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Abstract

The diagnosis and treatment of colorectal cancer (CRC) have improved
greatly over recent years; however, CRC is still one of the most common
cancers and a major cause of cancer death worldwide. Several recently
developed drugs and treatment strategies are currently in clinical trials;
however, there is still a compelling need for novel, highly efficacious ther-
apies. MicroRNAs (miRNAs) are short non-coding RNAs consisting of
20-25 nucleotides that regulate post-transcriptional gene expression by
binding to the 3’-untranslated region of mRNAs. miRNAs are known to
regulate cancer pathways and to be expressed aberrantly in cancer. Since
their initial discovery, a large number of miRNAs have been identified as
oncogenes, whereas others function as tumor suppressors. Furthermore,
signaling pathways that are important in CRC (e.g. the WNT, MAPK,
TGF-B, TP53 and PI3K pathways) are regulated by miRNAs. A single
miRNA can simultaneously regulate several target genes and pathways,
indicating the therapeutic potential of miRNAs in CRC. However, signifi-
cant obstacles remain to be overcome, such as an efficient miRNA deliv-
ery system, and the assessment of safety and side effects. Thus, miRNA
therapy is still developing and possesses great potential for the treatment
of CRC. In this chapter, we focus on miRNAs related to CRC and sum-
marize previous studies that emphasize the therapeutic aspects of miRNAs
in CRC.
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13.1 Introduction
The alterations of miRNA expressions can influ-
ence global gene expression networks, leading to
drastic changes of cell fates including cancer ini-
tiation and progression. The aberrant miRNA
expressions are observed in a wide variety of
human malignancies, indicating a potential use of
miRNAs as diagnostic markers and therapeutic
targets. The natural endogenous expression and
its remarkable stability make miRNAs a safe and
efficient treatment option in cancer treatment.
Now the global pharmaceutical market of
miRNA-related therapy is huge and rapidly
growing. It is predicted to reach 6 hundred mil-
lion US dollars in 2014 and 10 hundred million in
2019. In this decade miRNA-targeting drugs
have been developed all over the world, and some
of them are already under investigation in pre-
clinical randomized controlled trials. For exam-
ples, MRX34, a double-stranded RNA mimic of
miR-34a encapsulated in a liposomal nanoparti-
cle formulation, has already been in clinical trials
in patients with primary liver cancer or other
selected solid tumors or hematologic malignan-
cies [1]. Moreover, miravirsen and RG-101,
effective inhibitors of liver specific miR-122 that
the hepatitis C virus requires for replication, have
also been in clinical trials. Miravirsen is a Locked
Nucleic Acid (LNA)-modified oligonucleotide
complementary to miR-122, and RG-101 is
Regulus’  wholly-owned GalNAc-conjugated
anti-miR-122 for the treatment of HCV.

However, systemic delivery technology of
miRNAs as therapeutic targets/therapeutics for
solid tumors has been obstructed by many limita-
tions [2], including drug delivery systems, low
specificity, adverse effects and miRNA
instability.

This chapter focused on the molecular back-
ground and its clinical application of candidate
miRNAs in colorectal cancer (CRC) (Table 13.1).

MicroRNAs Studied
as Therapeutic Targets
in Colorectal Cancer

13.2

13.2.1 miR-34a

Mutation of tumor suppressor p53 is observed in
50-75 % of CRCs [3]. Some miRNAs are known
to be transcriptionally activated by p53 and exert
its tumor suppressive effect through regulating a
various kinds of targets [4]. miR-34a is one of the
representative downstream molecules of p53.
Target genes of miR-34a are associated with
almost all kinds of biological processes including
cell-cycle progression, apoptosis, DNA repair
and angiogenesis. Upon DNA damage p53
directly activates miR-34a, and subsequent inhi-
bition of miR-34a targets leads to a global cell
protective response including cell cycle arrest
and induction of apoptosis [5]. These anti-
proliferative effect are disadvantage for cancers,
therefore the pathway should be inactivated in
tumors. Indeed, downregulation of miR-34a is a
common feature of human malignancies includ-
ing CRC.

Recent evidence suggests that pS3-dependent
expression of miR-34a blocks IL-6R/STAT3/
miR-34 feedback loop and consequently inhibit
tumor progression in CRC [6]. As STAT3 and
IL-6R play a central role in cancer proliferation,
the restoration of miR-34a could be a useful
treatment strategy for CRC. Nugent et al. have
shown that the expression levels of miR-34a sig-
nificantly decreased in CRC patients compared
with healthy individuals, suggesting that miR-
34a could be a useful biomarker as well as a ther-
apeutic target in CRC [7, 8].

Notch signaling pathway is a critical regulator
of asymmetric cell division, in which stem cells
simultaneously generate both a daughter stem
cell for self-renewal and a differentiated daughter
cell to create cellular diversity [9-11].
Interestingly, recent study demonstrated that
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Table 13.1 Overview of in vivo studies as potential miRNAs therapeutic targets/therapeutics in CRC

Oligonucleotides
miRNA Animal models format DDS Results References
miR-34a Transgenic mice - - Anti-tumor [6]
effect
miR-135b Xenotransplantation of Antisense - Anti-tumor [13]
tumor-derived organoids to effect
mice
miR-143 Xenograft mice 3’-BP modified - Anti-tumor [17]
effect
miR-145 Xenograft mice 3’-BP modified - Negative [17]
miR-4689 Xenograft mice Mimic sCA Anti-tumor [39]
effect

miRNA, miR microRNA, DDS Drug Delivery System, BP benzen-pyridine, sCA Super carbonate apatite

expression levels of miR-34a might define a cell
division as symmetric or asymmetric [12]. High
expression levels of miR-34a inhibit Notch sig-
naling pathway and promote daughter cells to
create non-CCSCs, whereas its low expression
levels facilitate Notch signaling and promote
daughter cells to remain CCSC. Because non-
CCSC:s are likely to susceptible to chemotherapy
and irradiation, induction of miR-34a could be a
useful therapeutic strategy through promoting
asymmetric division rather than maintaining
CSCs.

13.2.2 miR-135b

MiR-135b plays an important role as a key down-
stream effector of oncogenic pathways and could
be a crucial therapeutic target in CRC [13].
Furthermore, anti-miR-135b therapy shows a
promise because miR-135b expression in normal
colorectal tissue and other organs is very low, in
contrast to other miRNAs (e.g., miR-21). Another
research showed that miR-135a/b target the 3’
untranslated region of APC, suppress its expres-
sion, and induce downstream Wnt pathway activ-
ity. This study showed a considerable
up-regulation of miR-135a/b expressions in
colorectal adenomas and carcinomas, which cor-
related with low APC mRNA levels [14].
Moreover, a recent study showed that miR-135b
overexpression was triggered in mice and humans
by APC loss, PTEN/PI3K pathway deregulation,

and SRC overexpression and promoted tumor
transformation and progression [13]. This study
also demonstrated that miR-135b up-regulation
was common in sporadic and inflammatory
bowel disease-associated human CRCs and cor-
relates with tumor stage and poor clinical out-
come. Inhibition of miR-135b in CRC mouse
models reduced tumor growth by controlling
genes involved in proliferation, invasion, and
apoptosis. These observations suggest that miR-
135b is a key downstream effector of oncogenic
pathways and a potential target for CRC
treatment.

13.2.3 miR-143, 145

Michael et al. first studied microRNAs changed
in the adenomatous and cancer stages of colorec-
tal neoplasia and identified that miR-143 and
miR-145 act as potential tumor suppressors [15].
Consistent with this notions, the upregulation of
the tumor suppressor miR-143 and miR-145 in
post-therapeutic tumor tissue stand in line with
the antitumor properties of the chemotherapy.
This suggests that the expression levels of these
miRs may be associated with prognosis or thera-
peutic outcome in CRC [16].

Both miR-143 and -145 have been shown to
inhibit cell proliferation in vitro [17]. Moreover,
it was reported that miR-143 directly binds to and
suppresses KRAS, DNMT3A, and ERKS and
that miR-145 targets IRS-1, c-Myc, YESI,
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STAT1 and FLI1 [18]. In particular, administra-
tion of miR-143 potently inhibits colorectal
tumor growth in xenograft mice models. miR-
143 may be a promising option as potential
miRNA therapeutics for colorectal tumors [17].

13.2.4 miR-101

The Wnt/B-catenin pathway is known to play a
central role in an early colorectal carcinogenesis,
where inactivation of the adenomatous polyposis
coli (APC) gene is one of the major tumor initiat-
ing events. More than 60 % of colorectal adeno-
mas and carcinomas, carries inactivating mutation
in APC gene, which results in a stimulation of the
Whnt/B-catenin pathway [3]. Recent evidence sug-
gests that miRNAs represent a novel mechanism
for WNT regulation in CRC. For example, miR-
93 suppresses colorectal cancer development via
downregulating Wnt/p-catenin pathway by par-
tially targeting Smad7. It has been reported that
activation of the Wnt/p-catenin pathway signifi-
cantly induced miR-101 repression, which was
reverted by blocking p-catenin activity [19].
Interestingly, miR-101 overexpression in CRC
cells impaired p-catenin nuclear localization and
inhibited the expression of stem/EMT-related
genes, while miR-101 silencing exerted opposite
effects in normal colon epithelial cells. These
findings suggest that pharmacological restoration
of miR-101 may inhibit the aggressive behavior
of CRC.

13.2.5 miR-21

miR-21 is overexpressed in a wide variety of can-
cers including CRC [20, 21]. Recent meta-
analysis revealed that circulating miR-21 is a
useful diagnostic marker for CRC with adequate
sensitivity and specificity [22]. Importantly, the
expression levels of miR-21 in serum is elevated
even in early diseases, indicating the possible use
of miR-21 in early diagnosis [23, 24].
Mechanistically, miR-21 negatively regulates
PDCD4, which inhibits transformation and inva-
sion in cancer. Asangani et al. identified a spe-
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cific binding site for miR-21 in the PDCD4
3’-UTR at nucleotide position 228-249. Indeed,
antisense oligonucleotides against miR-21 (Anti-
miR-21) restored the expression levels of PDCD4
protein, leading to a remarkable inhibition of
cancer migration, whereas overexpression of
miR-21 promotes the invasive behavior of CRC
cell lines [25]. A recent study also demonstrated
that miR-21 is associated with invasive capacity
of colorectal cancer cells through promoting
nuclear translocation of p-catenin. Interestingly,
this was only observed in adenomatous polyposis
coli (APC)-mutated cells but not in APC-wild-
type cells. CRC patients with high expression
levels of serum miR-21 exhibit poorer prognosis
in APC mutated cases, while this correlation was
not observed in APC-wild type CRC patients
[26]. Furthermore, Valeri et al. revealed that miR-
21 confers resistance to 5-fluorouracil (5-FU)
through downregulation of human MutS homo-
log 2 (MSH2). They also performed cell-cycle
analysis and showed that G2/M arrest and apop-
tosis induced by 5-FU was decreased by overex-
pression of miR-21 [27]. miR-21 inhibitor (2'-F
and 2'-MOE bicyclic sugar-modified antisense
inhibitor) against hepatocellular carcinoma is
currently being developed by Regulus
Therapeutics [28]. Although the possible adverse
effects of systemic induction of antisense oligo-
nucleotides need to be overcome [29],
anti-miR-21 therapy could be a promising thera-
peutic option in many types of cancers including
CRC.

13.2.6 miRNAs Related to EGFR
Signaling Pathway (KRAS
and PI3K Pathways)

The epidermal growth factor receptor (EGFR)
pathways including KRAS and PI3K contribute
to promotion and progression of broad spectrum
of solid tumors and it is a promising target for
anticancer therapy [30]. The emerging role of
EGFR signaling in cancers has led the develop-
ment of anti-EGFR agents, including tyrosine
kinase inhibitors (TKIs) and monoclonal anti-
bodies against EGFR. Previously, it was consid-
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ered that only patients with KRAS mutations in
codons 12 and 13 of exon 2 did not have a
response to anti-EGFR therapy. However, recent
clinical studies revealed that other mutations in
genes of the RAS family (KRAS exon 3 and 4
and NRAS exon 2, 3 and 4) are also associated
with reduced response to anti-EGFR agents [31,
32]. In addition, it is estimated that 19.9% of
KRAS exon 2 wild-type tumors harbor at least
one of these new RAS mutations [33]. Therefore,
novel therapeutic strategies are urgently needed
to treat CRC patients with RAS mutation. In this
context, increasing numbers of evidence indi-
cates that miRNAs are correlated with the drug
resistance to anti-EGFR agents and regulate the
EGFR signaling. For example, let-7 miRNA fam-
ily has been reported to directly target KRAS
oncogene  [34]. Let-7 miRNA  post-
transcriptionally downregulates KRAS, and let-7
administration reduced tumor formation in ani-
mal cancer models expressing activating KRAS
mutations. Higher let-7a expression was signifi-
cantly associated with better survival outcomes
in patients with mutant KRAS CRC who received
salvage cetuximab (an anti-EGFR monoclonal
antibody) plus irinotecan. These findings suggest
that high let-7a microRNA levels in KRAS-
mutated CRCs may rescue anti-EGFR therapy
effects in patients with chemotherapy-refractory
metastatic CRC [35].

Another central signaling pathway down-
stream from EGFR and important in CRC devel-
opment is the phosphatidylinositol-3-kinase
(PI3K)-AKT pathway. Recent study revealed that
KRAS, PIK3CD and BCL2 were identified as
direct and functional targets of miR-30b.
Moreover, miR-30b promoted G1 arrest and
induced apoptosis, suppressing CRC cell prolif-
eration in vitro and tumor growth in vivo.
Expression analyses using CRC clinical samples
showed that a low expression level of miR-30b
was closely related to poor differentiation,
advanced TNM stage and poor prognosis of CRC
[36]. According to other recent studies, the p853
regulatory subunit involved in stabilizing and
propagating the PI3K signal was demonstrated to
be a direct target of miR-126 [37]. Furthermore,
this p85f reduction mediated by miR-126 was
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accompanied by a substantial reduction in phos-
phorylated AKT levels in the cancer cells, sug-
gesting a suppression of PI3K signaling. MiR-612
was also identified to directly target AKT2, which
in turn inhibited the downstream epithelial-
mesenchymal transition-related signaling path-
way [38]. Comprehensive microarray profiled
analysis identified miR-4689 as one of the sig-
nificantly down-regulated miRNAs in mutated
KRAS (G12V)- overexpressing cells [39]. MiR-
4689 was found to exhibit potent growth-
inhibitory and pro-apoptotic effects both in vitro
and in vivo. Further analysis revealed that miR-
4689 expression was significantly down-
regulated in cancer tissues compared to normal
mucosa, and it was particularly decreased in
mutant KRAS CRC tissues. MiR-4689 directly
targets both KRAS and AKT1, suggesting KRAS
overdrives this signaling pathway through inhibi-
tion of miR-4689. These observations suggested
that miR-4689 might be a promising therapeutic
agent in mutant KRAS CRC (Fig. 13.1). Another
important regulatory component of PI3K signal-
ing pathway is a tumor suppressor gene PTEN
(phosphatase and tensin homologue). Recent
study revealed that PTEN was a direct target of
miR-17-5p in CRC cells [40]. Overexpression of
miR-17-5p promoted chemo-resistance and
tumor metastasis of CRC by repressing PTEN
expression. Gain and loss -of-function studies
revealed that miR-32 directly target PTEN, sug-
gesting that miR-32 was crucially involved in
tumorigenesis of CRC at least in part by sup-
pressing PTEN [41].

13.2.7 MiRNAs in TGF-/Smad
Signaling Pathway

The epithelial to mesenchymal transition (EMT)
is a critical process in tumor invasion, metastasis,
and tumorigenesis. Various signaling pathways
can induce EMT and include key molecules such
as transforming growth factor beta (TGF-p),
platelet-derived growth factor (PDGF), and the
proteins nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-k B), Wnt,
Notch and hedgehog proteins [42]. Among them,
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Fig.13.1 miR-4689 regulates
EGFR signaling pathway
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Therefore, TGF- 8 /ZEB/miR-200 signaling reg-
ulatory network controls the plasticity between
the epithelial and mesenchymal states of the CRC
cells [42, 43]. Recent clinical cohort study
revealed that miR-1269a expression was up-
regulated in late-stage CRC and was associated
with relapse and metastasis of disease-free 100
stage II CRC patients [44]. In vivo and in vitro
experiments, SW480 cells treated with miR-
1269a promoted CRC cells to undergo EMT and
to metastasize. Furthermore, miR-1269a directly
targeted Smad7 and HOXD10 to enhance TGF-f
signaling, which in turn caused TGF-f mediated
up-regulation of miR-1269a via Sox4. These
indicate that TGF-f and miR-1269a constitute a
positive feedback loop. Taken together, miR-
1269a could be a potential marker for CRC
patients as well as a potential therapeutic target to
suppress metastasis.

Other kinds of upregulated miRNAs in CRCs,
miR-130a/301a/454 family is also shown to regu-
late TGF-p signaling pathway through inhibiting
SMAD4. Overexpression of these miRNAs
enhanced cell proliferation and migration in
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HCT116 and SW480 colon cancer cells, while an
inhibition decreased cell survival [45].

Another study demonstrated that miR-21 is
involved in the maintenance of cancer stem cells
by modulating transforming growth factor beta
receptor 2 (TGFPBR2) expression in colorectal
cancer cells. Cell lines with increased fraction of
cancer stem cells exhibit a relatively high expres-
sion of miR-21 [46].

13.3 Future Perspectives

Since the first study of miRNAs, a huge number
of miRNAs have been studied as biomarkers and
prognostic factors. However, only a small num-
ber of miRNAs are available as therapeutic tools.
Against this background, a clinical trial of miR-
34 mimics (MRX34) against hepatocellular car-
cinoma and metastatic liver cancer is now in
phase I (ClinicalTrials.gov identifier:
NCTO01829971). The limited number of miRNAs
available as therapeutic tools might be due to sev-
eral factors. First, since miRNAs are short non-
coding RNAs of 20-25 nucleotides, one miRNA
could regulate several target genes transcription-
ally, indicating the difficulty of targeting specific
genes. At the same time, this nonspecificity leads
to the possibility that one miRNA could regulate
several targets and pathways simultaneously. To
overcome this issue, further studies are necessary
to elucidate the real therapeutic target miRNAs,
which might avoid side effects of this therapy.
Second, the optimal system for delivering miR-
NAs has not been established yet. In some in vivo
studies, nanomolecules were used and their effi-
cacy was reported (e.g. polymer nanoparticles,
lipid nanoparticles, and liposomes). Recently, a
new anti-miR delivery system was reported,
which showed that anti-miRNAs with a low-pH-
induced transmembrane structure (pHLIP) were
efficiently delivered to the tumor in lymphoma
cases [47]. This method could transport anti-
miRNAs through the plasma membrane under
acidic conditions and then deliver miRNAs spe-
cifically to tumors. Additionally, two clinical tri-
als using Dicer substrate short-interfering RNA
(DsiRNA™) are ongoing (ClinicalTrials.gov
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identifiers: NCT02110563 and NCT02314052).
DsiRNAs are synthesized 27mer RNA duplexes
that are processed by Dicer into 21mer siRNAs.
This new treatment related to microRNA biogen-
esis is also thought to improve the delivery of
miRNAs to specific targets. Thus, the systems for
delivering miRNAs are continuing to advance,
but further investigations are necessary for their
actual use in clinical practice.

On the other hand, as mentioned previously,
several target miRNAs for the therapy of CRC
were elucidated and directly used for anti-miRNA
therapy in vivo. Furthermore, some miRNAs
(e.g. miR-17-5p, miR-140, and miR-192) have
also been reported to be associated with chemo-
therapy resistance, which indicates the possibil-
ity of combination therapy with miRNAs and
anticancer drugs. Thus, miRNA therapy has great
potential to expand the therapeutic options for
CRC. Although several obstacles to this still
remain, miRNA therapy should lead to novel dis-
coveries relevant to the diagnosis and treatment
of CRC.
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