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Pathway analysis of cancer-associated microRNA targets
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Abstract.Carcinogenesis is a multi-step process, which includes
oncogene activation, mutation silencing of tumor suppressor
genes, impairment of chromosomes or epigenetic changes such
as CpG island methylation through various cellular pathways,
involving a series of somatic genetic alterations. Furthermore,
miRNAs present a mechanism by which genes with diverse
functions on multiple pathways can be simultaneously regulated
at the post-transcriptional level. However, little is known about
the cancer-related pathways through which cancer-associated
miRNAs (CA-miRNAs) regulate these processes representing
either positive or negative functions in carcinogenesis. This
study investigated eleven miRNAs previously identified as
cancer-related regulators. Using function and pathway analysis
of their targeted genes, the relevance of miRNA regulation in
the induction of cancer can be observed. The results showed
that CA-miRNAs may function in the post-transcriptional
level mainly through manipulating the expression of tran-
scription factors and protein kinases, and target genes for the
CA-miRNAs were most prominently predicted to function in
the regulation of transcription. Our analysis also highlighted
the potential of these CA-miRNAs to regulate the cell differ-
entiation, proliferation, endocytosis and migration signaling
logically required to cause a cancer cell mainly through five
canonical pathways. Combined with previous cancer studies,
the analysis of the relevance between functions of CA-miRNAs
and cancer-related pathways exploring different internal carci-
nogenesis stimuli also revealed the potential of the top five
pathways to regulate core carcinogenesis processes. These find-
ings should form a useful knowledge base for potential future
development of novel therapeutic treatments.
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Introduction

MiRNAs are short non-coding RNAs of 16 to 25 nucleotides
in length. Longer precursor transcripts with hairpin struc-
tures are first synthesized by RNA polymerase II and mature
miRNAs are generated after processing of the precursors by
Drosha and Dicer ribonucleases (1). Depending on the degree
of homology to their target sequence, miRNAs induce transla-
tional repression or cleavage of mRNAs. A single miRNA can
target hundreds to a thousand or more mRNAs (2), rendering
it challenging to attribute distinct functions to specific
miRNAs. Perhaps as a result of this complexity, in spite of the
evolutionary conservation of miRNAs, their function in phys-
iology and disease remains rather enigmatic. Our research
group has demonstrated that exogenous plant miRNAs in
food can regulate the expression of target genes in mammals
which suggested that miRNA may have a powerful ability to
regulate gene expressions (3). Aberrations or corruptions of
miRNA functions may lead to deregulated cell proliferation,
tumorigenesis, and ultimately, cancer. Moreover, signaling
pathways of the core components of cancer cells also take
part in the post-transcriptional regulation of miRNAs (4).

Cancer is characterized by abnormal cell proliferation that
undergoes rapid, uncoordinated cell growth. Malignant cancer,
in contrast to benign cancer, is further hallmarked by aggressive
neoplasms that have the ability to invade and annihilate adjacent
tissues and metastasize to more distant and sometimes specific
tissues. Genes involved in cancer, be it inceptionally or during
the later invasive or metastasis stages, are generally classified
into oncogenes (OG) or tumor suppressor (TS) genes. During
the last decade, a unique set of cancer regulator miRNAs
have emerged and these are divided into oncomiRs and anti-
oncomiRs. OncomiRs and anti-oncomiRs negatively regulate
tumors uppressor genes and oncogenes, respectively.

Differential miRNA expression profiles of cancerous and
normal tissues have revealed signatures that facilitate identifying
and monitoring cancers (5). Researchers are now trying to use
these miRNA signatures therapeutically to support diagnosis,
prognosis or treatment of cancer. Instead of detailing the whole
body of identified oncomiRs and anti-oncomiRs (6,7), the focus
is on illustrating mechanistically how the miRNA pathway is
involved, or affected by, cancer at the hand of representative
examples (8).

A biological pathway, which is a series of actions among
molecules in a cell that leads to a certain product or a change in a
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cell, can trigger the assembly of new molecules or turn genes on
and off, or spur a cell to move. Identifying what genes, proteins
and other molecules are involved in a biological pathway can
provide clues on what goes wrong when a disease strikes. The
most common pathways are involved in metabolism, the regu-
lation of genes and the transmission of signals. Deregulation
of miRNAs are involved in the process of cell proliferation
activation, apoptosis signaling pathway inactivation, as well
as other genetic changes, which together lead to cancer patho-
genesis. Hitherto, accumulating evidence has demonstrated
that miRNAs are involved in mediating several cancer-related
pathways linked to programmed cell death (PCD), indicating
that miRNAs may function as the key regulators in apoptosis
and autophagy of cancer (9). Recent projects that deciphered
the different expressions of miRNAs in a certain cancer by
RT-qPCR after Solexa or Microarry screening only have found
an array of different mutations of miRNAs in different samples,
then the pathway involved by the most different expressed
miRNAs can be figured out. The problem is that these kinds
of methods only could find one miRNA-related pathway in a
certain cancer. miRNAs commonly involved in several cancers
would function as key regulators of many more cancer-related
pathways, which may be a link between the cancer-related
pathway research and function research of miRNAs.

The development of pathway strategies for the analysis
of cancer raises the question of whether one can use these
approaches to characterize and treat human cancer. Identifying
the molecular causes of cancer represented a major breakthrough
in the history of medicine, moving the discipline from pattern
recognition and therapeutic strategies based on syndromic
pathophysiology to molecular mechanism and evidence-based
therapies derived from clinical trials designed on the basis of
molecular mechanism (10).

In this study, we summarized 11 common CA-miRNAs
from previous observations. Many of these CA-miRNAs
were located near genomic breakpoints (11). For example,
miR-15/16-1 cluster is located within a 30-kb region of chromo-
some 13ql4 and that both genes are deleted or downregulated
in the majority (approximately 68%) of B cell chronic lympho-
cytic leukemia (CLL) cases (12). On the other hand, one cluster
of microRNAs, the miR-17-92 polycistron, is located in a region
of DNA that is amplified in human B cell lymphomas (13).
Upregulated expression of the mature miRNAs from miR-17-92
cluster, has been confirmed in a wide range of tumor-derived
cell lines (14). Protein class, molecular functions, biological
processes and canonical pathways involved by the targets
of each CA-miRNA as well as 5 main canonical pathways
participated by certain CA-miRNAs, were identified and
analyzed, which may offer significant treatment clues for the
clinical therapy of cancer.

Materials and methods

Targets analysis of each CA-miRNAs. MiRNA targeting is
mostly achieved through specific base-pairing interactions
between the 5' end (‘seed’ region) of the miRNA and sites within
coding and untranslated regions (UTRs) of mRNAs; target sites
in the 3'UTR lead to more effective mRNA destabilization (15).
The expression of a single target gene of a certain miRNA may
not provide enough information on the role of that miRNA in
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the analyzed pathophysiological process (16). Therefore, we used
a widely-used and web-based software Targetscan (http://www.
targetscan.org) to generate lists of possible gene targets of each
CA-miRNA. Then we input the targeted genes into another web
server Panther (http://www.pantherdb.org/) which is designed for
gene function cluster and we gained the protein class from the
panther analysis. After that, we clustered the same function class
of protein with top ten classes.

The web-based functional annotation tool Database for
Annotation, Visualization and Integrated Discovery (DAVID)
v6.7 (http://david.abcc.nciferf.gov/tools.jsp) has key compo-
nents for disease analysis, gene ontology analysis and pathway
analysis (17).

Pathway mapping of cancer-associated miRNA targets. The
signaling pathways and processes that these gene targets are
involved in were explored using the systems biology tool KEGG
Mapper (http:/www.genome.jp/kegg/tool/map_pathway?2.
html). This KEGG database, containing 291 known pathways
on molecular interactions and reaction networks, pathways and
processes (18), allows the user to visualize known biological
systems within their data.

Results and Discussion

Cancer-associated miRNAs (CA-miRNAs). Functional studies
performed in cancer cell lines or mouse models with various
malignancies through overexpression or knockdown of
miRNAs have supported a role for some of these miRNAs in
carcinogenesis (15). Based on previous experimental data, 11
CA-miRNAs are summarized as the most common cancer-
associated miRNAs (Table I). The miRNA dysregulation could
drive tumorigenesis, although the roles miRNAs can adopt as
tumor suppressors or oncogenes.

Let-7 is an anti-oncomiR and conserved in many cancers.
It functions as a post-transcriptional gatekeeper for cell prolif-
eration process. For example, let-7 family negatively regulates
RAS, a lung cancer oncogene involved in cancerous cells by
disturbing cell cycle progression (19,20). Let-7 family (let-7a to
i) display a striking upregulation in differentiating SK-3rd cells
and a high level of expression in the parental SK-BR-3 cells that
have not been enriched for breast T-ICs13 (21).

MiR-9 has been strongly suggested to act as a putative tumor
suppressor gene in recurrent ovarian cancer (22). In addition,
it can be affected by epigenetic inactivation due to aberrant
hypermethylation which is an early and frequent event in breast
cancer development (23). The rescued expression of miR-9 could
also promote medulloblastoma cell growth arrest and apoptosis
while targeting the proliferative truncated TrkC isoform (24).
On the other hand, some research groups have reported that the
level of miR-9 is upregulated in breast cancer cells by directly
targeting CDHI, the E-cadherin-encoding mRNA, which could
lead to increased cell motility and invasiveness. MiR-9-mediated
E-cadherin downregulation results in the activation of 3-catenin
signaling pathway, which could contribute to upregulated
expression of the gene encoding vascular endothelial growth
factor (VEGF); this would in turn lead to an increase of tumor
angiogenesis. Certain miRNA may mediate c-Myc induced
mammary carcinogenesis (25). At the same time, expression of
miR-9 could also be activated by MYC and MYCN, both of
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Table I. Prediction of each CA-miRNA target.

CA-miRNAs No. of predicted target genes
let-7 family 1,072
miR-9 1,237
miR-15a/16-1 cluster 1,273
miR-17-92 family 2,656
miR-21 164
miR-26a 186
miR-34a/b/c 852
miR-155 440
miR-200/141 family 744
miR-205 416
miR-206 102

which directly bind to the mir-9-3 locus (26), which seem to be
an obvious evidence of feedback loop regulation.

MiR-15a and miR-16-1 act as putative tumor suppressors by
targeting the oncogene BCL2. These miRNAs form a cluster at
the chromosomal region of 13q14, which is frequently deleted
in cancer. The miR-15a and miR-16-1 cluster targets CCNDI1
(encoding cyclin D1) and WNT3A, which promotes several
tumorigenic features such as survival, proliferation and inva-
sion. Deletion of miR-15a and miR-16-1 genes results in loss of
apoptosis. For advanced prostate tumors, the level of miR-15a
and miR-16 is significantly decreased, whereas the expression
of BCL2, CCNDI and WNT?3A is inversely upregulated (27).
In chronic lymphocytic leukemia (CLL), miR-15a and miR-16-1
are mostly lost or downregulated in the majority of cases (28).

Overexpression of miRNAs encoded by the miR-17-92
cluster and its paralogs in multiple malignancies are known to
act as oncogenes. Expression of these miRNAs promotes cell
proliferation, suppresses apoptosis of cancer cells and induces
tumor angiogenesis (29). Analysis of human medulloblastomas
(MBs) demonstrated that 3 miR-17-92 cluster miRNAs (miR-92,
miR-19a and miR-20) were overexpressed in human MBs with
a constitutively activated Sonic Hedgehog (SHH) signaling
pathway, but not found in other forms of the disease (30).

MiR-21 expression is not only activated in multiple types
of cancers, such as breast, liver, brain, prostate and myome-
trial cancers but also in different kinds of diseases, such as
cardiovascular disease. MiR-21 regulates a plethora of target
proteins which are involved in cellular survival, apoptosis
and cell invasiveness. MiR-21 regulation is complex due
to a promoter that is target for various transcription factors
and hormones. The consistent miR-21 overexpression under
pathophysiological conditions points to miR-21 as a valuable
tool for new therapeutic strategies. The overexpression of
certain oncogenic miRNAs (miR-21 and miR-155) and the loss
of several tumor suppressor miRNAs (miR-206, miR-17-5p,
miR-200, let-7 and miR-34) have been observed in many breast
cancers. The gene networks orchestrated by these miRNAs are
still largely unknown, although key targets have been identified
that may contribute to the disease phenotype (31). MiR-155 was
more highly expressed in activated B cell-like (ABC)-type than
germinal center B cell-like (GCB)-type cell lines, which are two
subtypes of diffuse large B cell lymphoma (DLBCL) (32).
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MiR-26a is frequently amplified at the DNA level in
human glioma, most often in association with monoallelic
PTEN loss (30). Ectopic expression of miR-26a influenced cell
cycle progression by targeting the bona fide oncogene EZH2, a
Polycomb protein and global regulator of gene expression (33).
Its expression in liver cancer cells in vitro can induce cell cycle
arrest, which may associate with direct targeting of cyclins D2
and E2 (34). A significant decrease in miR-26a was detected
in growing anaplastic carcinomas (ATC) in comparison to
normal thyroid tissue (35). MiR-26a, CDK4 and CENTGI
together comprise a functionally integrated oncomir/oncogene
DNA cluster that promotes aggressiveness in human cancers
by cooperatively targeting the RB1, PI3K/AKT and JNK path-
ways (36).

The miRNA-34 family comprises three members:
miRNA-34a, miR-34b and miR-34c. MiR-34a is generated from
a larger transcriptional unit on chromosome 1p36; and both of
miR-34b and miR-34c are generated through the processing
of a bicistronic transcript from chromosome 1123 (termed
miR-34bc). The miR-34 family members have also been identified
as promising prognostic markers in non-small cell lung cancer
(NSCLC); the family is downmodulated in tumors compared
with normal tissue. Restoration of miR-34 expression in the
pancreatic cancer cells by either transfection of miR-34 mimics
or infection with lentivirus significantly inhibited clonogenic
cell growth and invasion, induced apoptosis and G1 and G2/M
arrest in the cell cycle, and sensitized the cells to chemotherapy
and radiation (37). The likely growth inhibition mechanism of
miR-34a, as a tumor suppressor gene in human neuroblastoma,
is through cell cycle arrest followed by apoptosis. BCL2 and
MYCN were identified as miR-34a targets and likely mediators
of the tumor suppressor phenotypic effect (38). In HepG2 cells,
ectopic expression of miR-34a potently inhibited tumor cell
migration and invasion in a c-Met-dependent manner. It directly
targeted c-Met and caused reduction of both mRNA and protein
levels of c-Met; thus, decreased c-Met-induced phosphorylation
of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (39).

From a large-scale miRnome analysis on lung, breast,
stomach, prostate, colon, and pancreatic tumors, some miRNAs
have been found with well characterized cancer association,
which include miR-155, miR-17-5p, miR-21, miR-92 and
miR-106a (40). What is more, high miR-155 and low let-7a-2
expression correlated with poor survival has been found in lung
cancer by univariate analysis as well as multivariate analysis for
miR-155 (41).

Downregulation of miR-141 and miR-200c¢ in renal clear
cell carcinomas (CCCs) might be involved in suppression of
CDHI1/E-cadherin transcription via upregulating ZFHX1B (42).
The expression of miR-141 was also found to be substantially
reduced in several human gastric cancer cell lines such as
MGC-803, HGC-27, SGC-7901 and BGC-823 cells. MiR-141
may be involved in the development of gastric cancer through
its inhibitory effect on cell proliferation (43). Members of the
miR-200 family appear to control the epithelial-to-mesenchymal
transition (EMT) process, as well as the sensitivity to EGFR
therapy in bladder cancer cells. Structural analysis of EGFR TK
domain provides insights into EGFR targeted therapies (44).
The expression of miR-200 is sufficient to restore EGFR
dependency at least in some of the mesenchymal bladder cancer
cells. The targets of miR-200 include ERRFI-1, which is a novel
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Figure 1. The major class of potential targets of CA-miRNAs.

regulator of EGFR-independent growth (45). On the contrary, in
ovarian cancer miR-200 family members are expressed at low
or negligible levels in normal ovarian surface cells and substan-
tially increase in expression, whereas expression of ZEB1 and
ZEB2 shows the opposite pattern (46).

MiR-205 exerts a tumor-suppressive effect in human prostate
by counteracting EMT process and reducing cell migration/inva-
sion, at least in part through the downregulation of protein kinase
Ce (47). MiR-200 and miR-205 loci are repressive chromatin
marks, in muscle invasive bladder tumors and undifferentiated
bladder cell lines, which have been found specifically silenced
and gain promoter hypermethylation (48). As a new oncosup-
pressor gene in breast cancer, miR-205 is able to interfere with
the proliferative pathway mediated by kinase-inactive member
HER receptor family (49). However, compared with normal
tissues, the levels of miR-205, together with miR-21 and miR-203

were found to be significantly up-modulated in OVCAR3 cells
which were demethylated with 5-aza-2'-deoxycytidine (50). This
suggested that miR-205 also has a role as an oncomiRNA.

As the product of MET proto-oncogene, Met tyrosine-kinase
receptor has been found overexpressed in human rhabdomyosar-
coma (RMS) cell lines and involved in RMS pathogenesis. Upon
the presence of miR-206, Met tyrosine-kinase receptor was
down-regulated in murine satellite cells in the onset of normal
myogenesis (51). Since there was no evidence of miR-206 activa-
tion in serum derivate RMS cell lines, miR-206 was suggested as
tumor suppressor and has been identified to be involved in breast
cancer metastasis (52).

Thus, let-7 family (let-7a to i), miR-15a/16-1 cluster,
miR-34a/b/c and miR-206 are classified as anti-oncomiRs or TS
(tumor suppressor), while miR-17-92 family (miR-17, miR-18a/b,
miR-20a/b, miR-106a/b, miR-93, miR-19a/b, miR-25, miR-92a



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 2213-2226, 2012 2217
G MiR-34a/bl/c H MiR-155
Transcription factor.
Protein kinase Transcription factor
@ Receptor. g Protein kinase
% Zinc finger transcription factor. g Zinc finger transcription factor-
= Transcription cofactor S Transcription cofactor
% G-protein coupled receptor: E Receptor
A Transporter P KRAB box transcription factor
KRAB box transcription factor: Nucleic acid binding
Growth factor: Ubiquitin-protein ligase
Hydrolase: Transporter
Signaling molecule: Small GTPase
0 0 20 30 40 50 0 1o 20 30 40 50
Number of targeted genes Number of targeted genes
I MiR-200/141 family J MiR-205
Transcription factor Transcription factor
Protein kinase Protein kinase
2} Zinc finger tran slcri.ption factor E Zinc finger transcription factor
E Transcription cofactor, - Receptor
8 Transporter _E Transporter
® Receptor, i .
i Signaling molecule. é Sigoaling molecule
KRAB box transcription factor G-protein coupled recep
Protein phosphatase G-protein modulator
G-protein coupled receptor Homeobox transcription factor
Messager RNA processing factor : . . KRAB box transcription factor i : N
0 10 20 30 40 0 10 20 30
Number of targeted genes Number of targeted genes
K MiR-206
Amino acid transporter
G-protein modulator
KRAB box transcription factor
E Transcription factor
"> Basic helix-loop-helix transcription factor
‘;—; Dehydrogenase
E Hydrolase
Signaling molecule
Transcription cofactor
Transporter
Number of targeted genes
Figure 1. Continued.

and miR-363), miR-21 and miR-155 play the roles as oncomiRs
or OG (oncogenes). What is more, miR-9, miR-26a, miR-200/141
family and miR-205 possess two kinds of effects which are either
anti-oncomiRs or oncomiRs.

Predictions and protein classifications of CA-miRNA targets.
The miRNAS have the capacity to ‘tune’ the expression of a target
gene to a precise level (53). Therefore, investigation of target gene
is one of the keys for understanding miRNAs. Each CA-miRNA
or miRNA cluster has the ability to target between 102 and
2,656 mRNAs of predicted genes (Table I) and in addition some
3'UTRs of the mRNAs potentially have multiple complementary
sites for a given miRNA. To add to the complexity, in fact this set
of miRNAs may be a subset of the total number of miRNAs that
play a role in cancer. Moreover, this result was consistent with the
hypothesis that oncomiRs and anti-oncomiRs mainly interact
with tumor suppressor genes and oncogenes, respectively (54).

A total of 5,001 unique targeted genes have been found
that are 11 identified CA-miRNAs related. Of all the targeted
genes, 1,850 items are from targets of anti-oncomiRs, so these
genes are more likely upregulated in cancer cells. Accordingly,
2,971 downregulated targeted genes are discovered from that
of oncomiRs and 2,204 ones from that of miRNAs which
could act as either oncomiRs or anti-oncomiRs. Moreover,
12 common genes (BNC2, BRWD3, DCUNI1D3, GATAD2B,
KCNAL1, KPNA4, PIK3R1, PURB, RBMS3, SATBI1, SOCS6
and TGFBR2) were found in the targets of oncomiRs and
with one gene the C5orf41, which was identified as a target of
miRNAs either as oncomiRs or anti-oncomiRs. These common
target genes can be potential cancer treatment targets.

The major classes of potential targets of each CA-miRNAs
are shown in Fig. 1. These potential miRNA targets belong to
a great many of gene families which play various roles during
physiological and pathological processes. Although the different
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Table II. Molecular function and biological process analysis of each CA-miRNA.

Molecular function % Regulated by
CA-miRNAs and biological process CA-miRNAs P-value
let-7 family Regulation of transcription 20.6% 2.80E-04
Transcription 14.4% 5.20E-02
Regulation of transcription, DNA-dependent 13.7% 7.90E-03
Regulation of RNA metabolic process 13.7% 1.20E-02
Phosphorus metabolic process 10.2% 9.40E-05
miR-9 Regulation of transcription 19.30% 1.50E-06
Transcription 15.20% 1.40E-04
Regulation of RNA metabolic process 14.00% 6.70E-06
Regulation of transcription, DNA-dependent 13.40% 3.40E-05
Intracellular signaling cascade 8.90% 7.60E-03
miR-15a/16-1 cluster Regulation of transcription 18.90% 4.70E-04
Transcription 14.80% 7.00E-03
Regulation of RNA metabolic process 12.00% 5.30E-02
Intracellular signaling cascade 9.00% 2.50E-02
Phosphate metabolic process 8.90% 1.10E-04
miR-17-92 family Regulation of transcription 21.00% 1.20E-24
Transcription 16.70% 1.20E-17
Regulation of RNA metabolic process 14.30% 3.00E-14
Regulation of transcription, DNA-dependent 13.90% 2.50E-13
Intracellular signaling cascade 10.10% 3.80E-11
miR-21 Regulation of transcription 23.30% 2.90E-03
Regulation of RNA metabolic process 18.40% 1.70E-03
Transcription 17.80% 2.40E-02
Regulation of transcription, DNA-dependent 17.20% 5.00E-03
Positive regulation of macromolecule metabolic process 14.70% 2.80E-06
miR-26a Transcription 15.10% 9.60E-02
Phosphorus metabolic process 11.40% 1.60E-03
Phosphate metabolic process 11.40% 1.60E-03
Phosphorylation 9.20% 6.10E-03
Protein amino acid phosphorylation 8.60% 2.70E-03
miR-34a/b/c Regulation of transcription 19.20% 4.80E-05
Transcription 15.30% 6.30E-04
Regulation of RNA metabolic process 13.50% 7.30E-04
Regulation of transcription, DNA-dependent 13.10% 1.10E-03
Positive regulation of macromolecule metabolic process 7.40% 5.10E-04
miR-155 Regulation of transcription 29.30% 1.30E-14
Transcription 23.80% 1.20E-11
Regulation of transcription, DNA-dependent 19.00% 4.50E-08
Regulation of RNA metabolic process 19.00% 1.20E-07
Intracellular signaling cascade 12.40% 2.00E-04
miR-200/141 family Regulation of transcription 21.50% 1.90E-07
Transcription 18.10% 3.50E-07
Regulation of RNA metabolic process 16.40% 1.00E-07
Regulation of transcription, DNA-dependent 15.40% 1.90E-06
Intracellular signaling cascade 9.80% 4.50E-03
miR-205 Regulation of transcription 22.50% 6.90E-06
Transcription 18.60% 3.10E-05
Regulation of transcription, DNA-dependent 16.20% 5.50E-05
Regulation of RNA metabolic process 16.20% 1.10E-04
Positive regulation of macromolecule metabolic process 11.80% 1.60E-08
miR-206 Transcription 21.60% 9.00E-03
Regulation of transcription 21.60% 7.20E-02
Intracellular signaling cascade 12.40% 8.50E-02
Protein localization 11.30% 2.30E-02
Protein transport 9.30% 6.00E-02
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Table III. Canonical pathway analysis of each CA-miRNA.
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% Regulated by
CA-miRNAs Canonical pathways CA-miRNAs P-value
let-7 family Pathways in cancer 4.20% 9.00E-04
MAPK signaling pathway 3.70% 9.60E-04
p53 signaling pathway 2.00% 4.30E-04
mTOR signaling pathway 1.20% 2.10E-02
miR-9 Pathways in cancer 3.40% 2.60E-05
MAPK signaling pathway 2.60% 5.40E-04
Focal adhesion 2.50% 1.60E-05
Endocytosis 2.10% 1.70E-04
Regulation of actin cytoskeleton 2.10% 1.80E-03
miR-15a/16-1 cluster Pathways in cancer 4.00% 2.30E-08
MAPK signaling pathway 2.90% 2.00E-06
Neurotrophin signaling pathway 2.30% 7.00E-05
Insulin signaling pathway 1.70% 1.40E-02
p53 signaling pathway 1.10% 1.50E-02
miR-17-92 family Pathways in cancer 2.80% 1.60E-05
MAPK signaling pathway 2.70% 1.90E-08
Endocytosis 2.20% 8.00E-10
Regulation of actin cytoskeleton 1.80% 3.70E-04
Focal adhesion 1.80% 1.40E-04
miR-21 MAPK signaling pathway 6.70% 1.20E-04
Pathways in cancer 5.50% 9.50E-03
Cytokine-cytokine receptor interaction 4.90% 9.50E-03
Jak-STAT signaling pathway 4.30% 2.80E-03
Pancreatic cancer 3.70% 4.80E-04
miR-26a Whnt signaling pathway 2.70% 1.90E-02
miR-34a/b/c Pathways in cancer 3.40% 1.10E-03
MAPK signaling pathway 2.40% 2.60E-02
Focal adhesion 2.30% 3.10E-03
Endocytosis 1.90% 1.60E-02
Regulation of actin cytoskeleton 1.90% 5.20E-02
miR-155 Pathways in cancer 5.50% 5.20E-06
MAPK signaling pathway 4.30% 1.10E-04
T cell receptor signaling pathway 3.70% 5.50E-08
Neurotrophin signaling pathway 3.00% 5.60E-05
B cell receptor signaling pathway 2.50% 1.50E-05
miR-200/141 family Pathways in cancer 3.60% 2.70E-04
MAPK signaling pathway 2.80% 3.30E-03
Wht signaling pathway 1.90% 3.00E-03
Axon guidance 1.50% 1.80E-02
Chronic myeloid leukemia 1.40% 1.40E-03
miR-205 Tight junction 2.70% 8.80E-04
Endocytosis 2.50% 2 40E-02
Whnt signaling pathway 2.20% 2.10E-02
Ubiquitin mediated proteolysis 2.00% 3.60E-02
Adherens junction 1.50% 3.00E-02
miR-206 Regulation of actin cytoskeleton 4.10% 5.70E-02

seed region sequences of these miRNAs leads to the diversity
of different targets, the protein class of all the targeted genes
seemed similar, suggesting that CA-miRNAs might function
in the post-transcriptional level mainly through manipulating
the expression of transcription factors and protein kinases. As
a recently recognized part of that regulation, miRNA-mediated

events seem to ensure the preciseness and fidelity of dynamic
and spatially restricted gene expression. Most of these targeted
genes could express the transcription factors which controlled
the expression of nearly all genes. Besides, another crucial part
of the predicted targets were diverse sorts of enzymes such
as protein kinase, which may participate in various signaling
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Table IV. The top five pathways regulated by all 11 CA-miRNAs.
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Pathway DB Name Hits Total Percent
KEGG Pathways in cancer 141 343 41.11%
MAPK signaling pathway 125 284 44.01%
Endocytosis 103 240 42.92%
HTLV-I infection 93 198 46.97%
Regulation of actin cytoskeleton 93 228 40.79%
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Figure 2. CA-miRNA regulation of pathways in cancer biological map. Grey boxes show objects that can be regulated by CA-miRNAs with numbering cor-
responding to that seen in Table IV. Solid arrows, activation; dotted arrows, indirect effect; L, inhibition. Letters on lines denote the type of regulation as follows:
+p, phosphorylation; -p, dephosphorylation; +u, ubiquitination; +g, glycosylation; +m, methylation.

pathways. A protein kinase which modifies other proteins by
chemically adding phosphate groups to them (phosphoryla-
tion) is one of the largest and most influential of gene families:
constituting some 2% of the proteome, they regulate almost all
biochemical pathways and may phosphorylate up to 30% of the
proteome. Interestingly, beside the CA-miRNAs, other miRNAs
also seem to have the same most common targeted genes, which
may be a general character of miRNA regulation (55).
Over-represented protein classes of target genes are tran-
scription factors, protein kinases, receptors, components of the
miRNA machinery, and other proteins involved in translational
regulation, as well as components of the ubiquitin machinery,
which is crucial in the maintenance of normal cell life and this
result also represented novel feedback loops in gene regulation

similarly to previous research (56). As miRNAs seem to play
a role as more refined regulators of gene expression, the minor
percent of the targets contain diverse proteins such as cytokine,
protease, immunoglobulin superfamily cell adhesion molecule,
ATP-binding cassette (ABC) transporter, and actin family cyto-
skeletal protein.

The largest number of genes are targeted by the miR-17-92
cluster, which is not only because this miRNA cluster contain
more family members but also commit more dominant func-
tions except transcription factors and protein kinases such as
signaling molecule, G-protein coupled receptor, and hydrolase.
On the other hand, as a less significant regulator, miR-206
targets the minimum amount of genes, which may function as
G-protein modulator, dehydrogenase, and hydrolase. In agree-
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ment with our results, some research groups have found that
miRNA oncogenes and tumor suppressors clearly show different
patterns in function, evolutionary rate, expression, chromosome
distribution, molecule size, free energy, transcription factors and
targets (57).

Molecular function, biological process and signal pathway
analysis of targets related to each CA-miRNA. We scored the list
of genes for each miRNA against molecular function, biological
process and canonical pathways. For each miRNA, the top five
rank for each analysis is shown in Tables II and III. The targets
for the CA-miRNAs were most prominently predicted to func-
tion in regulation of transcription, which is the dominant process
of controlling gene expression. Carcinogenesis in humans is a
multistep process and that these steps reflect genetic alterations
that drive the progressive transformation of normal human cells
into highly malignant derivatives. Similarly, pathways in cancer
and MAPK signaling pathway were the most-observed overlaps
between the pathways for these CA-miRNAs, suggesting that
these miRNAs may probably regulate carcinogenesis mainly
through the two pathways. The results indicated that those miRs
are closely associated with cancers, consistent with current
observations described in cancer associated miRNAs section.

Pathway mapping of cancer-associated miRNA targets. The
top five pathways regulated by the CA-miRNAs are shown in
Table IV. It inferred that these 11 CA-miRNAs participate in
carcinogenesis mainly through the five pathways concerned
with morphological changes, intercellular communication and
invasion of cancer cells. Three out of these top 5 pathways (path-
ways in cancer, endocytosis and regulation of actin cytoskeleton)
are reported in the biological pathway analysis for prostate
cancer (58). Admittedly, there are definitely other cancer-related
pathways not emerged in the Rank Five list. It may be because
these targeted genes mainly occupied a large percentage in the
five pathways and they are still closely connected with other
cancer-related pathways.

Pathways in cancer are highly saturated with gene targets of
the CA-miRNAs (Fig. 2). This kind of pathway clearly demon-
strated the acquisition of biological capabilities such as block
of differentiation, resistance to apoptosis, unlimited replicative
potential, sustained angiogenesis, tissue invasion and metastasis
for the transformation from normal cells into highly malignant
tumor cells. The effects of alterations on many oncogenes and
tumor suppressor genes are complex due to the high number of
changes in the interactions of the biological pathways involved.
However, more common abnormalities in oncogenes and tumor
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suppressor genes regulated by CA-miRNAs can be potential
therapeutic targets. Indeed, miRNA targeted genes in grey
such as Wnt, STAT3, p21, P53, BCL-2, Fas, TGF-f3, and Rb are
directly related with cancer (Fig. 2).

Mitogen-activated protein kinase (M APK) pathway functions
as integrating signals that affect proliferation, differentiation,
survival and migration (Fig. 3). MAPK signaling is tightly
regulated so that optimal biological activities are achieved and
health is maintained. This pathway activation is a frequent event
in human cancer and is often the result of activating mutations in
the BRAF and RAS oncogenes. There are three main sub-fami-
lies of MAPK pathways in humans (classical MAPK pathways,
JNK and p38 MAPK pathway and ERKS5 pathway), whose
functions are regulated by activators, inactivators, substrates
and scaffolds, which together form delicate signaling cascades
in response to different extracellular or intracellular stimula-
tion. Unscheduled proliferation is a hallmark of cancer, and the
JNK and p38 MAPK pathways regulate cell cycle progression
at different transition points by both transcription-dependent
and transcription-independent mechanisms. Members of MAP

kinase (MAPK) family are evolutionarily conserved regula-
tors that mediate signal transduction and play essential roles in
various physiological processes. Consistent with the importance
of these events in tumorigenesis, MAPK signaling is closely
associated with cancers in humans. The MAPKSs are activated by
mitogens and were found to be upregulated in human tumors; this
finding has led to the development of inhibitors of this pathway
for cancer therapeutics. Studies in mouse models have been
essential to better understand how these MAPKs control cancer
development, and these models are expected to provide new
strategies for the design of improved therapeutic approaches (59).
Small-molecule inhibitors designed to target various steps of this
pathway have entered clinical trials (60). Pharmacological inhi-
bition of the kinase JNK blocked induction of oncomiR miR-155
in response to either polyriboinosinic:polyribocytidylic acid or
TNF-a, suggesting that miR-155-inducing signals use the JNK
pathway (61). In addition, miR-141 and miR-200a target p38a
and modulate the oxidative stress response (62). These previous
results indicate that miRNAs may be a promising clinical treat-
ment for cancer through the MAPK pathway.
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Endocytosis (Fig. 4) has been regarded as a long-term
mechanism of signal attenuation via receptor clearance from
the cell surface. Additional and quite unexpected functions for
endocytosis have emerged, which, together with its attenua-
tion function, project a central role for this process in cellular
homeostasis and control of proliferation (63). Subversion of
endocytic control is thus predicted to play a causative role in
hyper-proliferative conditions, first and foremost cancer (63).
Recently, research has revealed that microenvironment around
tumor cells contains various circulating miRNAs secreted
by microvesicles or exosomes, which may enter into other
surrounded cells by endocytosis (64,65). Therefore, this
pathway cluster analysis suggests that endocytosis needs to
be paid more attention as a novel mechanism of intercellular
communication of tumor cells.

The human T cell leukemia virus type I (HTLV-I) infection
(Fig.5)is associated with adult T cell leukemia/lymphoma (ATL).
ATL is a highly aggressive neoplastic disease of CD4 positive T
lymphocyte, which is featured by the pleomorphic tumor cells
with hyper-segmented nuclei, called ‘flower cell’ (66). HTLV-I,
as an oncogenic retrovirus, encodes an oncogenic protein, Tax,
which interferes with several signaling pathways related to
anti-apoptosis or cell proliferation. The ability of Tax to both
transcriptionally regulate cellular gene expression and to func-
tionally inactivate proteins involved in cell cycle progression

and DNA repair provide the basis for Tax-mediated transforma-
tion and leukemogenesis (67). The modulation of the signaling
by Tax involves its binding to transcription factors like CREB/
ATF, NF-«B, SRF and NFAT.

Regulation of actin cytoskeleton (Fig. 6) may be involved
in morphological changes of cancer cells. Several studies have
demonstrated that molecules that link migratory signals to the
actin cytoskeleton are upregulated in invasive and metastatic
cancer cells (68). Aberrant regulation of cell migration drives
progression of cancer invasion and metastasis (69-71). This
pathway seems to be an overlap with those participated in
senescent cells, which also undergo changes in morphology,
becoming large and flattened (72). Beside this pathway, many
cancer-related pathways overlap with that involved in senes-
cence such as inflammatory pathway, IGF pathway, p16-p21
pathway and p53 pathway. In terms of the pathway, cancer and
senescence seem to share many same biological processes and
cancer is defined as a typical aging related disease (73). For the
ability of targeting many different genes, miRNAs provide a
mechanism through which widespread alternations could be
induced.

In this study, we have used pathway mapping and theoret-
ical gene target identification to create a biological framework
by which to test the relevance of miRNAs in cancer induction.
The identification of CA-miRNAs related pathways with the
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ability to regulate a complex pathological process such as
cancer, can be better using bioinformatic techniques followed
by experimental validation.
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