, then move to evaluating the binding site
thermodynamics to further prioritize. The putative target pool is then filtered, often by

requiring species conservation. Some of the more widely used include:
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miRanda

miRanda (http://www.microrna.org) was introduced in 2003 by researchers

Rockefeller, Memorial Sloan-Kettering, and the Columbia Genome Center. A three step
algorithm, miRanda performed the following tasks: (i) Searched for complementarity
between miRNAs and 3' UTRs with to complementarity near the 5 miRNA seed region
(i1) Calculated the thermodynamics of the binding sites

When using these parameters miRanda was able to identify many known targets
in Drosphilia and showed a false positive rate in the range of 24-39%, however, when
researchers used the multiple sites miRNAs often exhibit in their mRNA targets, this
rate improved. Additionally, updates to the original miRanda use a stricter seed pairing
rules that improve the output and more-recent updatesy including the integration of a
statistical model, further assist in improving specificity, making miRanda one of the
more widely used programs. Thesprogram is available to download from website

(Figure 4.1).
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Drosophila microRNA targets

Drosophila targets

Genome biology paper by Enright AJ, John B, Gaul U, Tuschl T, Sander C, and Marks DS.

Supplemenatry material

CELL paper by Dan Leaman, Po Yu Chen, John Fak, Abdullah Yalcin, Michael Pearce, Ulrich Unnerstall, Debora 5. Marks, Chris Sander, Thomas Tuschl, and
Ulrike Gaul.

Supplemenatry material

i

Zebrafish microRNA targets

Zebrafish miRNA targets

Search for your favorite gene/miRNA and view their targets

Genes and Development paper by Po Yu Chen, Heiko Manninga, Krasimir Slanchev, Minchen Chien, James .. Russo, Jingyue Ju, Robert Sheridan, Bino
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£%  miRanda software for microRNA target prediction (not including conservation analysis,

cBio@mskec Systems Biology@HMS Tuschl Lab@RU Gaul Lab@RU Enright®@Sanger Institute

Figure 4.2 The website of miRanda progrant.

TargetScan and TargetSeanS -
TargetScan (http;}/www.targetscaﬁ.(;rgh deviates from miRanda in that it
addresses some of the filtering at an earlier stage by requiring perfect complementarities
to the seed region of the miRNA and by selecting for species conservation. TargetScan
then follows a similar path as miRanda, evaluating the predicted targets by their
thermodynamic stability using programs from the Vienna RNA Package.
The first algorithm to be applied to human target prediction, TargetScan showed
a slightly improved false positive rate (22-31%) and could predict novel targets
relatively well. Updates to the algorithm surfaced in  TargetScanS

(http://genes.mit.edu/tscan/targetscanS2005.html), a simplified version of TargetScan

and today the miRNA-target complementarity is limited to six nucleotides of the seed
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region (bases 2-7). Figure 4.2 shows the web applications of TargetScan and

TargetScanS.

@TargefScanHuman
Prediction of microRNA targets Release 5.0: December 2008

Search for predicted microRNA targets in mammals [Go to TargetScanMouse]
[Go to TargetScanWorm]
[Go to TargetScanFly]

1. Select a species m

AND

2, Enter a human Entrez Gene symbol (e.0. "LIN28") [
ANDIOR

3. Do one of the following:

» Selec a broadly comserved” microRNA, family [Bvoadly conserved microRHA farmibes =l
+ Select a conserved” microRNA family [Consened microRHA families ]
o Seled a poorly conserved microRMNA, family |l'ou||-..- conserved micioRNA tamdies ;]

« Enter a microRMNA name (eg “mmu-miR-17)
Goto TargetScan Custom il your RNA is nol included in the microRMA families isted above
Eeiit| Rt |

* broadly conserved = consenved acoss most venebrates. usually to Tebrafish
consened = consorved across mast mammals, but usually not beyand placentsl mammals

TargetScanS: Prediction of microRNA targets

Search the database of microRNA targets conserved in 5 vertebrates:
Select a microRNA family here:
Enter human RefSeq mRNA id here: _

» detected in the vpe i not currently
interface ] i e C 2 the: bottom of
Suppleme:
Links

» Burge lab

e to Ben Lowes.

Figure 4.3 Web applications of TargetScan and TargetSanS.

RNAhybrid

RNAhybrid is a tool for finding the minimum free energy hybridization of a
long and a short RNA. The hybridization is performed in a kind of domain mode, like
the short sequence is hybridized to the best fitting part of the long one. The algorithmic
core of RNAhybrid was modified in 2006, seed match function had been added.
RNAhybrid can be used as webservice and the program is available at

http://bibiserv.techfak.uni-bielefeld.de/rnahybrid (Figure 4.3).
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BiBiServ
Bielefeld University Bioinformatics Server
Tools ) Education R Administration E—

RNAhybrid — welcome

RMNAhybrid is a tool for finding the minimum free energy hyvbridisation of a lona and a short RNA. The hybridisation is performed in a
kind of domain mode, ie. the short sequence is hybridised to the best fitting part of the long one. The tool is primarily meant as a

means for microRNA target prediction. T e
Puhlic Research assisted by RNAhybrid should cite: Submission
Marc Rehmsmeier =, Peter Steffen, Matthias Hschsmann, Robert Giegerich Download
Fast and effective prediction of microRNA/target duplexes © DL

ANA, 10:1507-1517, 2004, WebService
+ carresponding author

Contact

Figure 4.4 RNAhybrid can be used as webservice and the program is available at website.

PicTar g ! _
. - = RIS W .
PicTar (http://pictar.mdc-berlin.de/) (_Fl_gure 4.4) is an interesting algorithm that
: N
enables the prediction of:miRNA t_arg_et.s.'b.y first aiignip'g input orthologous 3> UTRs
= El l e B '
and a search set of co-exptessed miRNAS, miapping target sites, then filtering them by
= r, " - 4 '.I-
their predicted free energy. The initial version.of Pie¢Tar demonstrated similar prediction
efficacy as miRanda and TargetScan(S) but an interesting added value PicTar brings to
the table is the ability to identify targets that may be regulated by multiple miRNAs.

The validation of PicTar actually proved very useful as it illustrated the coordinate

regulation of Mtpn gene by three microRNAs.
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Welcome To PicTar

PicTar is an algorithm for the identification of microRINA targets. This searchable website provides details (3' UTR alignments with predicted sites, links to
various public databases etc) regarding:

(1) microRINA target predictions in vertebrates (Krelk et al, Nature Genetics 37-495-500 (2005))
(2) microRNA target predictions in seven Drosophila species (Griin et al, PLoS Comp. Biol 1:213 (2005))
(3) microRINA targets in three nematode species (Lall et al. Current Biology 16, 1-12 (2006
(4) human microRNA targets that are not conserved but co-expressed (ie. the microRINA and mRINA are expressed in the same tissue) (Chen and
Rajewsky, Nat Genet 38, 1452-1456 (2006)) co-expressed targets

New: co-expressed human microRNA target predictions are now available

New: homan, D. ¥ ter. and C. el microRINA target predictions are now a track of the UCSC Genome browser. Thus, bulk downloads can be
done directly from the UCSC database (use the Table Browser). Thanks to the UCSC database team. especially to Hiram Clawson.

PicTar is a project of the Rajewsky lab at NYU's Center for Comparative Functional Genomics and the Max Delbruck Centnimm_ Berlin

[ Click here for PicTar predictions in vertebrates (Krek et al 2005) and flies (Griin et al 2005) ]

[ Click here for PicTar predictions in vertebrates, flies and nematodes (Lall et al 2006) ]

[ Click here for unpublished PicTar predictions in mouse, based on analysis of 17 vertebrate genomes ]

This website is constructed by Yi-Lu Wang.
For Questions, Comments, and Critique: Please email Nikolaus Rajewslkoy.
Last update: March 26, 2007.

Links to microRINA target predictions/software from other groups (in random order):
miRanda (edition for human miRNA targets
TargetScan
RINAhybrid
Target gene prediction at EMBL
DIANA microT

[ collaboration (password protected) ]

[ lab internal PicTar projects (password protected) ]

Figure 4.5 PicTar web interface.

4.3 Meterials and Method

To predict the target genes ofcancer-related miRNAs, we applied miRanda (8) to
energetically detect the most probable targets of the miRNA against the 3’-UTR of all
genes. The program have been explored the effect of the modified rules for scoring
miRNA and target matches: reducing the number of G:U wobbles and increasing the
high match scale factor from 2 to 4 at position 2-8 from 5' end of miRNA. The 3’-UTR
sequences were obtained from the latest version of the human genome assembly
(NCBI36), 19147 of 21227 mRNA transcripts were annotated the 3’-UTR region from
BioMart system in Ensembl database (87). We adjusted the parameters of miRanda

program from the real cases (49,52) and to fit the "seed match" which is the position 2-8
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from 5' end of miRNA known to interact with perfect complementarity to its target
genes(35).

The tumor microarray datasets are used (See Table 2.2) to identify the miRNA
targets with contrary expression of miRNAs and their targets. Figure 4.6 shows the two
steps of miRNA target prediction: Step 1 is to computational analysis and predicts the
putative miRNA targets. Step 2 is to combine the tumor microarray and to find the

target genes whish are expressed contrary to the miRNAs.

Step 1: Computational analysis

miRanda program
Putative miRNA targets

Target prediction

Step 2: Integration of gene expression profiles

Cancer A p® .
-: B
Upregulated miRNA : | et
| - =4 Gene3

Gene expression profiles in cancer A

Cancer B @3

Downregulated miRNA

Figure 4.6 Refers to the gene expression profiles for miRNA target prediction.

Gene expression profiles in cancer B
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4.4 Results
4.4.1 Prediction of the miRNA targets with high

confidence

The parameters of miRanda program were adjusted to fit the real cases (the

scores are more than 140 and minimum free energy (MFE) values are lower than 10

kcal/mol will be chosen). Most known miRNA targets can be detected with the

parameters of miRanda,

Table 4.1 The list of the known miRNA targets and tested by miRanda.

target gene MFE Score
miRNAs Reference Ensembl 1D
names (miRanda) (miRanda)
hsa-let-7 NRAS Johnson-et-al., 2005 -14.33 149 ENSG00000168638
hsa-let-7b ACTGI Kiriakidou et al., 2004 -24.2 143 ENSG00000184009
hsa-let-7b RPIA Kiriakidoturet al-, 2004 -23.47 136 ENSG00000153574
hsa-let-7e SMCI1LI1 Kiriakidou et al., 2004 -23.33 169 ENSG00000072501
hsa-let-7e EIF3S1 Kiriakidou et al., 2005 -18.9 147 ENSG00000104131
hsa-miR-101  N-MYC (NMI) Lewis et al., 2003 -13.07 124 ENSG00000123609
hsa-miR-101  ENX-1(EZH2) Lewis etal., 2003 -22.41 166 ENSG00000106462
FBXWI1B
hsa-miR-103 Kiriakidou et al., 2004 -21.8 140 ENSG00000072803
(FBXW11)
hsa-miR-1 G6PD Lewis et al., 2003 -14.4 153 ENSG00000160211
hsa-miR-1 BDNF Lewis et al., 2003 -12.54 154 ENSG00000176697
hsa-miR-130a  MCSF (CSF1)  Lewis et al., 2003 -22.33 157 ENSG00000184371
Chapter 4 Identification of target genes of cancer-related miRNAs
hsa-miR-141  CLOCK K1r1ak1d0u et al., 2004 g 152 ENSG00000134852
hsa-miR-145  FLJ21308 Kiriakidou et al., 2004 -24.56 155 ENSG00000151883
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hsa-miR-15a  C220rfS Kiriakidou et al., 2004 -23.69 167 ENSG00000198792
hsa-miR-15a  DMTF1 Kiriakidou et al., 2004 -21.98 175 ENSG00000135164
hsa-miR-23a  SDF-1 (CXCL12) Lewis et al., 2003 21.07 126 ENSG00000107562
BRN-3b
hsa-miR-23a Lewis et al., 2003 -13.7 149 ENSG00000151615
(POU4F2)
hsa-miR-24 ~ MAPK14 Kiriakidou et al., 2004 -29.28 187 ENSG00000112062
hsa-miR-26a  SMADI Lewis et al., 2003 -13.96 149 ENSG00000170365
hsa-miR-34a  Deltal (DLL1)  Lewis et al., 2003 29.1 180 ENSG00000198719
hsa-miR-34a  HNI Lewis et al., 2003 -18.69 151 ENSG00000189159
hsa-miR-103  GPDI Kiriakidou et al., 2004 233 158 ENSG00000167588
hsa-miR-141  KLF5 Kiriakidou et al., 2004 2222 169 ENSG00000102554
hsa-miR-141  STE20(STK3)"" Kiriakidou ¢fal., 2004 21.35 164 ENSG00000104375
hsa-miR-145  TMOD3 Kiriakidou et al., 2004 24.9 144 ENSG00000138594
hsa-miR-196a-1 HOXBS Yektaét al;2004 -36.01 186 ENSG00000120068
hsa-miR-375  MTPN Poy et al., 2004 -12.53 120 ENSG00000105887

The “-” indicates that miRanda does not detect the miRNA target.

4.4.2 Case Study of miR-122 target prediction

In this study, we predicted miR-122 targets and using experimental verification
to test our prediction rate. Several microarray datasets were used in the target prediction,
human HCC arrays (GSE6222) and microarrays of mouse livers treated with
AlantagomiR122 (GSM77216) or scramble antagomiR122 (GSM77217) (34). The
predicted target genes with the scores more than 150 and minimum free energy (MFE)
values less than -10 kcal/mol were chosen for further study. Figure 4.7 shows that the

flowchart of miR-122 target prediction by using human and mouse microarrays. 45
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miR-122 target genes are identified as Table 4.2.

Human Mouse

HCC Array AntagonuR-122 Array

stage T3 > stage T1

T1=M and T3=H
(1.5 fold)

l a>sc

l (15 foldy

3,353 genes up-regulated
in lmman liver cancer

8,559 genes highly expressed
when silencing mmn-mik-122

Predicton of hsa-maR-112 targets
(Score & 120, MFE & 10 kealimal)

Prediction of mmu-rmif-1 17 targets
(Score & 120, MFE < 10 kealimal)

1.413 genes potentially targeted 2,582 genes potentially targeted
by hsa-nuiR-122 by mnm-miR-122

!

249 orthologons genes
potentially targeted by miR-122

Score = 150

45 candidates of nuR-122 target genes

a ! antagomir
s¢ - scramble
MFE: mummum free energy

Figure 4.7 The flowchart of miR=122 target prediction jn HCC.

32 genes are successful verified by 3' UTR luciferase reporter assay (88) (See

Table 4.3) and 89 % prediction rate in our study. We provide an efficient strategy of

miRNA target prediction in cancer study.
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Table 4.2 miR-122 target genes in human and mouse.

Human Mouse
Gene Symbol aT3/T1 |Sc-H|MFE-H [pan/c [Sc-H |MFE-M Molecular Function #Binding sites
NUMBL 3.1 181 | -20.5 45| 131 -14.5 Protein binding 8
FOXJ3 1.6 176 -21 1.7] 133 -10.6 Transcription factor 3
XPO6 2.2 174 -22.3 1.7] 125 -16.4 Nuclear protein transport 2
SLC7A1 2.6 173 | -224 1.7] 173 -23.6 Amino acid transport 4
STX6 1.6 169 | -20.9 25| 135 -17.2 Protein transport 3
AP3M2 1.6 168 | -19.9 3.0 129 -15.9 Protein trafficking 3
G6PC3 21 167 -18.4 6.1 158 -13.1 Glucose-6-phospgatase 1
GALNT10 1.6 167 | -20.4 1.9| 152 -20.5 Calcium binding 6
ARHGAP19 17 166 | -21.5 1.7] 143 -17.2 GTPase 4
RIPK5 1.8 166 -18 1.6 150 -16.6 Kinase activity 4
TPD52L2 3.0 166 -23.8 16.3| 140 -16.5 Cell proliferation 6
AKT3 2.0 165 | -18.7 21| 162 -15.6 Cell proliferation, differentiation, apoptosis 2
FUNDC2 25 165 -18 21| 161 -15.8 HCV core binding protein 4
MAPK11 3.2 165 -20.2 1.6] 123 -19.1 MAPK activity 2
ALS2CR13 2.0 162 | -17.3 6.7| 163 -17 Unknown 3
BACH2 1.8 162 -15 2.7| 140 -13.5 Transcription factor 3
ATP11A 2.0 161 -12.9 1.9 162 =18.1 Transport ions 7
SORT1 2.2 161 -16.2 2.0| 154 =15.3 Cell differentiation 2
ATP1A2 3.5 160 -17 1.5| 7182 -11.7 Ton concentration balance 7
ADAM17 1.7 159 -19 20| 122 =17 Cell cell interaction 1
DUSP2 1.8 159 | -13.4 1.6 123 =111 MAPK phosphatase 2
OSMR 25 159 | -15.8 29| 142 -15.5 Cell proliferation 4
RABIF 17 159 | -20.1 24| 139 -15.1 Small GPT regulator activity 2
PALM 2.3 156 | -15.9 16.1| 161 -18.7 Cell mobility and cell shape 3
SPRED1 2.2 156 | -21.2 1.6 145 -19:8 Activate MAPK kinase 1
AACS 1.8 155 | -13.8 1.8| 163 -17.8 isoprenoid bipgenesis 2
TBX19 21 165 | -17.2 4.3] 131 -18.1 Transcripfion factor 5
UBAP2 2.2 155 | -18.8 2.7| 181 -23.3 Ubiquitin'assoeiated protein 2
EGLN3 3.9 154 -17 1.6 137 -15.7 Apoptosis 1
NCAM1 1.9 154 | -15.2 3.8| 154 -15.2 Cell differentiation 4
MECP2 22 153 | -121 3.1 160 -26.2 Transcription 6
Cs 1.6 152 | -12.6 1.8 148 -11.9 Catalyze synthesis of citrate 3
FOXP1 1.6 152 -10.8 1.8| 167 -17.7 Transcription factor 1
RAB11FIP1 15 152 | -20.1 1.9| 133 -13.3 Protein transport 4
RAB6B 15 152 | -13.3 1.6| 164 -19.6 GTPase 5
TRIB1 21 152 -17.4 1.8 134 -12.8 Kinase activity 4
TTYH3 1.8 152 | -171 1.9] 160 -16.6 Chlorode anion channel 2
ALDOA 3.7 151 | -13.2 22| 157 -16.7 Amino acid transport 2
ANXA11 2.0 151 | -18.6 43| 139 -17.2 Calcium binding 7
CLDN18 1.7 151 -18.5 1.9] 130 -15.1 Cell and cell adhesion 4
ENTPD4 2.0 151 | -185 2.0| 131 -13.5 Calcium binding 2
NFATC2IP 2.7 151 | -19.9 22| 135 -15.2 Protein modification 4
ANK2 21 150 -12 3.1 137 -17.9 Cell proliferation 5
MEP1A 4.3 150 -17.8 1.6] 132 -12.8 Peptidase 3
NFATC1 1.8 150 | -13.1 2.3| 148 -14.9 Transcription factor 3
SLC7A11 9.5 150 | -19.5 1.6| 164 -14.4 Amino acid transport 4
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Table 4.3 Verification of miR122 target genes using the 3’UTR reporter assay. miR122-directed
repression of luciferase reporter genes bearing 3’ UTR fragments of the candidate target genes
was measured in 293T cells overexpressing wild-type miR122 or mutant miR122 (miR-122M,
mutations in the seed region). Sc-H: prediction score of miR122 “seed match” for human genes.
Non-target genes: underlined and in bold-face (88).

% of repression in

% of repression in

Gene Symbol Molecular Function Sc-H | miR-122-directed 3°UTR | miR122M-directed 3’UTR
reporter assay ( p value) reporter assay ( p value)

NUMBL Protein binding 181 20%* 40*
FOXJ3 Transcription factor 176 54%* 0
XPO6 Nuclear protein transport 174 29* 15°
SLC7A1 Amino acid transport 173 Q5% H* 0
STX6 Protein transport 169 354 ND
AP3M2 Protein trafficking 168 3QHx* ND
G6PC3 Glucose-6-phospgatase 167 22%% 0
GALNTI10 Calcium binding 167 19* 0
ARHGAP19 |GTPase 166 AN THEE ND
RIPKS5 Kinase activity 166 19% 54
TPD52L.2 Cell proliferation 166 36%* 54
AKT3 Cell proliferation, apoptosis 165 38* 0
FUNDC2 HCYV core binding protein 165 Y. 54
MAPK11 MAPK activity 165 22 5 ND
ALS2CRI3  |Unknown 162 gk 10*
SORT1 Cell differentiation 161 AN 19%% ND
ATP1A2 Ion concentration balance 160 31 54
ADAM17 Cell-cell interaction 159 28* 0
DUSP2 MAPK phosphatase 159 v 0
SPRED1 Activate MAPK kinase 156 0 ND
AACS isoprenoid biogenesis 155 14* 0
TBX19 Transcription factor 155 42% 0
UBAP2 Ubiquitin associated protein 155 32%%* 0
EGLN3 Apoptosis 154 38+ N 30%
NCAMI Cell differentiation 154 27** 0
MECP2 Transcription 153 J5kk 0
FOXP1 Transcription factor 152 S50%** 54
RABI1FIP1 |Protein transport 152 49* 54
RAB6B GTPase 152 26%** 58
TRIB1 Kinase activity 152 27** 25%*
ALDOA Amino acid transport 151 36* 0
ANXAI11 Calcium binding 151 19** 0
ENTPD4 Calcium binding 151 42% 0
NFATC2IP  |Protein modification 151 18** 0
ANK2 Cell proliferation 150 33%* 0
SLC7A11 Amino acid transport 150 35%* 15%*

*, p <0.05; ** p<0.01; *** p<0.0001; *, not significant; A, increased luciferase activity; ND, not done.
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4.4.3 Annotation of miRNA target genes

All the targets of cancer-related miRNAs were annotated their molecular

function by using Gene Ontology (59). Table 4.4 shows an example of oncomiR

miR-221, which is overexpressed in brain cancer. The function of miRNA target gene is

a important clue to discover the roles of miRNA in oncogenesis.

Table 4.4 miR-221 targets with gene expression profiles in brain cancer.

Gene Score EMBL_ID Name Expression Function
BCL2 155 M13994 bcl-2-alpha D Cell Cycle Regulators
ERBB3 148 M34309 EGFR (epidermal growth factor D Growth Factors/Growth Factor
receptor/HER3) Receptors
GFAP 154 S40719 GEAP (glial fibrillary acidic D Cytoskeletal Elements
protein)
GRIN2A 146 U09002 NMDA receptor 2A (GRIN 2A) D Neurotransmitters
IGF1 157 X57025 IGF-I (insulin-like growth factor: D Cytokines/Cytokines
1)) Receptors
MAP3K12 144 U07358 zipper protein kinase (zpk) D Kinases/Phosphatases
MYCBP 149 D50692 c-myc.binding protein (AMY-1)= D Proto-oncogene/ Oncogene
NEFH 155 X15306 NE-H"1 neurofilament protein D Miscellaneous
OLFM1 141 D82343 AMY (amylin) D Miscellaneous
PDGFRA 151 M21574 PDGFR-alpha? D Growth Factors/Growth Factor
Receptors
RIMS3 151 D87074 KIAA0237 D Unknown
SLC1A2 144 U01824 glutamate/aspartate transporter II D Solute Transporters

D = decreased expression in tumor compared to normal
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Chapter 5 Discovery regulatory networks of

oncomirs involved in different oncogenesis

5.1 Identification of tissue-specific mMiRNAs

To study the cancer-related miRNAs are with the characters of tissue-specific
and abundant in particular tissues. We analyzed the expression of 345 human miRNAs
in 40 normal human tissues. The average value of these miRNAs was used to normalize
the input data between tissues. The sample input was also normalized by quantitating
small nuclear RNAs using the TagMan MicroRNA Assay Controls. The normalization
and hierarchical clustering were reconstructed by software Hierarchical Clustering
Explorer v3.5 (83) (Figure 5.1). An unsupervised hierarchical clustering was employed
which based on the variation of expressién for each miRNA across the tissues examined

to explore the correlation‘between different tissue types.

EEEEEEE

IFROXIMAL COLON
IDISTAL COLON

Figure 5.1 Unsupervised hierarchical clustering of the normal human tissues based on the
variation of miRNA expression profiles

Tissue-specific miRNAs are as biomarkers which play important roles in
differentiation during development and have been tied to the development of specific

cancers (89), identifying the tissue-specific miRNAs involved in specific cancers could
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provide useful diagnostic information as well as potential treatment targets.

Tissue-specific mMiRNAS

The tissue-specific expressions of miRNAs were defined as those miRNAs

whose expressions are sufficient in specific tissues (Table 2.5) or 20-fold or higher in

the specific tissues compared with the mean of the other tissues (Table 2.6). Tissues

expressing the most specific miRNAs include brain, heart, skeletal muscle, and

pancreas.

Table 5.1 Tissue-specific miRNAs are detectable at sufficient levels in the specific tissue but are

undetectable in the rest of tissues.

MiRNAs Tissues
miR-122a liver
miR-216 pancreas
miR-129, miR-219, miR-330 brain
miR-302a, miR-302¢, miR-367 heart
miR-516, miR-518, miR-519d placenta
miR-215 colon

Table 5.2 miRNA expressions are >= 20-fold higher in the specific tissues compared with the

mean of the other tissues.

MiRNAs Tissues

miR-1 heart, skeletal muscle
miR-149, miR-153,miR-181a, miR-221 brain

miR-203 esophagus

miR-204 kidney

miR-206 skeletal muscle
miR-215 small intestine
miR-302d heart

miR-371, miR-372 placenta

miR-375 pancreas
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Tissue-enriched miRNAs

We selected tissue-enriched miRNAs depend on the expression is >= 5-fold
higher in the specific tissue compared with the mean of the other tissues, 23 miRNAs

were selected in Table 5.3.

Table 5.3 miRNA expression is >= 5-fold higher in the specific tissue compared with the mean
of the other tissues.

MiRNAS Tissues
miR-205, miR-145 esophagus
let-71 thyroid
miR-148a liver, pancreas
miR-30e* liver
miR-148b pancreas
miR-150 spleen
miR-190 Kidney
miR-192, miR-194 colon
miR-223 lung, spleen
miR-205 breast, prostate
miR-34a prostate
miR-142 lung, spleen
miR-196b cervix
miR-451 bladder
miR-202 testicle
miR-10b uterus
miR-150, miR-142*, miR-155, miR-146b lymph node
miR-212 stomach

Most differentially expressed miRNAs in each tissue

We normalized the miRNA expression profiles and transformed the distribution
into a standard normal distribution with Z-score which n terms of the number of
standard deviations from the mean value. The equation is as follows:

_ (Xij—X0)
v Si
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The Z-score of i th miRNA in j th tissue was denoted Z;j. There are 375 samples
of miRNA expression data i={1,2,...,375 } among 40 tissues j={1,2,...,40 }.
The Xij denotes the i th miRNA expression data in j th tissue, and Xt is the mean of i

th miRNA data in all tissues and Si is the standard deviation. The most differentially

expressed miRNAs were identified with p-value <=0.05 (See Appendix II and Figure
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Figure 5.2 Normalization of each miRNA expressions across 40 tissues, p value <0.05 was considered
statistically significant. *p<0.05; **p<0.01; ***p<0.001

5.2 Potential oncomir candidates

We combined the miRNA expression profile to identified human cancer-related
miRNAs which are highly tissue-specifically expressed or differentially expressed in
particular tissues (Table 5.4). Those miRNAs may play essential roles to maintain
stability of human cellular mechanism in particular tissues.

Table 5.4 Human cancer-related miRNAs which are differentially expressed in certain tissues.

Cancer miRNA Up/down Ref
Hepatocellular carcinoma hsa-mir-122 Down Kutay et al., 2006
Hepatocellular carcinoma hsa-mir-30e* Down Budhu et al., 2008
Hepatocellular carcinoma hsa-miR-92a-1 Down Meng et al., 2007
Hepatocellular carcinoma hsa-mir-148a Down Budhu et al., 2008
Breast cancer hsa-miR=126 Down Tavazoie et al., 2008
Breast cancer hsa-miR-205 Down Volinia et al., 2006
Colon cancer hsa-miR-192 Down. Braun et al., 2008
Colon cancer hsa-miR-194-2 Down Braun et al., 2008
Colon cancer hsa-miR-194-1 Down Braun et al., 2008
Colon cancer hsa-miR-215 Down Braun et al., 2008
Brain cancer hsa-miR-181a-1 Down Ciafre et al., 2005
Brain cancer hsa-miR=181a-2 Down Ciafre et al., 2005
Brain cancer hsa-miR=221. Up Ciafre et al., 2005
Prostate cancer hsa-miR-34a Down Ambs et al., 2008
Prostate cancer hsa-miR-92a-2 Up Volinia et al., 2006
Prostate cancer hsa-miR-99a Down Porkka et al., 2007
Pancreas cancer hsa-miR-375 Down Lee et al., 2006
Pancreas cancer hsa-miR-148a Down Bloomston et al., 2007
Pancreas cancer hsa-miR-148b Down Bloomston et al., 2007
Pancreas cancer hsa-miR-92a-1 Up Volinia et al., 2006
Pancreas cancer hsa-miR-92a-2 Up Volinia et al., 2006
Ovarian cancer hsa-miR-125b-1 Down Torio et al., 2008
Lung cancer hsa-miR-126 Down Volinia et al., 2006
Stomach cancer hsa-miR-212 Down Volinia et al., 2006

To understand the regulatory mechanism of miRNAs in cancer study, we

identified complex interactions among transcription factors, miRNAs and their target

genes. All the cis-regulatory elements and miRNA target genes had been annotated their

molecular function by using Gene Ontology (59). Related information of gene function

in different cancer are referred to the literatures.
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5.3 Results

We identified 20 oncomirs of eight cancer types from 205 cancer-related
miRNAs. Those oncomirs are most important than other cancer-related miRNAs
because their features related to tissue specificity and can directly regulate downstream
genes to result oncogenesis.

The regulatory networks were constructed by predicting the cis-regulatory
elements and miRNA targets. Some experimental validations can support our
predictions. The dotted red lines are our predictions in the networks and solid red lines
indicate that putative regulatory relationships are verified by experimental data in
published references. The solid black linessare the accomplished works in other studies

and we integrated them in our'networks.

5.3.1 Hepatocellular carcinoma

Four oncomirs: miR-122, miR-148a, miR-30e* and miR-92 are downregulated
in hepatocellular carcinoma (HCC). Figure 5.:3"shows the regulatory networks of those
oncomirs. Several cis-regulatory elements-of oncomirs are down-expressed (T1 stage>
T3 stage) and may result their targets dowregulated. The gene NR3C1 is a receptor for
glucocorticoids that can act as both a transcription factor and as a regulator of other
transcription factors. The glucocorticoids can attenuate the response of estrogen which
is a risk factor for breast cancer (90). Besides, it controls all the oncomiRs in HCC in
our prediction and the dowregulated of NR3C1 may infect the expression of oncomiRs.
Recent study indicates TCF7L2 which had been thought to boost malignant cell growth
instead as a transcriptional repressor that restricts colorectal cancer (CRC) cell growth
(13). It is one of putative target of transcription factor and tumor suppressor TP53 in

TRANSFAC database.
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The overexpression of transcription factors and nuclear factor of activated
T-cells ¢c1 (NFATCI1) will activate its target gene autotaxin (ATX). ATX is known to
stimulate migration of tumor cells (91).

One of the miR-122 targets in our prediction, ADAMI7 (a disintegrin and
metalloprotease 17) have been experimentally verified, miR-122 can silence ADAM17
and resulted reduction of migration, invasion of tumors in the livers of nude mice (88).
Three oncomirs: miR-122, miR-148 and miR-30e*, can silence transcription factor
SOX4 and miR-122 can also silence NRP1 which is one of SOX4 targets and plays an

important role in tumor metastasis of mouse livers (88).

B miRNA

@ Transcription factor

m ® Coding gene

N N
Migration of tumor cells Melanogenesis Migration of tumor cells Migration of tumor cells
(Seifert et al., 2009) (Rousseau et al, 2007) (Tsai et al., 2009) (Liao et al., 2008)

Figure 5.3 Oncomir regulatory network in HCC, all the oncomiRs and their cis-regulatory
elements are downregulated and oncomir target genes are overexpressed in microarray data.

5.3.2 Brain cancer

Figure 5.4 shows the regulatory network in brain cancer, miR-181a-1 and
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miR-181a-2 are down regulated and miR-221 is upregulated in this study. The human
GSTPI gene is frequently overexpressed in many human cancers and the expression
increases with tumor progression, the presence of a cAMP response element (CRE) in
the 5'-region of the human GSTP1 gene, raising the possibility that the cAMP signaling
pathway to active CRE (Ser133) binding protein-1 (CREB1) (92). CREBI1 is one of the
cis-regulatory elements of miR-221 in our prediction. Overexpression of miR-221 was
shown to cause downregulation of cyclin-dependent kinase (CDK) inhibitors
CDKNI1C/p57 and promoted cell cycle progression (93).

hsa-mir-181a functions as tumor suppressors in human glioma cells (94).
Downexpression of hsa-mir-181a may cause upregulation of oncogenes like CKSIB,

FOS and ADM.

B miRNA

@ Transcription factor

@ Coding gene

miR-181a-1 miR-181a-2
CKS1B w CDKN1C MYCBP

Active cell proliferation
(Medina et al., 2008)

Figure 5.4 miR-181a-1 and -2 are downregulated and miR-221 is upregulated in brain cancer.
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5.3.3 Colon cancer
The miR-200 family of miRNAs plays a major role in specifying the epithelial

phenotype by preventing expression of the transcription repressors, ZEB1(95). ZEB1 is
a putative cis-regulatory element of miR-215, miR-194-1, miR-194-2 and miR-192
(Figure 5.5). ZEB1 and their target oncomirs are downregulated in colon cancer.

CD47 and MYLK are common targets of 4 oncomirs in colon cancer. Myosin
light chain kinase 2, skeletal muscle (MYLK?2) encodes a
calcium/calmodulin-dependent serine/threonine kinase. In a recent study, MYLK2 gene
was somatically mutated in colorectal carcinomas. The aim of this study was to explore
the possibility that other common human: earcinomas besides colorectal carcinomas
harbored MYLK2 mutations“in the kinase domain. (96). MYLK?2 is also specifically
related to prostate carcinema (97).—This| enzyme catalyzes the phosphorylation of a
specific serine residue on the 20 kD light chain of myosin IT (MCL20), consequently
regulating the actin-myosin Il interaction. :since MLC20 phosphorylation is necessary
for cell motility, MYLK inhibitionrblocks cancer€ell'invasion and adhesion in vitro. As
a result, some reports described the use of MYLK inhibitors as anti-cancer agents since

they prevent cancer cells migration (97).
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Figure 5.5 Oncomirs miR—2_15 ,mIR—194-1,rr714iR:i 94-2 and miR-192 are downregulated in colon
cancer, the miR-200 family may be . invelved in their upstream regulation.
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5.3.4 Breast cancer: :
TFAP4 is the cis-regulatory element of miR-205 and miR-126 which are

downregulated in breast cancer (Figure 5.6). The interesting is that the oncogene c-FOS
or the name FOS in HGNC symbol was downregulated in the network of breast cancer.
It plays a role in a variety of physiological functions including cell proliferation and
differentiation, but in recent studies have raised the idea that c-Fos may also have
tumour-suppressor activity and might have a function in apoptosis(98).

In recent studies, the team led by Joan Massagué (23) found that miR-335,
miR-126, and miR-206 are metastasis-suppressor miRNAs. To identify these miRNAs,
they compared miRNA expression of the metastatic nodules versus the unselected breast

cancer parental cells. These miRNAs were consistently downregulated in metastatic
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tumors. Moreover, the authors found that restoring the expression of miR-335, miR-126,
and miR-106 significantly decreased the number of metastatic foci. The cytometry
analysis from Zhang et al. (99) showed that mir-126 targeted IRS-1 and inhibited cell
cycle progression from G1/G0 to S. RPS6KBI1 is amplified and overexpressed in
10-30% of primary breast cancers and breast cancer cell lines (100-102). This gene is a
serine/threonine kinase and plays a crucial role in control of cell cycle, growth and
survival.

B miRNA

w Transcription factor

B Coding gene

MYBL2 RPS6KB1 BCL2 CDha4 GATA3 IRS1

Cell proliferation
(Zhang et al., 2008)

Figure 5.6 miR-205 and miR-126 are downregulated in breast cancer.

5.3.5 Lung cancer

The oncomir miR-142 was upregulated in lung cancer. The regulatory network is
shown in Figure 5.7. TFAP2A and CREBI can activate miR-142 expression in our
prediction. Recent studies have shown that AP-2alpha (TFAP2A) and AP-2gamma
(TFAP2C) have tumor-suppressive activity in breast cancer, melanoma, and prostate

cancer cells. Decreased expression of TFAP2A or TFAP2A has been found in these
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tumor cells and is associated with disease progression and the metastatic capabilities of
the tumors (103). But in lung cancer, upregulated expression of TFAP2A activates
human telomerase reverse transcriptase (W"TERT) which is hallmark of tumorigenesis in
lung cancer (104).

The miR-142 target, LATS2, is one of LATS tumour suppressor family which
plays an important role in the control of tumour development and cell cycles (105).
LATS1 and LATS2 are functionally conserved and regulate the cell cycle progression
and apoptosis. LATS1 is implicated in the regulation of the cell cycle at the G2/M and

LATS?2 at the G1/S phases (106).

E miRNA

wm Transcription factor

m Coding gene

LATS2

Figure 5.7 miR-142 is upregulated In lung cancer.

5.3.6 Ovarian cancer

FOS (c-Fos) is the putative cis-regulatory element of oncomir miR-125b in
ovarian cancer. Mahner found that loss of FOS expression is associated with tumour
progression in ovarian carcinoma and that FOS may be a prognostic factor (107). The

downregulation of miR-125b may cause upregulation of oncogenes like BCL2, VEGFA
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and MUCI in our prediction (Figure 5.8).

The 3 potential miR-125b targets are involved oncogenesis. BCL2 (for B cell
lymphoma gene-2) proteins are associated with membranes and membrane activity. The
BCL2 protein is a part of a complex system of signaling that controls apoptosis. Bufalo
et al. shows that overexpression of BCL2 enhances the metastatic potential of a human
breast cancer (94). Vascular endothelial growth factor A (VEGFA) is critical to
angiogenesis. Evidence shows that VEGFA stimulates angiogenesis in tumor growth
and mediates neuroprotection to prevent an apoptotic cell death (108). Mucin core
protein 1 (MUCI1) is associated with invasive growth of neoplasms (109). It is
emphasized in most cases of carcinoma and high expression of MUCI is closely

associated with cancer progression and metastasis (110).

B miRNA

m Transcription factor

m Coding gene

BCL2 VEGFA MUC1

Figure 5.8 miR-125b is downregulated in ovarian cancer.
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5.3.7 Prostate cancer

In prostate cancer, miR34a and miR99a are down regulated and miR-92a is
upregulated (Figure 5.9). One of the cis-regulatory element of miR-34a and miR-99a,
JUNB is an essential upstream regulator of pl6 which is a tumor suppressor protein
(111), and contributes to maintain cell senescence that blocks malignant transformation.
Gene expression profiling showed the cis-regulatory element of miR-92a, HSD17B4, to
be significantly overexpressed in prostate cancer compared to matched-benign
epithelium (112). This gene also overexpressed in metastatic samples compared to
primary tumor samples (69).

Gene IGFI1R, the type 1 insulinslike growth factor receptor, is the target of both
miR-99a and miR34a. IGFIR is overexpressed in, prostate cancer, and mediates
proliferation, motility, andssurvival, silencing of the. IGFIR gene enhances sensitivity to
DNA-damaging agents in both PTEN wild-type and mutant human prostate cancer
(113). E2F transcription faetors, including miR-34a target gene E2F3, directly modulate
expression of EZH2. Recently,‘overexpression of the ' EZH2 gene has been implicated in
the development of human prostate cancer (114). Another miR-34a target, DDX17 (p72)
may affect the transcriptional activity of B-catenin in colon cancer cell and promote
c-Myc, cyclin D1, c-jun, and fra-1, all of which are proto-oncogenes (19). DUSPS is a
direct target of p53, it represents a novel mechanism by which p53 might negatively

regulate cell-cycle progression (115).
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5.3.8 Pancreatic cancer

Figure 5.10 shows the regulatory network in pancreatic cancer, miR-92a is
upregulated and miR-375 is downregulated. E2F1 and ETV4 are two cis-regulatory
elements of miR-92a. E2F1 is a transcriptional factor that mediates cell cycle
progression from G1 to S phase, thereby influencing tumor progression. ETV4 is one of
ETS-family factors play major roles in development and cancer, notably as critical
targets for extra-cellular signaling pathways, including MAPK-signaling, ETV4 also
involves in pancreatic development (116).

Most pancreatic cancers correspond to ductal adenocarcinoma (DAC), which

88



Chapter 5 Discovery regulatory networks of oncomirs involved in different oncogenesis

develops from epithelium in a multistep process(117), the miR-375 target gene MUC4 is
a transmembrane mucin expressed in pancreatic ductal adenocarcinoma (DAC) in
contrast to normal pancreas, and is an independent predictor of poor prognosis in
patients with invasive DAC (118). Recent study shows transcription factor TFAP2A can
repress MUC4 (118) and TFAP2A is also cis-regulatory element of miR-375 gene.

The miR-92 target gene FBN2, a large modular extracellular matrix
glycoprotein, is known to be a key component of human elastic fiber. A loss of FBN2

expression due to promoter methylation was recently identified in pancreatic cancer

(119).

B miRNA

w Transcription factor
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NTRK2 SYNCRIP TXNRD1 FBN2

.

Cell proliferation and invasion
(Fauguette et al., 2007)

Figure 5.10 Upregulation of miR-92a and downregulation of miR-375 in pancreatic cancer.
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Chapter 6 Discussions

Selbach et al. suggest that a miRNA can tune protein synthesis from thousands
of genes by direct or indirect effects (12), in our study, we found many miRNAs are
uniquely and differentially expressed in certain cancer tissues as compared with normal
tissues. Some miRNAs may be directly involved in cancer development by controlling
cell differentiation and apoptosis, while others may be involved in cancers by targeting
cancer oncogenes and/or tumor Suppressors.

We discovered several novel regulatory pathways among miRNAs and coding
genes or transcription factors in different cancer types. Some predicted regulatory
pathways were verified by experiment in our previous study. In some cases we found
the same miRNAs may be,involved in different tumorgenesis, for example, miR-92a
was both upregulated in sprostate and pancreatic cancer=but played different roles, in
prostate cancer, it inhibits Dual-spegificity phosphatase 5. (DUSPS) which can suppress
the growth of several typés 'of 'human ‘cancer cells (115) but in pancreatic cancer,
miR-92 regulated epithelial membrane-protein*1 (EMP1) which is implicated in
promoting tumorigenesis (65).

Some data in the literature support our computational predictions. For example,
the recent study indicates that miR-181a functions as tumor suppressors in human brain
glioma cells (94). In our study, we found that miR-181a is enriched in normal brain
tissue but downregulated in most brain cancer cells. We integrated the gene expression
data in brain cancer (120) and predicted c-fos (FOS) and adrenomedullin (ADM) may
be the target gene of miR-181a. ADM is highly expressed in brain cancer and it is an
angiogenic factor that has also been shown to be a mitogen and a hypoxia survival

factor for tumour cells. Overexpression of FOS was found to inhibit cell cycle
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progression, stimulated murine hepatocyte cell death and strongly suppressed tumour
formation in vivo (121).

FOS plays dual roles in different networks; it can be a oncogene or a tumor
suppressor gene. Mahner found that loss of FOS expression is associated with tumour
progression in ovarian carcinoma and that FOS may be a prognostic factor (107). In our
study, downregulation of FOS is the cis-regulatory element of miR-205 in breast cancer

and miR-125b in ovarian cancer and FOS may play tumor suppressor function.
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Chapter 7 Conclusion

Cancer remains the No.l killer in Taiwan, according to the report from
Department of Health, Executive Yuan, R.O.C. (Taiwan), 40,305 people were killed in
2007 (Data source: http://www.doh.gov.tw/CHT2006/index populace.aspx). On
average, cancer claims a life in Taiwan about every 13 minutes.

There are five major steps for cancer development: initiation, promotion,
malignant conversion, progression, and metastasis. The formation of cancer is the
combined interaction of tumor suppressor genes and cancer inducer genes (oncogenes).
Although several genes, including oncogenes and tumor suppressor genes, have been
identified in human genomes, most of the meéchanism of cancer formation is still
unknown. Recent studies indicate miRNAS may provide,new insight in cancer research.
Using up- or downregulated.expression of.the cancef“related miRNAs is a good
approach to study the function of miRINAs in cancer pathegenesis.

We developed a systematic*analysis method by to identify the roles of miRNAs
in cancers. 205 cancer-related miRNAs were collected in the first step, and then their
transcription start sites (TSS) were identified by experimental and computational data.
We analyzed cis-regulatory elements from promoter regions as 3-kb segment
upstreams of TSS by using Match program with TRANSFAC database. All the putative
transcription factors were involved in syn-regulated expression patterns of miRNA and
coding genes among 15 tissues. After understanding the potential elements result up or
downregulation of miRNAs, we analyzed the cancer-related miRNA functions. The
cancer-related miRNA targets were predicted by miRanda program and the expression
of miRNA targets were checked by tumor microarray data. We selected the

tissue-specific miRNAs which were most differentially expressed in certain tissues. All
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the cis-regulatory elements and miRNA target genes were annotated the molecular
function by Gene Ontology database. Finally the miRNA regulatory networks were
identified in 8 cancers. Understanding of the function of miRNAs can provide the new

insights on the mechanism of tumorgenesis, and new biomarkers for cancer.
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Appendix | Cancer-related miRNAs

Table Al List of up or down regulated miRNAs that are reported in the literature in different human

cancers or cancer cell lines

Cancer MiRNA Up/Down Reference
B-cell lymphoma hsa-miR-16-1 Down Eis et al., 2005
hsa-miR-143 Down He et al., 2005
hsa-mir-17 Down He et al., 2005
hsa-miR-145 Down O'Donnell et al., 2005
hsa-miR-19a Up Eis et al., 2005
. Esquela-Kerscher and Slack,
hsa-miR-155 Up 2006
. Esquela-Kerscher and Slack,
hsa-miR-221 Up 2006
. Esquela-Kerscher and Slack,
hsa-miR-222 Up ) 08 6
hsa-miR-92a-1 Up He et al., 2005
hsa-miR-142 Up O'Donnell et al., 2005
Bladder cancer hsa-miR-21 Up Neely et al., 2008
hsa-niiR-205 Up Neely et al., 2008
hsa-miR-223 Up Gottardo et al., 2007
hsa-miR-26b Up Gottardo et al., 2007
hsa-miR-221 Up Gottardo et al., 2007
hsa-miR-103-1 Up Gottardo et al., 2007
hsa-miR-185 Up Gottardo et al., 2007
hsa-miR-23b Up Gottardo et al., 2007
hsa-miR=203 Up Gottardo et al., 2007
hsa-miR-17 Up Gottardo et al., 2007
hsa-miR-23a Up Gottardo et al., 2007
hsa-miR=205 Up Gottardo et al., 2007
hsa-miR-205 Up Gottardo et al., 2007
Brain cancer hsa-miR-181a-1 Down Ciafre et al., 2005
hsa-miR-21 Up Ciafre et al., 2005
hsa-miR-221 Up Ciafre et al., 2005
Breast cancer hsa-miR-10b Down Torio et al., 2005
hsa-miR-125b-1 Down Torio et al., 2005
hsa-miR-145 Down Torio et al., 2005
hsa-miR-21 Up Chan et al., 2005
hsa-miR-155 Up Iorio et al., 2005
hsa-miR-21 Up Iorio et al., 2005
hsa-miR-21 Up Volinia et al., 2006
hsa-miR-29b-2 Up Volinia et al., 2006
hsa-miR-146 Up Volinia et al., 2006
hsa-miR-125b-2 Down Volinia et al., 2006
hsa-miR-125b-1 Down Volinia et al., 2006
hsa-miR-10b Down Volinia et al., 2006
hsa-miR-145 Down Volinia et al., 2006
hsa-miR-181a-1 Up Volinia et al., 2006
hsa-miR-140 Down Volinia et al., 2006
hsa-miR-213 Up Volinia et al., 2006
hsa-miR-29a Up Volinia et al., 2006
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hsa-miR-181b-1 Up Volinia et al., 2006
hsa-miR-199b Up Volinia et al., 2006
hsa-miR-29b-1 Up Volinia et al., 2006
hsa-miR-130a Down Volinia et al., 2006
hsa-miR-155 Up Volinia et al., 2006
hsa-let-7a-2 Down Volinia et al., 2006
hsa-miR-205 Down Volinia et al., 2006
hsa-miR-29¢ Up Volinia et al., 2006
hsa-miR-224 Down Volinia et al., 2006
hsa-miR-100 Down Volinia et al., 2006
hsa-miR-31 Up Volinia et al., 2006
hsa-miR-30c Down Volinia et al., 2006
hsa-miR-17-5p Up Volinia et al., 2006
hsa-miR-210 Up Volinia et al., 2006
hsa-miR-122 Up Volinia et al., 2006
hsa-miR-16-2 Down Volinia et al., 2006
hsa-miR-373 Up Huang et al., 2008
hsa-miR-335 Down Tavazoie et al.,2008
hsa-miR-126 Down Tavazoie et al.,2008
Cervix cancer hsa-miR-145 Down ggglgela-l(erscher and Slack,
hsafhiR-143 Down Esquela-Kerscher and Slack,
2006
hsa-miR-143 Down Lui et al., 2007
hsa-miR-21 Up Lui et al., 2007
Cholangiocarcinoma cell line hsa-miR-141 Up Meng et al., 2006
hsa-miR-200b Up Meng et al., 2006
hsa-miR-21 Up Meng et al., 2006
hsa-miR-15a Down Calin et al., 2004
hsa-miR-16-1 Down Calin et al., 2004
hsa-miR-15a Down Cimmino et al., 2005
hsa-miR=16-1 Down Cimmino et al., 2005
CNS Tumor-derived cell line hsa-let-7d Down Gaur et al, 2007
hsa-let-7g Down Gaur et al, 2007
hsa-let-7i Down Gaur et al, 2007
hsa-miR-103-1 Down Gaur et al, 2007
hsa-miR-107 Down Gaur et al, 2007
hsa-miR-128-1 Down Gaur et al, 2007
hsa-miR-128-2 Down Gaur et al, 2007
hsa-miR-129-1 Down Gaur et al, 2007
hsa-miR-134 Down Gaur et al, 2007
hsa-miR-135a-1 Down Gaur et al, 2007
hsa-miR-137 Down Gaur et al, 2007
hsa-miR-138-1 Down Gaur et al, 2007
hsa-miR-138-2 Down Gaur et al, 2007
hsa-miR-148b Down Gaur et al, 2007
hsa-miR-149 Down Gaur et al, 2007
hsa-miR-153-1 Down Gaur et al, 2007
hsa-mir-17 Down Gaur et al, 2007
hsa-miR-181a-1 Down Gaur et al, 2007
hsa-miR-181a-1 Down Gaur et al, 2007
hsa-miR-181b-1 Down Gaur et al, 2007
hsa-miR-181¢ Down Gaur et al, 2007

106



hsa-miR-187 Down Gaur et al, 2007
hsa-miR-191 Down Gaur et al, 2007
hsa-miR-192 Down Gaur et al, 2007
hsa-miR-194-1 Down Gaur et al, 2007
hsa-miR-197 Down Gaur et al, 2007
hsa-miR-203 Down Gaur et al, 2007
hsa-miR-20a Down Gaur et al, 2007
hsa-miR-212 Down Gaur et al, 2007
hsa-miR-219-1 Down Gaur et al, 2007
hsa-miR-26b Down Gaur et al, 2007
hsa-miR-30b Down Gaur et al, 2007
hsa-miR-30b Down Gaur et al, 2007
hsa-miR-30c-1 Down Gaur et al, 2007
hsa-miR-30d Down Gaur et al, 2007
hsa-miR-32 Down Gaur et al, 2007
hsa-miR-323 Down Gaur et al, 2007
hsa-miR-324 Down Gaur et al, 2007
hsa-miR-324 Down Gaur et al, 2007
hsa-miR-328 Down Gaur et al, 2007
hsa-miR-330 Down Gaur et al, 2007
hsa-miR-331 Down Gaur et al, 2007
hsa-miR-338 Down Gaur et al, 2007
hsa-miR-340 Down Gaur et al, 2007
hsa-miR-345 Down Gaur et al, 2007
hsa-miR-346 Down Gaur et al, 2007
hsa-miR-34a Down Gaur et al, 2007
hsa-miR-34a Down Gaur et al, 2007
hsa-miR-361 Down Gaur et al, 2007
hsa-miR=3760 Down Gaur et al, 2007
hsa-miR-382 Down Gaur et al, 2007
hsa-miR-383 Down Gaur et al, 2007
hsa-miR-425 Down Gaur et al, 2007
hsa-miR-7-1 Down Gaur et al, 2007
hsa-miR-7-1 Down Gaur et al, 2007
hsa-miR-98 Down Gaur et al, 2007
hsa-miR-10a Up Gaur et al, 2007
hsa-miR-196a-1 Up Gaur et al, 2007
hsa-miR-196a-2 Up Gaur et al, 2007
hsa-miR-196b Up Gaur et al, 2007
Colon cancer hsa-miR-130a Down Lu et al, 2005
hsa-miR-181a-1 Down Lu et al, 2005
hsa-miR-21 Up Chan et al., 2005
hsa-miR-145 Down Schepeler et al., 2008
hsa-miR-455 Down Schepeler et al., 2008
hsa-miR-484 Down Schepeler et al., 2008
hsa-miR-101-1 Down Schepeler et al., 2008
hsa-miR-101-2 Down Schepeler et al., 2008
hsa-miR-20a Up Schepeler et al., 2008
hsa-miR-510 Up Schepeler et al., 2008
hsa-miR-92a-1 Up Schepeler et al., 2008
hsa-miR-513a-1 Up Schepeler et al., 2008
hsa-miR-24-1 Up Volinia et al., 2006
hsa-miR-29b-2 Up Volinia et al., 2006
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hsa-miR-20a Up Volinia et al., 2006
hsa-miR-10a Up Volinia et al., 2006
hsa-miR-32 Up Volinia et al., 2006
hsa-miR-203 Up Volinia et al., 2006
hsa-miR-106a Up Volinia et al., 2006
hsa-miR-17-5p Up Volinia et al., 2006
hsa-miR-30c Up Volinia et al., 2006
hsa-miR-223 Up Volinia et al., 2006
hsa-miR-126 Up Volinia et al., 2006
hsa-miR-128b Up Volinia et al., 2006
hsa-miR-21 Up Volinia et al., 2006
hsa-miR-24-2 Up Volinia et al., 2006
hsa-miR-99b prec Up Volinia et al., 2006
hsa-miR-155 Up Volinia et al., 2006
hsa-miR-213 Up Volinia et al., 2006
hsa-miR-150 Up Volinia et al., 2006
hsa-miR-107 Up Volinia et al., 2006
hsa-miR-191 Up Volinia et al., 2006
hsa-miR-221 Up Volinia et al., 2006
hsa-miR-9-3 Down Volinia et al., 2006
ColonTumor-derived cell line hsa-miR-130a Down Gaur et al, 2007
hsa-miR-148a Down Gaur et al, 2007
hsa-miR-15a Down Gaur et al, 2007
hsa-miR-214 Down Gaur et al, 2007
hsa-miR-378 Down Gaur et al, 2007
hsa-miR-422a Down Gaur et al, 2007
hsa-miR-424 Down Gaur et al, 2007
Colorectal neoplasia hsa-miR-133b Down Bandres et al., 2006
hsa-miR=145 Down Bandres et al., 2006
hsa-miR-143 Down Michael et al., 2003
hsa-miR-145 Down Michael et al., 2003
hsa-miR-135b Up Bandres et al., 2006
hsa-miR-183 Up Bandres et al., 2006
hsa-miR-31 Up Bandres et al., 2006
hsa-miR-96 Up Bandres et al., 2006
Esophageal cancer hsa-miR-103-1 Up Guo et al., 2008
hsa-miR-107 Up Guo et al., 2008
Glioblastoma hsa-miR-181a-1 Down Ciafre et al., 2005
hsa-miR-30c-1 Down Ciafre et al., 2005
hsa-miR-10b Up Chan et al., 2005
hsa-miR-21 Up Chan et al., 2005
Head and neck cancer cell lines  hsa-miR-127 Down Tran et al., 2007
hsa-miR-133a-1 Down Tran et al., 2007
hsa-miR-133b Down Tran et al., 2007
hsa-miR-154 Down Tran et al., 2007
hsa-miR-200c¢ Down Tran et al., 2007
hsa-miR-212 Down Tran et al., 2007
hsa-miR-302b Down Tran et al., 2007
hsa-miR-302¢ Down Tran et al., 2007
hsa-miR-302d Down Tran et al., 2007
hsa-miR-328 Down Tran et al., 2007
hsa-miR-340 Down Tran et al., 2007
hsa-miR-342 Down Tran et al., 2007
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hsa-miR-345 Down Tran et al., 2007
hsa-miR-346 Down Tran et al., 2007
hsa-miR-371 Down Tran et al., 2007
hsa-miR-373 Down Tran et al., 2007
hsa-miR-375 Down Tran et al., 2007
hsa-miR-378 Down Tran et al., 2007
hsa-miR-382 Down Tran et al., 2007
hsa-miR-449a Down Tran et al., 2007
hsa-let-7a-1 Up Tran et al., 2007
hsa-let-7b Up Tran et al., 2007
hsa-let-7¢ Up Tran et al., 2007
hsa-let-7d Up Tran et al., 2007
hsa-let-7f-1 Up Tran et al., 2007
hsa-miR-100 Up Tran et al., 2007
hsa-miR-103-1 Up Tran et al., 2007
hsa-miR-107 Up Tran et al., 2007
hsa-miR-125b-1 Up Tran et al., 2007
hsa-miR-15a Up Tran et al., 2007
hsa-miR-15b Up Tran et al., 2007
hsa-miR-16-1 Up Tran et al., 2007
hsa-miR-16=2 Up Tran et al., 2007
hsa-miR-18a Up Tran et al., 2007
hsa-miR-19a Up Tran et al., 2007
hsa-miR-200a Up Tran et al., 2007
hsa-miR-200b Up Tran et al., 2007
hsa-miR-205 Up Tran et al., 2007
hsa-miR-21 Up Tran et al., 2007
hsa-miR-22 Up Tran et al., 2007
hsa-miR=221 Up Tran et al., 2007
hsa-miR-23a Up Tran et al., 2007
hsa-miR-23b Up Tran et al., 2007
hsa“miR-24-1 Up Tran et al., 2007
hsa-miR-27a Up Tran et al., 2007
hsa-miR-28 Up Tran et al., 2007
hsa-miR-29b-2 Up Tran et al., 2007
hsa-miR-30b Up Tran et al., 2007
hsa-miR-31 Up Tran et al., 2007
hsa-miR-320a Up Tran et al., 2007
hsa-miR-361 Up Tran et al., 2007
hsa-miR-98 Up Tran et al., 2007
Elrf:lat()k)glc Tumor-derived cell hsa-miR-10a Down Gaur et al, 2007
hsa-miR-196b Down Gaur et al, 2007
hsa-miR-27b Down Gaur et al, 2007
hsa-miR-28 Down Gaur et al, 2007
Hepatocellular carcinoma hsa-miR-125a Down Murakami et al., 2006
hsa-miR-18a Down Murakami et al., 2006
hsa-miR-195 Down Murakami et al., 2006
hsa-miR-199b Down Murakami et al., 2006
hsa-miR-199a-1 Down Murakami et al., 2006
hsa-miR-199a-2 Down Murakami et al., 2006
hsa-miR-200a Down Murakami et al., 2006
hsa-miR-224 Down Murakami et al., 2006




hsa-mir-199a-1
hsa-mir-199a-2
hsa-mir-150
hsa-mir-200b
hsa-mir-214
hsa-mir-223
hsa-mir-145
hsa-mir-130a
hsa-miR-181a-1
hsa-mir-136
hsa-mir-141
hsa-mir-142
hsa-mir-143
hsa-mir-195
hsa-mir-9-1
hsa-mir-29¢
hsa-mir-95
hsa-mir-137
hsa-mir-147
hsa-mir-185
hsa-mir-198
hsa-mir-204
hsa-mir-218-2
hsa-mir-302b
hsa-mir-145
hsa-mir-145
hsa-mir-139
hsa-mir-214
hsa-mir-215
hsa-mir-122
hsa-mir-122
hsa-mir-199a-1
hsa-mir-199a-2
hsa-mir-122
hsa-miR-92a-1
hsa-mir-125b-2
hsa-mir-125a
hsa-mir-101-1
hsa-mir-199a-1
hsa-mir-199a-2
hsa-mir-139
hsa-mir-214
hsa-mir-200b
hsa-mir-223
hsa-mir-150
hsa-mir-214
hsa-mir-30c-1
hsa-mir-1-2
hsa-mir-34a
hsa-mir-19a
hsa-mir-148a
hsa-mir-148b
hsa-mir-9-2

Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Gramantieri et al., 2007
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Varnholt et al., 2008
Wang et al., 2008
Wang et al., 2008
Wang et al., 2008
Kutay et al., 2006
Kutay et al., 2006
Laderio et al., 2008
Laderio et al., 2008
Laderio et al., 2008
Meng et al., 2007
Meng et al., 2007
Meng et al., 2007
Meng et al., 2007

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008

Jiang et al., 2008
Budhu et al., 2008
Budhu et al., 2008
Budhu et al., 2008
Budhu et al., 2008
Budhu et al., 2008
Budhu et al., 2008
Budhu et al., 2008
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hsa-miR-194-1 Down Budhu et al., 2008

hsa-mir-30a Down Budhu et al., 2008
hsa-mir-126 Down Budhu et al., 2008
hsa-let-7g Down Budhu et al., 2008
hsa-mir-15a Down Budhu et al., 2008
hsa-mir-30e Down Budhu et al., 2008
hsa-mir-223 Down Queenie et al., 2008
hsa-mir-126 Down Queenie et al., 2008
hsa-mir-122 Down Queenie et al., 2008
hsa-mir-222 Up Queenie et al., 2008
hsa-mir-221 Up Queenie et al., 2008
hsa-mir-31 Up Queenie et al., 2008
hsa-mir-338 Up Budhu et al., 2008
hsa-mir-219-1 Up Budhu et al., 2008
hsa-mir-185 Up Budhu et al., 2008
hsa-miR-224 Up Murakami et al., 2006
hsa-let-7a-1 Up Huang et al., 2008
hsa-let-7b Up Huang et al., 2008
hsa-let-7¢ Up Huang et al., 2008
hsa-let-7g Up Huang et al., 2008
hsa-let-7i Up Huang et al., 2008
hsa-mir-22 Up Huang et al., 2008
hsa-mir-98 Up Huang et al., 2008
hsa-mir-126 Up Huang et al., 2008
hsa-mir-195 Up Huang et al., 2008
hsa-mir-21 Up Huang et al., 2008
hsa-mir-10a Up Varnholt et al., 2008
hsa-mir-15a Up Varnholt et al., 2008
hsa-mir-16-1 Up Varnholt et al., 2008
hsa-mir+16-2 Up Varnholt et al., 2008
hsa-mir-100 Up Varnholt et al., 2008
hsa-mir-122 Up Varnholt et al., 2008
hsa-mir-299 Up Varnholt et al., 2008
hsa-mir-326 Up Varnholt et al., 2008
hsa-mir-370 Up Varnholt et al., 2008
hsa-mir-21 Up Varnholt et al., 2008
hsa-mir-9-1 Up Wang et al., 2008
hsa-mir-25 Up Wang et al., 2008
hsa-mir-96 Up Wang et al., 2008
hsa-mir-301a Up Wang et al., 2008
hsa-mir-21 Up Wang et al., 2008
hsa-mir-221 Up Wang et al., 2008
hsa-mir-137 Up Wang et al., 2008
hsa-mir-151 Up Wang et al., 2008
hsa-mir-155 Up Wang et al., 2008
hsa-mir-182 Up Wang et al., 2008
hsa-mir-183 Up Wang et al., 2008
hsa-mir-186 Up Wang et al., 2008
hsa-mir-216a Up Wang et al., 2008
hsa-mir-222 Up Wang et al., 2008
hsa-mir-324 Up Wang et al., 2008
hsa-mir-374a Up Wang et al., 2008
hsa-mir-224 Up Wang et al., 2008
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hsa-mir-21 Up Kutay et al., 2006
hsa-mir-20a Up Kutay et al., 2006
hsa-mir-23a Up Kutay et al., 2006
hsa-mir-23b Up Kutay et al., 2006
hsa-mir-24-1 Up Kutay et al., 2006
hsa-mir-93 Up Kutay et al., 2006
hsa-mir-99b Up Kutay et al., 2006
hsa-miR-103-1 Up Kutay et al., 2006
hsa-mir-106a Up Kutay et al., 2006
hsa-mir-106b Up Kutay et al., 2006
hsa-mir-130a Up Kutay et al., 2006
hsa-mir-219-1 Up Kutay et al., 2006
hsa-mir-320a Up Kutay et al., 2006
hsa-mir-328 Up Kutay et al., 2006
hsa-let-7a-1 Up Kutay et al., 2006
hsa-mir-21 Up Meng et al., 2007
hsa-mir-221 Up Meng et al., 2007
hsa-mir-222 Up Meng et al., 2007
hsa-mir-34a Up Meng et al., 2007
hsa-mir-210 Up Meng et al., 2007
hsa-mir-373 Up Meng et al., 2007
hsa-mir-376a-1 Up Meng et al., 2007
hsa-mir-18a Up Jiang et al., 2008
hsa-mir-33a Up Jiang et al., 2008
hsa-mir-130b Up Jiang et al., 2008
hsa-miR-135a-1 Up Jiang et al., 2008
hsa-mir-301a Up Jiang et al., 2008
hsa-mir-21 Up Jiang et al., 2008
hsa-mir-221 Up Jiang et al., 2008

Lung cancer hsa-let<7axl Down Takamizawa et al., 2004
hsa-let-7a-1 Down Johnson et al., 2005
hsa-let-7a-1 Down Hayashita et al., 2005
hsa-let-7a-1 Down O'Donnell et al., 2005
hsa-let-7a-1 Down Takamizawa et al., 2004
hsa-let-7a-1 Down Johnson et al., 2005
hsa-let-7a-1 Down Hayashita et al., 2005
hsa-let-7a-1 Down O'Donnell et al., 2005
hsa-miR-21 Up Chan et al., 2005
hsa-miR-205 Up Michael et al., 2003
hsa-miR-17 Up Takamizawa et al., 2004
hsa-miR-18a Up Takamizawa et al., 2004
hsa-miR-19a Up Takamizawa et al., 2004
hsa-miR-19b-1 Up Takamizawa et al., 2004
hsa-miR-20a Up Takamizawa et al., 2004
hsa-miR-92a-1 Up Takamizawa et al., 2004
hsa-miR-17 Up Johnson et al., 2005
hsa-miR-18a Up Johnson et al., 2005
hsa-miR-19a Up Johnson et al., 2005
hsa-miR-19b-1 Up Johnson et al., 2005
hsa-miR-20a Up Johnson et al., 2005
hsa-miR-92a-1 Up Johnson et al., 2005
hsa-miR-17 Up Hayashita et al., 2005
hsa-miR-18a Up Hayashita et al., 2005
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hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR-17
hsa-miR-18a
hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR-17
hsa-miR-18a
hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR-17
hsa-miR-18a
hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR-17
hsa-miR-18a
hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR=17
hsa-miR-18a
hsa-miR-19a
hsa-miR-19b-1
hsa-miR-20a
hsa-miR-92a-1
hsa-miR-1-1
hsa-miR-1-2
hsa-miR-21
hsa-miR-205
hsa-miR-200b
hsa-miR-9-1
hsa-miR-210
hsa-miR-148
hsa-miR-141
hsa-miR-132
hsa-miR-215
hsa-miR-128b
hsa-let-7g
hsa-miR-16-2
hsa-miR-129-1
hsa-miR-129-2
hsa-miR-126
hsa-miR-142
hsa-miR-30d

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Down

Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
Takamizawa et al., 2004
Takamizawa et al., 2004
Takamizawa et al., 2004
Takamizawa et al., 2004
Takamizawa et al., 2004
Takamizawa et al., 2004
Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005
Johnson et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
Hayashita et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
O'Donnell et al., 2005
ODonnell et al., 2005
O'Donnell et al., 2005
Nasser et al., 2008
Nasser et al., 2008
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
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hsa-miR-30a Down Volinia et al., 2006
hsa-miR-7-2 Up Volinia et al., 2006
hsa-miR-199a-1 Up Volinia et al., 2006
hsa-miR-127 Up Volinia et al., 2006
hsa-miR-34a Up Volinia et al., 2006
hsa-miR-136 Up Volinia et al., 2006
hsa-miR-202 Up Volinia et al., 2006
hsa-miR-196-2 Up Volinia et al., 2006
hsa-miR-199a-2 Up Volinia et al., 2006
hsa-let-7a-2 Up Volinia et al., 2006
hsa-miR-124a-1 Up Volinia et al., 2006
hsa-miR-149 Up Volinia et al., 2006
hsa-miR-17 Up Volinia et al., 2006
hsa-miR-196-1 Up Volinia et al., 2006
hsa-miR-10a Up Volinia et al., 2006
hsa-miR-99b Up Volinia et al., 2006
hsa-miR-196-1 Up Volinia et al., 2006
hsa-miR-199b Up Volinia et al., 2006
hsa-miR-191 Up Volinia et al., 2006
hsa-miR-195 Up Volinia et al., 2006
hsa-miR-155 Up Volinia et al., 2006
Lymphomas hsa-miR-155 Up Eis et al., 2005
hsa-miR-17 Up Eis et al., 2005
hsa-miR-18a Up Eis et al., 2005
hsa-miR-19a Up Eis et al., 2005
hsa-miR-19b-1 Up Eis et al., 2005
hsa-miR-20a Up Eis et al., 2005
hsa-miR-92a-1 Up Eis et al., 2005
hsa-miR=155 Up Metzler et al., 2004
hsa-miR-1/ Up Metzler et al., 2004
hsa-miR-18a Up Metzler et al., 2004
hsa-miR-19a Up Metzler et al., 2004
hsa-miR-19b-1 Up Metzler et al., 2004
hsa-miR-20a Up Metzler et al., 2004
hsa-miR-92a-1 Up Metzler et al., 2004
hsa-miR-155 Up He et al., 2005
hsa-miR-17 Up He et al., 2005
hsa-miR-18a Up He et al., 2005
hsa-miR-19a Up He et al., 2005
hsa-miR-19b-1 Up He et al., 2005
hsa-miR-20a Up He et al., 2005
hsa-miR-92a-1 Up He et al., 2005
Ovarian cancer hsa-miR-210 Up Yanaihara et al., 2006
hsa-miR-21 Up Taylor and Gercel-Taylor, 2008
hsa-miR-141 Up Taylor and Gercel-Taylor, 2008
hsa-miR-200a Up Taylor and Gercel-Taylor, 2008
hsa-miR-200c Up Taylor and Gercel-Taylor, 2008
hsa-miR-200b Up Taylor and Gercel-Taylor, 2008
hsa-miR-203 Up Taylor and Gercel-Taylor, 2008
hsa-miR-205 Up Taylor and Gercel-Taylor, 2008
hsa-miR-214 Up Taylor and Gercel-Taylor, 2008
Pancreas cancer hsa-miR-22 Up Sun et al., 2008
hsa-miR-22 Up Sun et al., 2008
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hsa-miR-375
hsa-miR-345
hsa-miR-142
hsa-miR-139
hsa-miR-221
hsa-miR-424
hsa-miR-301a
hsa-miR-100
hsa-miR-376a-1
hsa-miR-125b-1
hsa-miR-21
hsa-miR-16-1
hsa-miR-181a-1
hsa-miR-181¢c
hsa-miR-92a-1
hsa-miR-15b
hsa-miR-155
hsa-let-7f-1
hsa-miR-212
hsa-miR-107
hsa-miR-24=1
hsa-miR-24-2
hsa-let-7d
hsa-miR-221
hsa-miR-181a=1
hsa-miR-155
hsa-miR-210
hsa-miR-222
hsa-miR=181b=2
hsa-miR-2:1
hsa-miR-181b-1
hsa-miR-181c¢
hsa-miR-220a
hsa-miR-181d
hsa-miR-223
hsa-miR-100
hsa-miR-125a
hsa-miR-143
hsa-miR-10a
hsa-miR-146a
hsa-miR-99a
hsa-miR-100
hsa-miR-199a-1
hsa-miR-10b
hsa-miR-199a-2
hsa-miR-107
hsa-miR-103-2
hsa-miR-125b-1
hsa-miR-205
hsa-miR-23b
hsa-miR-23a
hsa-miR-148a
hsa-miR-148b

Down
Down
Down
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down

Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Lee et al., 2006
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
Bloomston et al., 2007
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hsa-miR-375 Down Bloomston et al., 2007

hsa-miR-103-2 Up Volinia et al., 2006
hsa-miR-103-1 Up Volinia et al., 2006
hsa-miR-24-2 Up Volinia et al., 2006
hsa-miR-107 Up Volinia et al., 2006
hsa-miR-100 Up Volinia et al., 2006
hsa-miR-125b-2 Up Volinia et al., 2006
hsa-miR-125b-1 Up Volinia et al., 2006
hsa-miR-24-1 Up Volinia et al., 2006
hsa-miR-191 Up Volinia et al., 2006
hsa-miR-23a Up Volinia et al., 2006
hsa-miR-26a-1 Up Volinia et al., 2006
hsa-miR-125a Up Volinia et al., 2006
hsa-miR-130a Up Volinia et al., 2006
hsa-miR-26b Up Volinia et al., 2006
hsa-miR-145 Up Volinia et al., 2006
hsa-miR-221 Up Volinia et al., 2006
hsa-miR-126 Up Volinia et al., 2006
hsa-miR-16-2 Up Volinia et al., 2006
hsa-miR-146 Up Volinia et al., 2006
hsa-miR-2,14 Up Volinia et al., 2006
hsa-miR-99b Up Volinia et al., 2006
hsa-miR-128b Up Volinia et al., 2006
hsa-miR-155 Down Volinia et al., 2006
hsa-miR-29b-2 Up Volinia et al., 2006
hsa-miR-29a Up Volinia et al., 2006
hsa-miR-25 Up Volinia et al., 2006
hsa-miR-16-1 Up Volinia et al., 2006
hsa-miR=99a Up Volinia et al., 2006
hsa-miR-224 Up Volinia et al., 2006
hsa-miR-30d Up Volinia et al., 2006
hsa-miR-92-2 Up Volinia et al., 2006
hsa-miR-199a-1 Up Volinia et al., 2006
hsa-miR-223 Up Volinia et al., 2006
hsa-miR-29¢ Up Volinia et al., 2006
hsa-miR-30b Up Volinia et al., 2006
hsa-miR-129-1 Up Volinia et al., 2006
hsa-miR-129-2 Up Volinia et al., 2006
hsa-miR-197 Up Volinia et al., 2006
hsa-miR-17 Up Volinia et al., 2006
hsa-miR-30c Up Volinia et al., 2006
hsa-miR-7-1 Up Volinia et al., 2006
hsa-miR-93-1 Up Volinia et al., 2006
hsa-miR-140 Up Volinia et al., 2006
hsa-miR-30a Up Volinia et al., 2006
hsa-miR-132 Up Volinia et al., 2006
hsa-miR-181b-1 Up Volinia et al., 2006
hsa-miR-152 Down Volinia et al., 2006
hsa-miR-23b Up Volinia et al., 2006
hsa-miR-20a Up Volinia et al., 2006
hsa-miR-222 Up Volinia et al., 2006
hsa-miR-27a Up Volinia et al., 2006
hsa-miR-92-1 Up Volinia et al., 2006
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hsa-miR-21 Up Volinia et al., 2006
hsa-miR-129-1 Up Volinia et al., 2006
hsa-miR-129-2 Up Volinia et al., 2006
hsa-miR-150 Up Volinia et al., 2006
hsa-miR-32 Up Volinia et al., 2006
hsa-miR-106a Up Volinia et al., 2006
hsa-miR-29b-1 Up Volinia et al., 2006
hsa-miR-21 Up Chan et al., 2005
Papillary thyroid carcinoma hsa-miR-146a Up He et al., 2005
hsa-miR-181a-1 Up He et al., 2005
hsa-miR-221 Up He et al., 2005
hsa-miR-222 Up He et al., 2005
hsa-miR-146a Up Pallante et al., 2006
hsa-miR-181a-1 Up Pallante et al., 2006
hsa-miR-221 Up Pallante et al., 2006
hsa-miR-222 Up Pallante et al., 2006
Prostate cancer hsa-let-7a-1 Down Porkka et al., 2007
hsa-let-7b Down Porkka et al., 2007
hsa-let-7¢ Down Porkka et al., 2007
hsa-let-7d Down Porkka et al., 2007
hsa-let-7f-1 Down Porkka et al., 2007
hsa-let-7g Down Porkka et al., 2007
hsa-miR-100 Down Porkka et al., 2007
hsa-miR-103-1 Down Porkka et al., 2007
hsa-miR-125a Down Porkka et al., 2007
hsa-miR-125b-1 Down Porkka et al., 2007
hsa-miR-141 Down Porkka et al., 2007
hsa-miR-143 Down Porkka et al., 2007
hsa-miR=145 Down Porkka et al., 2007
hsa-miR-148a Down Porkka et al., 2007
hsa-miR-16-1 Down Porkka et al., 2007
hsa-miR-195 Down Porkka et al., 2007
hsa-miR-199a-1 Down Porkka et al., 2007
hsa-miR-199a-1 Down Porkka et al., 2007
hsa-miR-19b-1 Down Porkka et al., 2007
hsa-miR-205 Down Porkka et al., 2007
hsa-miR-22 Down Porkka et al., 2007
hsa-miR-221 Down Porkka et al., 2007
hsa-miR-222 Down Porkka et al., 2007
hsa-miR-23a Down Porkka et al., 2007
hsa-miR-23b Down Porkka et al., 2007
hsa-miR-26b Down Porkka et al., 2007
hsa-miR-27a Down Porkka et al., 2007
hsa-miR-27b Down Porkka et al., 2007
hsa-miR-29a Down Porkka et al., 2007
hsa-miR-30a Down Porkka et al., 2007
hsa-miR-30b Down Porkka et al., 2007
hsa-miR-30c-1 Down Porkka et al., 2007
hsa-miR-497 Down Porkka et al., 2007
hsa-miR-92a-1 Down Porkka et al., 2007
hsa-miR-99a Down Porkka et al., 2007
hsa-miR-21 Up Chan et al., 2005
hsa-miR-184 Up Porkka et al., 2007
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hsa-miR-198
hsa-miR-202
hsa-miR-210
hsa-miR-296
hsa-miR-302¢
hsa-miR-320a
hsa-miR-345
hsa-miR-370
hsa-miR-373
hsa-miR-491
hsa-miR-498
hsa-miR-503
hsa-miR-513a-1
hsa-miR-32
hsa-miR-182
hsa-miR-31
hsa-miR-26a-1
hsa-miR-26a-2
hsa-miR-200c¢
hsa-miR-375
hsa-miR-196a-1
hsa-miR-196a-2
hsa-miR-370
hsa-miR-425
hsa-miR-194-1
hsa-miR-194-2
hsa-miR-181a-1
hsa-miR-18 la-2
hsa-miR=34b
hsa-let=7i
hsa-miR-188
hsa-miR-25
hsa-miR-1T06b
hsa-miR-449a
hsa-miR-99b
hsa-miR-93
hsa-miR-92a-1
hsa-miR-92a-2
hsa-miR-125a
hsa-miR-520h
hsa-miR-494
hsa-miR-490
hsa-miR-133a-1
hsa-miR-1-2
hsa-miR-218-2
hsa-miR-220a
hsa-miR-128-1
hsa-miR-221
hsa-miR-499
hsa-miR-329-1
hsa-miR-340
hsa-miR-345
hsa-miR-410

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Porkka et al., 2007
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
Ambs et al., 2008
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hsa-miR-126
hsa-miR-205
hsa-miR-7-1
hsa-miR-7-2
hsa-miR-145
hsa-miR-34a
hsa-miR-487a
hsa-let-7b
hsa-let-7d
hsa-miR-128a
hsa-miR-195
hsa-miR-203
hsa-let-7a-2
hsa-miR-34a
hsa-miR-20a
hsa-miR-218-2
hsa-miR-29a
hsa-miR-25
hsa-miR-95
hsa-miR-197
hsa-miR-1352
hsa-miR-187
hsa-miR-196-1
hsa-miR-148
hsa-miR-191
hsa-miR-21
hsa-let-71
hsa-miR-198
hsa-miR=199a=2
hsa-miR-30¢
hsa-miR-17
hsa-miR-92-2
hsa-miR-146
hsa-miR-181b-1
hsa-miR-32
hsa-miR-206
hsa-miR-184
hsa-miR-29a
hsa-miR-29b-2
hsa-miR-149
hsa-miR-181b-1
hsa-miR-196-1
hsa-miR-93-1
hsa-miR-223
hsa-miR-16-1
hsa-miR-101-1
hsa-miR-124a-1
hsa-miR-26a-1
hsa-miR-214
hsa-miR-27a
hsa-miR-24-1
hsa-miR-106a
hsa-miR-199a-1

Down
Down
Down
Down
Down
Down
Down
Down
Up
Down
Up
Up
Down
Up
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Up
Up

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Ambs et al., 2008

Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
Volinia et al., 2006
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Renal cancer hsa-let-7f-2 Up Gottardo et al., 2007
hsa-miR-26b Down Gottardo et al., 2007
hsa-miR-185 Up Gottardo et al., 2007
hsa-miR-141 Down Nakada et al., 2008
hsa-miR-200c Down Nakada et al., 2008
hsa-miR-27a Up Gottardo et al., 2007
hsa-miR-23b Down O'Rourke et al., 2006
hsa-miR-24-1 Down O'Rourke et al., 2006

Stomach cancer hsa-miR-21 Up Chan et al., 2005
hsa-miR-223 Up Volinia et al., 2006
hsa-miR-21 Up Volinia et al., 2006
hsa-miR-218-2 Down Volinia et al., 2006
hsa-miR-103-2 Up Volinia et al., 2006
hsa-miR-92-2 Up Volinia et al., 2006
hsa-miR-25 Up Volinia et al., 2006
hsa-miR-136 Down Volinia et al., 2006
hsa-miR-191 Up Volinia et al., 2006
hsa-miR-221 Up Volinia et al., 2006
hsa-miR-125b-2 Up Volinia et al., 2006
hsa-miR-103-1 Up Volinia et al., 2006
hsa-miR-2i14 Up Volinia et al., 2006
hsa-miR-222 Up Volinia et al., 2006
hsa-miR-212 Down Volinia et al., 2006
hsa-miR-125b-1 Up Volinia et al., 2006
hsa-miR-100 Up Volinia et al., 2006
hsa-miR-107 Up Volinia et al., 2006
hsa-miR-92-1 Up Volinia et al., 2006
hsa-miR-96 Down Volinia et al., 2006
hsa-miR=192 Up Volinia et al., 2006
hsa-miR-23a Up Volinia et al., 2006
hsa-miR-215 Up Volinia et al., 2006
hsa-miR-7-2 Up Volinia et al., 2006
hsa-miR-138-2 Down Volinia et al., 2006
hsa-miR-24-1 Up Volinia et al., 2006
hsa-miR-99b Up Volinia et al., 2006
hsa-miR-33b Down Volinia et al., 2006
hsa-miR-24-2 Up Volinia et al., 2006

Testicular germ cell tumors hsa-miR-372 Up Voorhoeve et al., 2006
hsa-miR-373 Up Voorhoeve et al., 2006

Thyroid cancer hsa-miR-146a Up He et al., 2005
hsa-miR-221 Up He et al., 2005
hsa-miR-187 Up Nikiforova et al., 2008
hsa-miR-221 Up Nikiforova et al., 2008
hsa-miR-222 Up Nikiforova et al., 2008
hsa-miR-146b Up Nikiforova et al., 2008
hsa-miR-155 Up Nikiforova et al., 2008
hsa-miR-224 Up Nikiforova et al., 2008
hsa-miR-197 Up Nikiforova et al., 2008
hsa-miR-30d Down Visone et al., 2007
hsa-miR-125b-1 Down Visone et al., 2007
hsa-miR-26a-1 Down Visone et al., 2007
hsa-miR-30a Down Visone et al., 2007
hsa-miR-221 Up Pallante et al., 2006
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hsa-miR-222
hsa-miR-181b-1
hsa-miR-197
hsa-miR-346

Up
Up
Up
Up

Pallante et al., 2006
Pallante et al., 2006
Weber et al., 2006
Weber et al., 2006
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Appendix 1l Most differentially expressed

MIRNAS in each tissue

Table A2 The most differentially expressed miRNAs were identified from standard normal distribution

Tissue miRNA z-score p-value
Brain hsa-miR-330 6.166441437 0
Brain hsa-miR-219 6.155599979 0
Brain hsa-miR-9 6.149303519 0
Brain hsa-miR-9* 6.146810392 0
Brain cel-miR-124 6.135189458 0
Brain hsa-miR-124a 5.973091852 0
Brain hsa-miR-129 5.964733449 0
Brain hsa-miR-340 5.759107905 0
Brain hsa-miR-137 5.60770678 0
Brain hsa-miR-153 5.579729094 0
Brain hsa-miR-181b 5.53358058 0
Brain hsa-miR-132 5.510212006 0
Brain hsa-miR-383 5426392084 0
Brain hsa-miR-124b 5.426139319 0
Brain hsa-miR-181b 5.318182541 0
Brain hsa-miR-181d 5.082984252 0
Brain hsa-miR-328 4.969354982 0
Brain hsa-miR-324-5p 4.927015863 0
Brain hsa-miR-346 4.91988791 0
Brain hsa-miR-338 4.854180702 0
Brain hsa-miR-433 4.806035691 0
Brain hsa-miR-149 4.741905348 0
Brain hsa-miR-323 4.279315562 0.0001
Brain hsa-miR-128b 4.18399347 0.0001
Brain hsa-miR-181c 4.060188598 0.0002
Brain hsa-miR-128a 4.056137304 0.0002
Brain hsa-miR-213 3.841746965 0.0004
Brain hsa-miR-342 3.717774665 0.0006
Brain hsa-miR-425 3.701753621 0.0007
Brain hsa-miR-98 3.673701099 0.0008
Brain hsa-miR-181a 3.531392669 0.0013
Brain hsa-miR-331 3.501545743 0.0014
Brain hsa-miR-151 3.409238699 0.002
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Brain hsa-miR-491 3.339842439 0.0026
Brain hsa-miR-485-3p 3.252181581 0.0035
Brain hsa-miR-218 3.221900518 0.0038
Brain hsa-miR-485-5p 3.132713491 0.0051
Brain hsa-miR-370 2.987345293 0.008
Brain hsa-miR-139 2.821251445 0.0131
Brain hsa-miR-324-3p 2.651673217 0.0208
Brain hsa-miR-103 2.611845794 0.0231
Brain hsa-miR-139 2.535638979 0.028
Brain hsa-miR-125b 2.507243218 0.03
Brain hsa-miR-361 2.33081001 0.0454
Liver hsa-mir-122 6.166324971 0
Liver hsa-mir-30e* 4.927492447 0
Liver hsa-miR-92a-1 3.250755287 0
Liver hsa-mir-148a 2.117824773 0.017
Pancreas hsa-miR-217 6.166441437 0
Pancreas hsa-miR-216 6.166086652 0
Pancreas hsa-miR-141 5.487784263 0
Pancreas hsa-miR-375 5.386166147 0
Pancreas hsa-miR-148b 4.869396489 0
Pancreas hsa-miR-148a 4.803975947 0
Pancreas hsa-miR-141 4.151145152 0.0003
Pancreas hsa-miR-130b 3:894458618 0.0057
Pancreas hsa-miR-96 3.098338093 0.0131
Pancreas hsa-miR-182 2.918124458 0.0217
Pancreas hsa-miR-30e 2.82041734 0.0485
Breast hsa-miR-126 3.192557833 0.0014
Breast hsa-miR-26a 3.146502907 0.0017
Breast hsa-miR-195 2.852579996 0.0043
Breast hsa-miR-199b 2.774658926 0.0055
Breast hsa-miR-205 2.58277472 0.0098
Heart hsa-miR-302b 6.166441437 0
Heart hsa-miR-302a 5.406344146 0
Heart hsa-miR-302d 5.335713449 0
Heart hsa-miR-189 5.301829902 0
Heart hsa-miR-30e-3p 4.963839092 0
Heart hsa-miR-302¢ 4.591792659 0
Heart hsa-miR-367 3.631917733 0.0009
Heart hsa-miR-422a 3.558232803 0.0012
Heart hsa-miR-30c 2.816870236 0.0147
Heart hsa-miR-221 2.778935839 0.0293
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Ovary hsa-let-7¢ 2.925654551 0.0034
Ovary hsa-miR-502 2.216210531 0.0267
Ovary hsa-miR-125b 2.205465596 0.0274
Kidney hsa-miR-204 5.454413876 0
Kidney hsa-miR-190 5.005567426 0
Kidney hsa-miR-500 4.964273955 0
Kidney hsa-miR-501 3.659108858 0.0008
Kidney hsa-miR-30e 3.433586413 0.0018
Kidney hsa-miR-196a 3.022291201 0.0072
Kidney hsa-miR-489 2.961327888 0.0087
Kidney hsa-miR-30a-5p 2.810569783 0.0135
Kidney hsa-miR-363 2.608224598 0.0233
Kidney hsa-miR-107 2.292953197 0.0494
Lung hsa-miR-223 3.336488497 0.0026
Lung hsa-miR-142-5p 3.187486859 0.0043
Lung hsa-miR-181c 2.35385202 0.0431
Colon hsa-miR-192 5.853878243 0
Colon hsa-miR-194 5.558348545 0
Colon hsa-miR-215 5.247238008 0
Colon hsa-miR-31 3.2825819 0.0031
Colon hsa-miR-338 2.936739188 0.0094
Colon hsa-miR-18 2.607308026 0.0233
Colon hsa-miR-200a 2.389625227 0.0397
Prostate hsa-miR-34a 3.417250971 0.002
Prostate hsa-miR-222 3.142279583 0.005
Prostate hsa-miR-363 2.974831726 0.0083
Prostate hsa-let-7¢ 2.82191799 0.0131
Prostate hsa-miR-20b 2.417758645 0.0372
Prostate hsa-miR-205 2.329159193 0.0456
Cervix hsa-miR-99a 3.777158133 0.0005
Cervix hsa-miR-100 3.569083632 0.0011
Cervix hsa-miR-196b 2.999281123 0.0078
Cervix hsa-miR-101 2.93119979 0.0095
Cervix hsa-miR-29a 2.857504554 0.0118
Cervix hsa-miR-195 2.700768754 0.0182
Stomach hsa-miR-188 6.154640139 0
Stomach hsa-miR-212 6.06839171 0
Stomach hsa-miR-211 4.427095082 0
Stomach hsa-miR-200a* 4.135190679 0.0001
Stomach hsa-miR-197 4.097113277 0.0001
Stomach hsa-miR-200a 3.829125066 0.0004

124



Stomach
Stomach
Stomach
Stomach
Stomach
Stomach
Stomach

Stomach

hsa-miR-200b
hsa-miR-200c
hsa-miR-148a
hsa-miR-346
hsa-miR-429
hsa-miR-29¢
hsa-miR-31
hsa-miR-375

3.805559972
3.448764079
3.408534292
3.218849413
2.724576953
2.710416384
2.654642095
2.484620458

0.0004
0.0017

0.002
0.0039
0.0171
0.0178
0.0206
0.0317
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