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Introduction: MicroRNAs (miRNAs) are small (19 -- 22 nucleotide), non-

protein-coding RNA segments that function as master regulators of hundreds

of genes simultaneously in both normal and malignant cells. In colorectal

cancer (CRC) miRNAs are deregulated and have critical roles in initiation and

progression of CRC by interacting with various oncogenes and tumor suppres-

sor genes including APC, KRAS and p53, or by modulating downstream signal

transduction pathways. Numerous promising miRNAs have emerged as poten-

tial drug targets for therapeutic intervention and possible candidates for

replacement therapy in CRC.

Areas covered: In this review the authors summarize the available informa-

tion on miRNAs and their role in CRC. The authors point out specific miRNAs

as potential drug targets and those having a significant role in gene activa-

tion and gene silencing during the process of CRC development, to highlight

their importance as possible therapeutic candidates for the treatment of CRC.

Expert opinion: Targeting miRNAs provides an emerging opportunity to

develop effective miRNA-based replacement therapy or antagonists to alter

expression in colon cancer patient tumors. However, the biggest challenge is

to overcome obstacles associated with pharmacokinetics, delivery and toxicity

in order to translate the potential of miRNAs into efficacious anticancer

drugs.

Keywords: antagomirs, anti-microRNA oligonucleotides, colon cancer, genomic instability,

microRNA dysregulation, microRNA mimics, microRNA silencing, replacement therapy

1. Introduction

Colorectal cancer (CRC) is the third most common type of cancer in men and
women causing ~ 610,000 deaths per year worldwide and 50,310 deaths in
2014 in the USA [1]. The management/treatment of CRC is extremely challenging
for oncologists due to the highly complex multifactorial nature of the disease.
Despite huge investment and intensive research on the diagnosis and drug discovery
for CRC, the clinical results have not significantly improved for the majority of
CRC patients. The advent of target-based drug design has led to the discovery of
many promising anticancer drugs including monoclonal antibodies, but they also
failed to achieve desired outcomes in providing extended disease-free survival for
the vast majority of patients suffering from CRC. In addition, current CRC chemo-
therapy is also facing a number of challenges because of variability in pharmacolog-
ical responses, unacceptable toxicities and the development of drug resistance. Thus,
the overall clinical scenario of CRC treatment does not appear very encouraging and
suggests an urgent need for new, safe and effective anti-CRC drugs that can address
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present clinical issues. The existing situation also necessitates
extensive exploration of other options such as natural bio-
molecules that may be developed as safe and effective treat-
ment for CRC management or as novel drug targets for
target-based therapeutic interventions. An important class of
biological molecules known as microRNAs (miRNAs) has
emerged as master regulators of gene expression in both nor-
mal cells and in malignant cells. Rapid advances in identifying
miRNA specifically altered in solid tumors have significantly
added to our knowledge of tumorigenesis regulation in terms
of molecular events responsible for initiation and progression
of cancer. However, exactly how these miRNAs (which can
affect 100s of genes) control processes of transformation of a
normal cell into a malignant cell remains much less well
understood [2]. miRNAs have been found to be highly dysre-
gulated in all types of human cancers including CRC [3].
Therefore, current research efforts are being directed towards
finding out if miRNAs can be utilized for the purpose of diag-
nosis, prognosis and/or the development of novel anticancer
drugs [4].
In this review we have attempted to summarize the

available information on the biosynthesis, transportation,
biological functions and potential uses of miRNAs as relevant
drug targets and possible therapeutic candidates with particu-
lar reference to CRC.

2. miRNA: biosynthesis and function

miRNAs are small (19 -- 22 nucleotide), single-stranded,
evolutionary conserved, non-coding RNAs that represent a
class of endogenously expressed small RNAs associated
with a novel post-transcriptional gene regulation mecha-
nism [5]. miRNAs usually function to maintain overall
genetic homeostasis inside the cell by post-transcriptional
gene expression control and by influencing several funda-
mental molecular events such as cell differentiation, divi-
sion, survival, self-defense, migration, apoptosis and stem

cell maintenance [6]. They act as guide molecules in a

wide range of diverse gene silencing pathways. A large

number of miRNAs implicated in cancer invasion, progres-

sion and chemotherapeutic resistance have been discovered.

Characteristics of miRNAs such as their small size and

remarkable stability compared to most messenger RNAs

(mRNA) in tissues and extracellular fluids make them suit-

able as diagnostic and prognostic biomarkers for cancer and

other diseases [7]. Additionally, specific miRNAs may either

serve as appropriate therapeutics or an attractive therapeutic

target for the discovery of potentially safe and effective

treatments.
The biogenesis of miRNAs, involves several sequential

steps (Figure 1). miRNA encoding genes are first transcribed
from genomic DNA by RNA polymerase II to form 1 -- 3 kb

long primary-miRNAs [8]. The primary-miRNAs are subse-

quently recognized and cleaved by Drosha (RNA polymerase

III enzyme) and a protein called DiGeorge Syndrome Criti-

cal Region 8 protein (DGCR8) [9]. This step results in the

formation of about 60 -- 100 nucleotide long hairpin-shaped

precursors of miRNA termed pre-miRNAs. The specific

cleavage of primary-miRNAs by the Drosha--DGCR8

complex is a crucial step in the synthetic process of miRNAs

as it leads to the generation of what is believed to be specific

nucleotide sequences in miRNAs that are associated with the

ability of miRNAs for gene silencing. This specific nucleo-

tide sequence is the target area on mRNA and is comple-

mentary to the 2 -- 7 positions of antisense miRNA
oligonucleotides. The pre-miRNAs are transferred to the

cytoplasm by an RNA-binding protein called Exportin-5

[10] and are further fragmented into 18 -- 24 double-stranded

oligonucleotides by the RNase-III enzyme Dicer to form

mature double-stranded RNAs (dsRNAs) [11]. One of the

double strands of dsRNA matures as a miRNA which is

finally incorporated in the RNA-induced silencing complex

(RISC) to form a miRNA-induced silencing complex (miR-

ISC) [12]. The second strand of dsRNA is usually degraded or

it may be involved in the maintenance of optimal level of

miRNA in the cell. The miRISC complex pairs with its

complimentary target sequence on mRNA in a perfect or

most often in an imperfect manner, thereby hiding it from

the translational machinery or causing complete degradation
of these complementary sequences [13]. It has been reported

that in the case of perfect complementarity of the miRNA:

mRNA complex, the mRNA is usually degraded by a protein

called Ago2 (Argonaute RISC Catalytic Component 2)

whereas if the complementarity is not perfect the translation

of target sequence on mRNA is suppressed [14]. The transla-

tional inhibition appears to be a major miRNA gene regula-

tory mechanism because the majority of miRNAs pair

with their respective mRNA imperfectly [15].The extent

of expression of miRNAs in the cell is believed to

be precisely controlled at three important stages that is at

the miRNA gene level, at the epigenetic level, and at the

Article highlights.

. Targeting microRNAs (miRNAs) for colorectal cancer
therapy constitutes a rational method of target-based
therapeutic intervention.

. MiRNA-based therapies may be developed to restore
cell-type specific normal expression patterns of miRNAs.

. MiR-135b and miR-200c are promising candidates for
miRNA-based therapy in colorectal cancer.

. A novel, acid-stable, miRNA systemic delivery platform,
termed peptide with low pH-induced transmembrane
structure (pHLIP), may improve successful delivery of
desired therapeutic miRNAs to the tumor
microenvironment.

. Numerous dysregulated miRNAs are potential
biomarkers for the diagnosis, prognosis as well as for
chemoresistance in colorectal cancer.

This box summarizes key points contained in the article.

M. A. Jafri et al.
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transcriptional/post-transcriptional level to maintain normal
genetic and physiological homeostasis (Figure 2) [16].

3. miRNA dysregulation in colorectal cancer

CRC is believed to be a consequence of mutational activation
of oncogenes coupled with the mutational inactivation of
tumor suppressor genes. The majority of CRCs arise from
adenomatous polyps, which contain predisposed genetic
mutations with the potential for malignant transformation.
The development of CRC is characterized by an ordered series
of events that are collectively known as the ‘Adenoma-
Carcinoma Sequence’ (Figure 3). This sequence of events is
primarily triggered by genomic instability which arises from
the chromosomal instability, microsatellite instability and
CpG island methylator phenotype. Genomic instability
results in the loss of cell cycle control, thus, promoting unreg-
ulated cell growth and differentiation leading to tumorigene-
sis (Figures 4 and 5). Specific gene mutations also contribute

to genomic instability. The inherited and somatic genetic

mutations that are involved in the development of colorectal

carcinogenesis include the mutations in Adenomatous Poly-

posis Coli (APC), KRAS, Ctnn-Beta (Catenin-Beta), COX2
(Cyclooxygenase-2), Deleted In Colorectal Carcinoma

(DCC), SMAD4 (SMA and Mothers Against Decapentaplegic

(MAD) Related Protein-4), p53, Transforming Growth

Factor-Beta Receptor-Type II (TGF-Beta R2), Bcl2

Associated-X Protein (BAX), Matrix Metalloproteinase

(MMP)-1/2/7/9/11/12/14, E2F Transcription Factor-4

(E2F4) and Mismatch Repair (MMR) genes such as, MutS

Homolog-2 (MSH2), MutS Homolog-3 (MSH3), MutS

Homolog-6 (MSH6) and MutL Homolog-1 (MLH1) [17].

These mutations result in dysregulation of miRNAs in the

cells leading to aberrant activation of signaling pathways and

their downstream effector molecules. This miRNA-mediated

cascade results in altered patterns of cellular processes such

as cell differentiation, division, invasion, migration and apo-

ptosis. Therefore, the miRNA expression profile of a

Nucleus Cytoplasm

miRNA gene

RNA
Pol II

AAAA

Pri-miRNA

Pre-miRNA
Drosha-DGCR8

Exportin

Exportin

Dicer

miRNA:miRNA
duplex

RISC assembly

High homology Partial homology

mRNA cleavage

Translational repression

mRNA degradation

Mature miRNA
Strand 

degradation

AAAA

RISC

Ago

AAAA

Figure 1. Biogenesis and function of miRNA: Genes of miRNA are first transcribed by RNA polymerase as Pri-miRNA. This

nascent Pri-miRNA is then cleaved by a microprocessor composed of Drosha and DGCR8 in the nucleus, giving rise to precursor

miRNA (Pre-miRNA). Pre-miRMA is transported to cytoplasm by a protein called Exportin 5. In cytoplasm Dicer removes the

loop from pre-miRNA and helicase opens the pre-miRNA duplex forming the guide strand of mature miRNA. The mature

miRNA is loaded with Argonaute (Ago) within the RISC complex and forms miRNA:RISC complex. The miRISC complex pairs

with its complimentary target sequence on mRNA in a perfect or imperfect manner, there by hiding it from translational

machinery or causes complete degradation of these complementary sequences.
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particular cell may drastically affect the fate of the cell. Low

expression levels of a specific miRNA may result in the upre-

gulation of oncogenes whereas higher expression of others

may cause downregulation of tumor suppressor genes. The

extensive research on differential expression of miRNAs in

CRC using a variety of molecular techniques such as deep

sequencing, miRNA microarrays, and qRT-PCR to under-

stand miRNA expression profile in CRC tumors has revealed

that miRNA expression patterns in CRC tumors is consider-

ably different compared to that observed in non-malignant

tumors. This suggests that miRNAs play a crucial regulatory

function and their dysregulation is associated with malignant

transformation of normal cells [18]. In addition, recent studies

have focused their attention on understanding the miRNA

expression profile of different cell types in order to gain

insights into their therapeutic potential. Attempts are being

made to decipher single-cell mRNA expression patterns to

understand their role in cell-specific gene expression

regulation [19].
The first study on differential expression profile of miRNAs

in CRC tumors and normal tissues showed that miR-143 and

miR-145 were consistently downregulated at the adenoma and

carcinoma stages compared to corresponding normal tis-

sues [20]. Subsequent studies also confirmed these findings

and established that ERK5 (extracellular-signal-regulated

kinase 5), a member of the MAPK family, is the target gene

for miR-143 and it functions as a tumor suppressor through

inhibition of KRAS translation. Similarly, miR-145 has also

hnRNP A1

miR-18a

KSRP
Lin-28

miR-21, let-7, miR-1

Drosha-DGCR8

Pri-miRNA

Cropping
RNA binding 

proteins

Dicing

let-7

TUT 4

Uridylation

Degradation

Dicer

TRBP

Pre-miRNA

Figure 2. Posttranscriptional regulation of miRNA maturation by the action of RNA-binding proteins (hnRNP, KSRP, Lin-28) on

pri- and pre-miRNA. These RNA-binding proteins interact with the terminal loop of the miRNAs and stimulate or retard their

biogenesis.
hnRNP: Heterogenous nuclear ribonucleoprotein; KSRP: KH-type splicing regulatory protein; TRBP: Trans-activation response RNA-binding protein.

Intestinal
epithelium

Aberrant crypt
foci [ACF]

Adenoma Carcinoma

APC 
mutations

SMAD 2/4
mutations

KRAS
mutations

p53
mutations, Chr.

17q LOH

Figure 3. The adenoma-carcinoma sequence: a sequential transformation from normal epithelium to carcinoma due to a

series of genetic changes.
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been extensively studied as a tumor suppressor that regulates

multiple cellular pathways including cell cycle, proliferation,

apoptosis and invasion, by targeting multiple oncogenes.

miRNA-145 could suppress cancer cell proliferation by target-

ing growth factor-related genes such as IRS-1 (Insulin receptor

Substrate 1), IGF-Receptor I (IGF-IR) or EGFR. Moreover, it

induced cell apoptosis and cell cycle arrest by inhibiting DNA

Fragmentation Factor 45 (DFF45), a gene encoding a 45 KDa

protein involved in apoptotic cascade, CBFB gene (Core-Bind-

ing Factor Beta subunit, a transcription factor encoding gene),

Clathrin Interactor 1 (CLINT1) gene (encodes epsin-like pro-
tein CLINT 1 that functions in transport via clathrin-coated

vesicles from the trans-Golgi network to endosomes), PPP3CA
(protein phosphatase 3 catalytic subunit, alpha isozyme) gene

that encodes calcium-dependent, calmodulin-stimulated pro-

tein phosphatase or c-Myc (Myelocytomatosis) (a regulator

gene that codes for a transcription factor) [21]. Furthermore,

miR-145 has also been implicated in direct regulation of

some oncogenes involved in cancer cell invasion and metasta-

sis, such as Mucin 1, Cell-surface Associated (MUC1), Fascin
Actin-Bundling Protein 1 (FSCN1), Neural Precursor Cell

Expressed, Developmentally Down-Regulated 9 (NEDD9)
and Sry-related HMG box 9 (SOX9) [22,23]. In addition,

miR-145 plays an important role in regulating cell

differentiation by targeting core reprogramming factors,

including Octamer-Binding Transcription 4 (OCT4), SOX2
and Krüppel-like Factor 4 (KLF4) [21]. However, further stud-

ies revealed that the miR-143 and miR-145 genes are closely

located in a 1.6 kb region on chromosome 5q33.1. These miR-

NAs are usually co-expressed and are consistently reported as

being downregulated in cancer cells including CRC [24]. In

addition, in vitro functional studies indicated that

miR-143 and miR-145 may perform opposite functions in dif-

ferent cell types. For example, they inhibit cell proliferation in

mesenchymal cells of metastatic CRC but in fibroblasts they

stimulate cell differentiation [25]. Furthermore, numerous

recent studies suggest that the expression of miR-143 and

miR-145 is highly cell-type specific. Chivukula et al. [26]

demonstrated that miR-143/145 are expressed and function

exclusively within the mesenchymal cells rather than epithelial

cells. Additionally, in a miR-143/145 knockout mice, the

development of intestine proceeded normally but regeneration

after injury was severely impaired due to dysfunction of

smooth muscle cells (SMCs) and fibroblasts. This was associ-

ated with derepression of the miR-143 target IGF Binding

Protein 5 (IGFB5), which impaired IGF signaling after epithe-

lial injury thus inhibiting cell growth and proliferation. Similar

predominant expression of miRNA 143/145 in mesenchymal

Normal epithelium

APC
inactivation

Dysplastic
crypt

Adenoma Carcinoma
Metastatic

CRC 

KRAS
mutations

Mutations of
TGFβIR,
PIK3CA 

Colon cancer
Distal colon

Average prognosis

Metastasis:
miR9, miR17
miR21,
miR31,miR499,
miR574-5p,
miR212

Let-7
miR-143
miR-18a

miR-126
miR-34a/c

DNA hyper
methylation

PRL 3
activation

miR-17-92

miR-145

miR-92

miR-126

miR-21

18 q loss
DCC,DPC4

miR-200
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metastasismiR-135b
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miR-135

Figure 4. Chromosomal instability pathway (CIN) and expression of miRNAs in CRC. miRNAs are indicated as up- or

downregulated.
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cells including SMCs and fibroblasts has also been reported [24].

These studies highlight the importance of understanding the

cellular pattern of miRNA expression in CRC initiation

and progression in order to establish their therapeutic

potential.
MiR-1288 was also shown to be differentially expressed in

CRC tumors. The majority of colorectal adenocarcinoma

(CAC) tumors displayed reduced miR-1288 expression com-

pared to colorectal adenomas (CA) and non-neoplastic tissues.

However, the relative expression levels of miR-1288 were

higher in distal CACs and in tumors of early stages [26].

Similarly, differential expression of many other miRNAS

(miR-200c, miR-200a-3p, miR-1246, miR-92a-3p, miR-

141 -- 3p, miR-192 -- 5p, miR-194 -- 5p, miR-574 -- 3p and

miR-3651 -- 5p) was demonstrated in tumor tissues and

stroma of 51 patients with colorectal carcinoma [27]. High-

throughput sequencing showed elevated expression of

additional miRNAs (miR-135b-5p, miR-146a-5p,

miR-148b-3p, miR-17 -- 5p, miR-196a-5p, miR-200a-3p,

miR-20a-5p, miR-21 -- 5p, miR-223 -- 3p, miR-27a-5p,

miR-29b-3p, miR-30e-5p, miR-374b-5p, miR-4787 -- 5p,

miR-485 -- 3p and miR-660 -- 5p) in solid tumors of CRC

patients [28]. Furthermore, in tissue samples of CRC patients,

miR-455, miR-484, and miR-101 were found to be substan-

tially downregulated and the overexpression of miR-455 in

SW480 cells significantly inhibited their proliferation and

invasion. It was also reported that overexpressed

miR-455 decreased protein expression of the RAF proto-

oncogene serine/threonine-protein kinase (RAF1) but had

no effect on mRNA level suggesting that miR-455 regulated

RAF1 expression directly [29]. It was shown in a study involv-

ing 46 microsatellite stable stage II CRC patients that

miR-375 expression was downregulated, and it exerted its

proapoptotic function by directly targeting a potent oncogene

Yes-associated protein-1 (YAP1) gene (associated with Hippo-

tumor suppressor pathway) and downstream anti-apoptotic

targets BIRC5 (Baculoviral IAP Repeat-Containing 5) and

BCL2L1 (B-cell Lymphoma 2 Like 1). Interestingly, it has

been shown that hypermethylation of miRNA promoter

region inhibits miRNA gene transcription in cancer cell lines

but in the case of miR-375, promoter hypermethylation does

not appear to be a major mechanism of miR-375 downregu-

lation under in vivo conditions because none of the CRC tis-

sue samples demonstrated miR-375 promoter methylation.

Overall, these results can be interpreted to suggest that yet

unidentified molecular mechanism affects miR-375
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expression in CRC [30]. Recently, Wang B et al. [31] have
shown that tumor suppressive miR-194 was significantly
downregulated in CRC tissues compared to that of corre-
sponding noncancerous tissues. Decreased
miR-194 expression correlated well with tumor size and
tumor differentiation, as well as TNM stage. Overexpression
of miR-194 inhibited cell proliferation both in vitro and
in vivo by directly targetingMAP4K4 and its downstream tar-
get MDM2. Thus, miR-194 appears to regulate the
MAP4K4/c-Jun/MDM2 signaling pathway. A comparative
analysis of miR-378 expression in CRC cell lines and 84 pairs
of CRC and normal adjacent mucosa demonstrated that levels
of miR-378 were significantly downregulated in CRC tissues
and cell lines and it functions as tumor suppressor by directly
targeting the 3¢-UTR of vimentin [32]. However, miR-378 has
been reported to be upregulated in many cancer types includ-
ing glioblastoma, breast cancer and renal cell carcinoma. In
these types of cancers, miR-378 seemed to be an oncogene,
and enhanced tumor cell survival, promoted tumor growth
and metastasis in some tumors via regulation of the target
genes SuFu (Suppressor of Fused Homolog), FUS1 (Fused
In Sarcoma 1), HMOX1 (Heme Oxygenase (Decycling)1),
ESRRG (Estrogen-Related Receptor Gamma) and GABPA
(GA Binding Protein Transcription Factor) [33-35]. On the
contrary, other studies demonstrated that miR-378 was
significantly downregulated in gastric cancer and oral cancer
and may act as tumor suppressor by negatively regulating
expression of Cyclin-Dependent Kinase 6 (CDK6) and
VEGF [36]. Similarly, it has been reported that miR-378 is sig-
nificantly down-regulated in CRC [37]. The downregulation
of miR-378 in CRC is associated with large tumor size,
advanced clinical stage, lymph node metastasis and shorter
overall survival of the patients suggesting that it might be
involved in CRC progression. Furthermore, over-expression
of miR-378 could significantly inhibit cell proliferation and
invasion in vitro and tumor growth in vivo. Overall, these
studies suggest that the oncogenic or tumor suppressive
function of miR-378 may be cancer-type or cell-type specific.
Consequently, potential application of miR-378 in miRNA-
based therapy for CRC treatment appears to be limited but
it may be utilized as an independent diagnostic and prognos-
tic biomarker.

3.1 Mechanisms of miRNA deregulation in CRC
Over the past few years, a large number of miRNAs have been
discovered and specific miRNA gene targets of many newly
identified miRNA have been identified, facilitating our
understanding of miRNA-induced pathologies in CRC.
This has generated hopes that miRNA-based therapies may
be development to eventually rescue aberrant miRNA gene
expression. To achieve this an in-depth understanding of the
factors that govern miRNA gene regulation is extremely nec-
essary. However, the exact mechanism of dysregulation of
miRNAs in CRC remains complex and not well understood.
Recently, several studies have shown that the regulation of

miRNA expression and function may involve several diverse
mechanisms. One of the most important mechanisms con-
trolling miRNA abundance is the regulation of pri-miRNA
transcription, which could be positively or negatively regu-
lated by different factors such as transcription factors,
enhancers, silencers and epigenetic modification in miRNA
promoters. It has been indicated that the oncogenic transcrip-
tion factor Myc acts as a miRNA transcriptional regulator,
promoting the transcription of some oncogenic miRNAs as
well as the transcriptional inhibition of tumor suppressor
miRNAs. For example, transcription of oncogenic
miR-17--92 is promoted when Myc binds to the E-box in
the miR-17--92 coding sequence [38]. Additionally, several
lines of evidence have recently emerged to suggest that miR-
NAs participate in regulatory loops that modulate their own
expression. For example, tumor suppressor miR-145
coordinates with tumor suppressor p53 to induce the pro-
apoptotic effect and p53 in turn stimulates miR-145
transcription. Thus, p53 also plays an important role in
transcriptional regulation of miRNAs. It regulates gene tran-
scription of the miR-34 family members (miR-31a, mir31b
and miR-31c) through binding to p53 REs (response ele-
ments) in miR-34a and miR-34b/c promoters and activates
transcription of the miR-34 family [39]. In addition to the
miR-34 family, p53 also directly regulates the transcriptional
expression of several additional miRNAs through binding to
the p53 REs in their promoters, including miR-145,
miR-107, miR-192 and miR-215 [40].The epigenetic
processes including hypermethylation of promoter regions or
histone modifications, significantly contribute to the tran-
scriptional regulation of dysregulated expression of miRNA
in CRC [41]. For example, extensive hypermethylation of pro-
moters of miRNAs such as miR-9, miR-34a, miR-34b,
miR-34c, miR-129 and miR-137 leads to their decreased
expression in CRC tissues, suggesting that promoter methyla-
tion also contributes to transcriptional downregulation result-
ing in miRNA dysregulation. It has also been suggested that
transcriptional regulation of miRNA gene expression may be
due to the influence of epigenetic changes in the host gene
regulatory apparatus, which is situated at a distance from the
miRNA locus. For example miR-342 is silenced by CpG
island methylation in CRC [42]. Inherited genetic variations
leading to alterations in both miRNAs and their binding sites
have also been implicated in miRNA dysregulation. Certain
environmental conditions, such as hypoxia, have also been
reported to upregulate transcription of miRNAs. Single
nucleotide polymorphisms (SNPs) in miRNA gene might
affect the transcription of primary miRNA. For example, a
significant reduction in miR-499 expression in CRC has
been linked to a specific genotype. However, SNPs in miRNA
binding sites mainly contribute to the miRNA-mediated reg-
ulation of target gene expression by significantly altering
miRNA--mRNA interactions. Similarly, SNPs in miRNA
sequences may change miRNA expression and/or maturation
consequently affecting abundance of miRNA in CRC tissues.

miRNAs as potential drug targets for therapeutic intervention in CRC
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In one study of 57 SNPs responsible for miRNA binding site
variability, eight SNPs were found to be significantly associ-
ated with modified expression of miR-184, miR-212,
miR-200a, miR-337 and miR-582 in CRC patients [43].
However, a subsequent study with 40 miRNA-related SNPs
in 426 patients with adenocarcinoma could not establish a
consistent correlation between SNPs that affect miRNA-
binding sites and their dysregulation [44].

4. miRNA in the pathogenesis of CRC

Since the discovery of miRNAs as an important class of gene
expression regulators, intensive research has been conducted
to understand their precise role in cancer initiation and pro-
gression including CRC. These studies have strongly sug-
gested their important and critical roles in cancer but no
unifying theme has emerged. A large number of upregulated
or downregulated miRNAs have been identified. Some of
these miRNAs appear to function by interfering with normal
activity of important genes including tumor suppressor and
oncogenes (Table 1).

4.1 miRNAs: cell cycle regulation in CRC
miRNAs have been reported to contribute to CRC tumori-
genesis by disrupting critical regulatory check points in cell
cycle. Oncogenic miRNAs that are frequently upregulated in
CRC tumors stimulate cell cycle entry and cell division
whereas as tumor suppressor miRNAs (downregulated in
CRC) induce cell cycle arrest and thus inhibit cell

proliferation. Several miRNA candidates, such as miR-21,
miR-31, miR-135a&b and miR-224 that are frequently upre-
gulated in CRC, play a predominant cell proliferation inhib-
itory role. For example miR-21 delays G1-S transition by
targeting CDC25A (Cell Division Cycle 25A) in CRC
cells [45]. This gene encodes a phosphatase (CDC25A) that
activates the cyclin-dependent kinase CDC2 by removing
two phosphate groups during progression from G1 to the S
phase of the cell cycle. Xiong B et al. [46] demonstrated that
miR-21 regulates numerous cellular processes including pro-
liferation, invasion, migration and apoptosis by targeting
PTEN/PI-3 K/Akt signaling pathway. Similarly, another
upregulated oncogenic miRNA, miR-31 has been shown to
stimulate CRC cell proliferation by targeting RASA1 (RAS
P21 Protein Activator 1), a GTPase-activating protein [47].
MiR-135a, b target APC gene to induce cell cycle progression
and stimulate cell proliferation [48]. Zhang et al. [49] reported
that oncogenic miR-224 was significantly upregulated in
CRC tissues and its overexpression in SW 480 cells promoted
their proliferation. A tumor suppressor miR-185 (downregu-
lated) inhibits division of CRC cells by targeting genes,
RHOA (Ras Homolog Family Member A) and CDC42,
involved in cell cycle progression; however, this mechanism
appears to be cell-type specific [50]. Similarly, miR-330
expression is reported to be reduced in CRC tissues and its
ectopic expression in SW1116 cells reduced their proliferative
potential by negatively regulating expression of CDC42 [51].
The expression of tumor suppressor miR-195 has been
shown to be downregulated in CRC tissues. It inhibits cell

Table 1. Expression of the miRNAs with promising potential as therapeutic targets/therapy and biomarkers in CRC.

Identified miRNA Target gene Function Ref.

Some of the upregulated miRNAs in CRC and their target genes
miR-135/b APC Wnt-signaling pathway [54,95]

miR-27 APC Promotes growth and metastasis [85]

miR-221 RECK Stimulates invasion and metastasis [99]

miR-210 RBM3 Promotes Angiogenesis [83,84]

miR-21 CDC25A Cell cycle regulation [45]

miR-31 RASA1 Promotes cell proliferation [47]

miR-182 and miR-503 FBXW7 Tumor growth and progression [59]

miR-200c ZEB1 and ZEB2 Metastasis [71]

miR-224 PHLPP1, PHLPP1 Proliferation [49]

miR-301a TGFBR2 Proliferation, migration [61]

Some of downregulated miRNAs in CRC and their target genes
miR-34a FRA-1 Invasion, migration [60]

miR-137 Cdc-42,LSD-1 Tumor growth [133]

miR-141 SIP1 Inhibits cell invasion and migration [134]

miR-149 FOXM1 Proliferation, migration [62]

miR-185 RHOA Cell cycle progression [50]

miR-195 CARMA3 Promotes apoptosis [52]

miR-215 TYMS,DTL Cell migration and proliferation [135]

miR-330 CDC42 Cell proliferation [51]

miR-339 -- 5p MDM2 Invasion, migration [64]

miR-375 YAP1 Apoptosis [30]

miR-455 RAF1 Proliferation [29]
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proliferation by targeting CARMA3 (Caspase Recruitment
Domain Family, Member) and an inverse correlation is noted
between miR-195 expression and CARMA3 protein
expression [52].

4.2 Role of miRNAs in tumor initiation and

progression
One of the most critical genes mutated in CRC is the APC
gene located on human chromosome 5q21 and mutations in
APC are considered to be one of the earliest events in the
process of initiation of CRC. APCmutations have been found
to correlate with increased expression of miR-135a/b in
epithelial cells of colon [53]. In a recent study, it was demon-
strated that deregulation of miRNAs in CRC is not a
bystander molecular event but an actual driver of the tumor
progression [54]. It was shown that over-expression of
miR-135b is triggered by mutations in APC gene leading to
PTEN/PI3K pathway deregulation. Inhibition of miR-135b
in CRC mouse models reduces tumor growth by controlling
genes involved in proliferation, invasion, and apoptosis. Addi-
tional somatic mutations accumulation in cells containing
APC mutations contribute to further dysregulation of
miRNAs leading to the emergence of aberrant downstream
pathways. For example, miRNAs let-7, miR-18 and
miR-143 have been reported to be associated with KRAS
knockdown and activation of EGFR-MAPK pathway [55].
Similarly, miR-21 is involved in the stimulation of the PI3K
pathway whereas miR-126 inhibits this pathway [56,57]. In
addition, the miR-17 -- 92 cluster (miR-17, miR-18a,
miR-19a, miR-20a, miR-19b, miR-92a) stimulates transfor-
mation of adenomas to adenocarcinomas by up-regulation
of c-myc [42]. Thus, activation or inhibition of these down-
stream pathways in CRC under the influence of miRNA-
mediated gene silencing leads to increased cell proliferation,
enhanced cell survival and initiation of angiogenesis.
Additionally, the miRNA-34 family, which includes 34a, b,
and c, are downregulated in CRC and contribute to the
progression of the disease [58]. It has also been shown that
miR-182 and miR-503 undergo sequential upregulation and
drive the progression of colon adenoma to adenocarcinoma
by cooperatively downregulating the tumor suppressor
FBXW7 (F-Box and WD Repeat Domain Containing 7)
gene which encodes a protein called F-box/WD repeat-
containing protein 7 involved in cell proliferation and differ-
entiation. The increased expression of miR-182 has been
found to be a regular feature of adenomas and further increase
in miR-503 expression assists miR-182 to induce transforma-
tion of an adenoma to adenocarcinoma [59].

4.3 Role of miRNAs in invasion and migration
The mortality in CRC mainly results from cancer metastasis,
a complex process that involves changes in the extracellular
matrix to support invasion, increased cell motility and the
ability of cells to initiate and maintain growth at a distant

site. The molecular mechanisms underlying process of cell
migration and invasion are highly complex and detailed
insights are crucial for developing targeted therapy for CRC.

A large number of miRNAs have been implicated in regu-
lation of CRC cell invasion and migration. miRNA-34a has
been reported to play a significant role in the regulation of
invassiveness and migratory abilities of CRC cells. It has
been demonstrated that miR-34a expression is significantly
decreased in metastatic/invasive colon cancer tissues when
compared with the non-metastatic/non-invasive colon cancer
tissues. The overexpression of miR-34a strongly inhibited
the migration and invasion of HCT116 and RKO cells by
inhibiting expression FRA-1 (Fos-Related Antigen 1) through
a direct action on its 3’-UTR [60]. FRA-1 is involved in the
progression of cancer and is upregulated in colon carcinomas.
miRNA-143, which is downregulated in CRC cells, has been
shown to target MACC1 (metastasis-associated in colon
cancer-1) to inhibit cell invasion and migration. MACC1 is
a CRC tumorigenesis and metastasis-related gene, which is
overexpressed in CRC and promotes cell migration and inva-
sion through trans-activating metastasis-inducing HGF/MET
(Hepatocyte Growth Factor/Mesenchymal-Epithelial transi-
tion) signaling pathway. Another miRNA that has been impli-
cated in regulation of migration and invasion is miR-301a, an
oncogenic miRNA. It is up-regulated in lymph node meta-
static CRC tissues and promotes CRC metastasis by targeting
TGFBR2 (Transforming Growth Factor Beta Receptor 2) that
plays an important role in mesenchymal cell proliferation and
migration [61]. Similarly, Xu K et al. [62] reported that
miR-149 was highly downregulated in CRC tissues and low
levels significantly correlated with lymph node or distant
metastasis and advanced TNM stage. Gain and loss of func-
tion assays indicated that miR-149 significantly inhibited
growth, migration and invasion of CRC cells by silencing
FOXM1 (Forkhead Box M1) gene, which encodes for a pro-
tein that functions as a transcriptional activator involved in
cell proliferation. MiR-30c, a member of miR-30 family has
been described as a tumor suppressor and downregulated in
CRC. It inhibited cell migration and invasion ability of
CRC cells by directly targeting ADAM19 (A Disintegrin
and Metalloprotease Domain) gene involved in cell--matrix
interactions [63]. MiR-339 -- 5p is downregulated in CRC
and has been demonstrated to inhibit migration and invasion
of CRC tumor cells (depending upon the p53 expression sta-
tus) by repressing expression of MDM2 (Murine Double
Minute 2) [64]. Similarly, overexpression of miR-155 in
CRC tissues compared to normal adjacent mucosa indicated
extensive distant metastases, suggesting its involvement in
the process of CRC cell migration and invasion. Further stud-
ies revealed that upregulation of miRNA-155 promotes the
migration and invasion of CRC cells through the regulation
of claudin-1 expression [65]. MiR-145 also participates in
CRC cell migration and invasion by negatively regulating
paxillin (adhesion protein) expression at the posttranscrip-
tional level by binding to its 3¢UTR. The paxillin is believed

miRNAs as potential drug targets for therapeutic intervention in CRC
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to establish a structural link between the extracellular matrix
and actin cytoskeleton to integrate multiple signals from the
cell surface [66]. It has been reported that downregulation of
miR-126 in CRC cells is associated with enhanced invasion
and migration. Overexpression of miR-126 in CRC cell lines
HT-29 and HCT-116 suppressed cell invasion and migration
by downregulating IRS-1 (Insulin Receptor Substrate 1)
expression and suppressing AKT (serine/threonine kinase
also known as protein kinase B or PKB) and ERK1/2 (Extra-
cellular-signal-Regulated Kinase 1/2) activation [67].

4.4 Role of miRNAs in metastasis
Several miRNAs are associated with metastasis and effect
downstream targets in the pathways leading to epithelial to
mesenchymal transition (EMT). EMT is a complex process,
which includes dissolution of cell--cell junctions and loss of
normal cell polarity, resulting in the formation of migratory
mesenchymal-shaped cells with invasive properties. During
the EMT process, cancer cells lose the expression of cellular
adhesion proteins such as E-cadherin and beta-catenin, and
acquire expression of mesenchymal markers such as vimentin
and N-cadherin. miRNAs are important mediators of EMT
that can activate or attenuate EMT by targeting genes
involved in EMT including PTEN (Phosphatase and Tensin
homolog), TWIST, a transcriptional regulator and ZEB-1
and ZEB-2 (Zinc Finger E-Box Binding Homeobox-1 and
2). TGF-b/Wnt signaling, a prominent pathway in EMT, is
regulated by the action of miR-21 and miR-31 by controlling
downstream effectors of TGF-b in CRC. Similarly, the
b-catenin expression is also controlled by miR-574 -- 5p and
miR-17 by downregulating Qkib/7 (Quaking homolog, KH
domain RNA binding b/7) and P130 [68]. miRNAs such as
miR-499 and miR-212 also function in regulating EMT by
targeting PDCD4 (Programmed Cell Death 4) gene and
manganese superoxide dismutase [69]. However, the miRNA-
200 family (miR-200 a,b,c, miR-141,miR-429) has been
demonstrated to be a master regulator of epithelial phenotype,
which is decreased in metastastic CRC. The miR-200 family
represses EMT by targeting ZEB-1/2, which downregulates
E-cadherin and up-regulates vimentin [70]. The increased
expression of miR-200c results in the negative regulation of
its gene targets (ZEB1, ETS1-V-Ets Avian Erythroblastosis
Virus E26 Oncogene Homolog and FLT1-Fms-Related
Tyrosine Kinase 1), which in turn regulate E-cadherin and
vimentin expression to trigger an EMT switch in CRC
cells [71]. MiR-9 was also reported to be important in the reg-
ulation of E-cadherin expression through PROX1 (Prospero
Homebox-1) which promotes EMT. PROX1 binds to miR-9
promoter and triggers its expression to suppress E-cadherin
3’UTR and protein expression in CRC cells [70]. Recent
reports highlight a connection between p53 and EMT through
the modulation of some miRNAs that regulate EMT-TFs in
different tumor models. The tumor suppressor p53 has been
reported to maintain the epithelial phenotype by enhancing
miR-34 expression that causes repression of SNAIL1 that is

involved in EMT. Importantly, a mutated form of p53 is
unable to increase miR-34 expression, shifting the equilibrium
toward a mesenchymal phenotype in CRC cells [72]. A positive
feedback mechanism has been reported to exist between
p53 and miR-34a. The increased expression (p53-induced)
of miR-34a inhibits its target gene SIRT1 (a histone deacety-
lase) and reduced activity of SIRT1 (Silent mating type Infor-
mation Regulation) leads to up-regulation of p53 acetylation
and the transcriptional activity of p53 [73]. The enhanced
expression of miR-34 has been shown to retard cell-cycle
progression, cell invasion/migration and apoptosis [74].

4.5 Role of miRNAs in angiogenesis
The generation of new network of blood vessels known as
angiogenesis is a classical hallmark of cancer and an essential
process for the growth and the contact with the bloodstream
both in primary and metastatic CRC tumors. This critical
step in development enables tumor expansion, local invasion,
and dissemination to other tissues and organs. Angiogenesis is
required for the delivery of oxygen, nutrients, and survival
factors, production of growth factors that benefit tumor cells
and formation of a route for tumor cells to spread. It is a
well-controlled process that is regulated by angiogenic,
growth, and survival factors that may act as activator (pro-
angiogenic) or inhibitor (anti-angiogenic) molecules. More
than a dozen different proteins have been identified as
angiogenic activators, including VEGF, basic fibroblast
growth factor (bFGF), angiogenin, TGF-a, TGF-b, tumor
necrosis factor (TNF)-a, platelet-derived endothelial growth
factor, granulocyte colony-stimulating factor, placental
growth factor, interleukin-8, hepatocyte growth factor, and
epidermal growth factor. The VEGF is a powerful angiogenic
factor; therefore, VEGF family and their receptors (VEGFR)
have been focus of anticancer drug discovery and many drugs
are currently available in clinics that target VEGF (Bevacizu-
mab, ramucirumab, and ziv-aflibercept) and VEGFR (Cetux-
imab and panitumumab). There are many naturally occurring
proteins that can inhibit angiogenesis, including angiostatin,
endostatin, interferon, platelet factor 4, thorombospondin,
and prolactin. It is believed that miRNAs play an important
role in regulation of process of angiogenesis in CRC and
may exert pro-angiogenic or anti-angiogenic effects. MiR-
194 significantly promotes angiogenesis in HCT116 cells by
inhibiting the expression level of THBS1 gene, which encodes
thrombospondin-1 (TSP-1), an endogenous inhibitor of
angiogenesis [75]. However, recent studies reported that
miR-194 acts as a tumor suppressor in the colorectal carcino-
genesis via targeting PDK1/AKT2/XIAP pathway [76] and
MAP4K4/c-Jun/MDM2 signaling pathway [31]. In addition,
downregulation of miR-194 has been reported in several can-
cer types including liver, lung and gastric cancer suggesting its
tumor-suppressive function. Chiang et al. also confirmed
miR-194 as a tumor-suppressor gene in CRC patients [77].
Similarly, tumor-suppressor miR-23b, which is downregu-
lated in human CRC samples, has been reported to promote
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angiogenesis in vivo [78]. Furthermore, the downregulation of
miR-126 in CRC has been reported to be associated with
enhanced angiogenesis through upregulation of VEGF expres-
sion [79] and enhanced cell proliferation, migration and inva-
sion [67]. The polycistronic miR-17 -- 92 cluster (miR-17,
miR-18, miR-19a, miR-19b, miR-20a, and miR-92a)
enhanced tumor angiogenesis by downregulating the mRNA
of TSP-1 and connective tissue growth factor [80]. It has
been reported that from the six members of the
miR-17 -- 92 cluster, all except miR-18a, showed significantly
increased expression in colorectal tumors, which was associ-
ated with DNA copy number gain and overexpression of tran-
scription factor c-myc. Thus, the expression of this cluster
appears to be c-myc [81]. The Myc-activated miR-17 -- 92
can stimulate tumor angiogenesis by attenuating the TGF-b
signaling pathway, which provides an alternative target for
miR-17 -- 92 in addition to TSP-1 [82].These observations
suggest that such miRNAs having dual role may not serve as
potential candidates/targets for miRNA-based therapy in
CRC. MiR-210, a well-known hypoxia-inducible miRNA, is
overexpressed in CRC patients and correlates well with poor
prognosis. The upregulated levels of miR-210 stimulate
angiogenesis by enhancing RBM3 (RNA Binding Protein 3)
expression [83,84]. Ye et al. [85] demonstrated that miR-27b
expression decreased in CRC tissues and its overexpression
leads to inhibition of suppression of angiogenesis by targeting
VEGFC. In addition, miR-143 functions as an anti-
angiogenic regulator in CRC tumor growth. Overexpression
of miR-143 in CRC cells led to reduced amount of microves-
sels in a CAM (Chick Chrolioallantoic Membrane) model
and impaired tumor growth in a xenograft model in nude
mice. Further studies indicated that miR-143 inactivated
AKT and inhibited its downstream modulators, HIF-1a
and VEGF, key regulators in angiogenesis and tumorigenesis.
MiR-143 impairs tumor growth and angiogenesis through the
PI3K/AKT/HIF-1/VEGF pathway [86]. The expression of
miR-885 -- 3p is also downregulated in CRC tumors. It inhib-
its angiogenesis in CRC xenograft models through disruption
of BMPR1A (Bone Morphogenic Protein Receptor 1A) gene
that regulates a pro-angiogenic factor ID-1 (Inhibitor of
Differentiation 1) [87].

4.6 Role of miRNAs in regulation of immune

response
It has been widely accepted that miRNAs play a crucial role in
regulation of immune response in cancer. They perform
multiple functions to negatively regulate various immunity-
related processes triggered by rapidly proliferating malignant
cells. For example, miR-146a regulates multiple immunolog-
ical processes via downregulation of pro-inflammatory
pathways, and its loss or decreased expression often results
in adverse chronic inflammatory phenotypes [88,89]. In several
cancer types such as metastatic breast cancer, prostrate cancer
and cervical cancer, miR-146a/b has been reported to target

IRAK1 (Interleukin-1 Receptor-Associated Kinase 1) and
TRAF6 (TNF Receptor-Associated Factor 6) to negatively
regulate activity of NF-kB (Nuclear Factor-kappa B), a pro-
inflammatory signaling pathway [90]. However, the precise
role of miR-146 in regulation of gut immune response in
CRC is not well understood. MiR-21, an oncogenic miRNA,
has been implicated as an inflammatory mediator and may
promote inflammation-associated colon carcinogenesis [91].
Similarly, miR-301a, activated NF-kB and START3 (Signal
transducer and activator of transcription 3), two pro-
inflammatory pathways to promote tumorigenesis in a mouse
model of CRC [92]. It is well known that genetic instability of
cancer cells results in altered expression of surface antigenic
patterns that may in turn lead to reduced recognition of the
tumor by immune cells. Some of these alterations are largely
influenced by the actions of different miRNAs. For example,
miR-9, which is overexpressed in many types of cancers, is
capable of down-regulating the transcription of the MHC
class I gene, thereby preventing the recognition of tumor
cells by the immune system [93]. Similarly, miR-222 and
miR- 339 down-regulate the expression of Intracellular Cell
Adhesion Molecule 1 on the surface of tumor cells [94].

5. miRNAs: diagnostic potential in CRC

A large number of miRNAs have been evaluated in order to
identify a clinically relevant miRNA signature that can be uti-
lized as a potential predictor of early tumors, recurrence, che-
moresistance and long-term survival in CRC. In addition to
being found in tissue, miRNAs have also been detected in
feces, serum, plasma and urine making them potential good
biomarkers using easily accessible specimens. Mutations in
the APC gene, leading to reduced expression, are defined as
an early event in CRC. MiR-135a and miR-135b are both
overexpressed in adenomas and adenocarcinomas and one of
their targets is APC, implying that the upregulation of
miR-135 is an early event in CRC and might be used as an
early detection biomarker [95]. It was reported that CRC-
specific miRNAs, miR-23a, miR-134, miR-146A, miR-221
and miR-222 could be identified in the serum of CRC patients
but not in serum from healthy subjects [96]. Since then several
studies have been carried out to find out CRC-specific miR-
NAs in the serum of patients. Ng et al. [97] analyzed 95 miRNA
and identified miR-17 -- 3p, miR-92, miR-95, miR-135b,
miR-122 that were upregulated in both serum and tissues of
CRC patients and miR-29a and miR-92a were recognized by
Huang et al. [98] in serum of CRC patients including those
with advanced adenomas. Further reports demonstrated that
miR-21, miR-221 and miR-222 were frequently detected in
CRC patient serum but only miR-221 levels were sufficient
enough to serve as a biomarker [99]. MiR-141 has also been
identified as a potential biomarker as its upregulation correlated
well with CEA levels and poor prognosis in CRC patients [100].
Kanaan et al. and Li et al. recognized miR-21 as a potential
serum biomarker with high sensitivity and specificity and
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further emphasized it to be a suitable target for therapeutic
intervention [101,102]. A panel of 22 miRNAs was identified by
Wang et al. (miR-10a, miR-19a, miR-22, miR-24, miR-92a,
miR-125a-5p,miR-141, miR-150, miR-188 -- 3p, miR-192,
miR-210, miR-221, miR-224, miR-376a, miR-425,
miR-495, miR-572, miR-601, miR-720, miR-760, miR-let-
7a, and -let-7e) that were significantly downregulated or upre-
gulated in serum samples of CRC patients. They demonstrated
that miR-601and miR-760 were considerably down-regulated
in CRC samples and could serve as markers for identification
of serum samples of CRC patients and of healthy controls.
These miRNAs also discriminated between the serum samples
from patients with advanced adenomas and the serum of nor-
mal controls. Recently, Shivapurkar and colleagues [103] ana-
lyzed the expression of a panel of miRNAs (miR-15a,
miR-103, miR-148a, miR-320a, miR-451 and miR-596) in
serum samples from patients with early stage CRC. They found
two miRNAs differentially expressed in the circulation that is
miR-103 (downregulated) and miR-596 (up-regulated).
A microarray analysis of miR-199a-3p expression using paired
pre-operative and post-operative serum from 10 CRC patients
revealed significantly decreased levels in the post-operative
serum when compared to levels in the pre-operative serum.
Also in serum samples from 84 CRC patients and 32 non-can-
cer patients, miR199a-3p expression was found to be signifi-
cantly higher in the CRC patients than that in the non-cancer
patients. Thus, miR-199a-3p can be used as a biomarker for
CRC [104]. It has been reported that downregulation of
miR-375 in plasma and tissue of CRC patients correlated well
with disease progression and decreased survival chances [105].
Recently, Zheng et al. [106] have identified a panel of four miR-
NAs (miR-19a-3p, miR-223 -- 3p,miR-92a-3p andmiR-422a)
by analyzing serum samples collected from 307 CAC patients,
164CA patients and 226 healthy controls. The developed panel
demonstrated high diagnostic accuracy for CAC and differenti-
ated well-stage I/II CAC from controls. Additionally, this panel
could also differentiate CA fromCAC and healthy controls. An
analysis of miRNAs in exosome-enriched fractions of serum
samples from 88 primary CRC patients and 11 healthy controls
demonstrated that serum exosomal levels of sevenmiRNAs (let-
7a, miR-1229, miR-1246, miR-150, miR-21, miR-223, and
miR-23a) were significantly higher in primary CRC patients,
even those with early stage disease, compared to healthy con-
trols. The expression levels of these miRNAs were found to be
significantly down-regulated after surgical resection of tumors.
This panel of circulating miRNAs can be used for diagnosis of
CRC [107]. Similarly, fecal miRNAs present in the stools of
CRC patients may be used as diagnostic tools. miR-92a and
miR-21 which have been studied extensively in plasma have
also been observed to have higher expression levels in the stool
of CRC patients [108]. The miR-17 -- 92 cluster has also been
investigated in patient stool samples and can predict CRC inci-
dence with 69.5% sensitivity and 81.5% specificity [109]. Most
recently, Ahmed et al. [110] found 12 miRNAs (miR-7,
miR-17, miR-20a, miR-21, miR-92a, miR-96, miR-106a,

miR-134, miR-183, miR-196a, miR-199a-3p and miR214)
to be upregulated in the stool of CRC patients, and 8 miRNAs
(miR-9, miR-29b, miR-127 -- 5p, miR-138, miR-143,
miR-146a, miR-222 and miR-938) to be downregulated in
the stool of CRC patients. Using these 20 miRNAs, they could
differentiate not only CRC incidences from healthy controls
but also different TNM stages with high sensitivity and specific-
ity. Currently, there are several miRNA candidates that seem to
have promising CRC diagnostic potential but their large-scale
clinical utility is yet to be established.

6. miRNAs-possible anti-CRC drug candidates

The rationale for using miRNAs as therapeutic intervention
is based upon the idea that miRNA expression is dysregu-
lated in malignant cells compared to normal cells and thus
the cancer phenotype can be changed by targeting miRNA
expression [111]. miRNAs can be grouped as tumor suppres-
sive or oncogenic (oncomiR) depending upon the type of
gene they target. The expression of tumor-suppressive miR-
NAs frequently retards tumor progression through silencing
oncogene expression. In contrast, oncogenic miRNA nor-
mally inhibits tumor-suppression gene expression, resulting
in accelerating carcinogenesis. Both tumor suppressive and
oncogenic miRNAs are candidates for therapeutic purposes.
The major objective of utilizing miRNAs for CRC therapy is
to restore the levels of miRNAs that are downregulated and
silencing the miRNAs that are upregulated. Two major
approaches can be adopted to develop miRNAs as anti-
CRC agents. The first approach is to develop them as antag-
onists to use them to inhibit miRNAs that are overexpressed
and show a gain of function in tumor cells (gene-silencing
therapy). The second approach is to generate mimics that
can be used to restore the function of miRNAs that demon-
strate a functional loss in malignant cells or to use miRNAs
encoded in expression vectors (replacement therapy)
(Figure 6).

The miRNA antagonist antisense oligonucleotides that
are fully or partially complementary to desired miRNA
sequence have already been tested [112]. These antisense
oligonucleotides act as competitive inhibitors of miRNAs
and function by annealing to the mature miRNA guide
strand thereby inducing destruction of functional miRNA.
The precise hybridization of antagonist miRNA with the
endogenous miRNA and its prevention from pairing with
mRNAs is achieved by the introduction of nucleotide ana-
logs such as 2’-O-methyl, 2’-O-methoxy ethyl or locked
nucleic acids [113]. The pharmacokinetic properties of anti-
sense oligonucleotides can be standardized by manipulating
their length and chemical composition [114]. A novel miRNA
antagonist of miR-122 is presently undergoing Phase II
clinical trials for the treatment of infection caused by
hepatitis C virus [115]. In several CRC cell lines, antisense
oligonucleotide-based inhibition of miR-20a, miR-21,
miR-31, miR-95 and miR-672 resulted in reduced cell
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division, invasion/migration and also an enhanced sensitivity

of cells to undergo apoptosis in response to chemotherapeu-

tic agents [116,117]. In addition, miR-135b has emerged as a

target candidate and cumulative studies reveal that this miR-

NAs may be an attractive target to intervene the initiation

and progression of human CRC.
MiRNA mimic approaches have gained much attention as

this method provides an opportunity to replace the loss of

function of tumor suppressor genes [118]. The basic require-

ment for the development of a miRNA mimic is the synthesis

of a miRNA molecule that can readily enter the silencing

complex and precisely target the same gene as the endogenous

miRNA. The mature natural miRNA is a single-stranded

small RNA molecule consisting of ~ 22-nucleotides and it

readily associates with RISC, which is critical for its regulatory

activity. The complete nucleotide sequence of endogenous

miRNA can be easily synthesized as a single-stranded RNA

molecule. However, the effectiveness of singled-stranded

miRNA mimics is significantly lower compared to mimics

that are double-stranded. There are several potential candidate

miRNAs, which can be mimicked for the development of

anti-CRC drug. The synthetic oligonucleotide mimics of

silenced miRNAs (down-regulated) such as let 7a-1,

miR133b, miR-137, miR-143, miR-145, miR-185, miR-

192, miR-195, miR-196a, miR-200c, miR-215, miR-491

have been shown to restore normal tumor suppression activity

in a variety of CRC cell lines [119-125].

7. Perspective on miRNA therapy in CRC

The emergence of miRNAs as possible targets for therapeutic

intervention has provided an immense opportunity to develop

better options for the treatment of cancer including CRC.

There are several advantages of using miRNA therapy in

CRC, first miRNAs are naturally produced molecules; thus

they should have less toxicity. Second a single miR can influ-

ence multiple genes of the same pathway thus reducing the

chances of developing resistance. These two outstanding fea-

tures of miRNAs make them attractive target for strategic ther-

apeutic intervention in CRC in order to enhance specificity

and overcome drug resistance. The entire concept of using

miRNAs as chemotherapeutic agents for the management of

cancer including CRC is based upon their ability to enter the

RISC to couple with mRNAs containing complementary

sequences and subsequently repressing gene expression. Addi-

tionally, miRNA can also pair with mRNA in an imperfect

manner to regulate activity of a large number of genes. Thus,

single miRNA molecule can influence the function of several

oncogenes and downstream processes in CRC cells. As cancer

is a heterogeneous disease, a combination of several anticancer

drugs may be needed for long-term and durable responses but

miRNAs may potentially be used as a single agent for the can-

cer chemotherapy as each affects a large number of genes [113].
Though there are several miRNA candidates that can be

exploited to induce antitumor action in CRC, miR-135b

. Up regulated
miRNA
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miRNA

No miRNA
degradation

Target protein
synthesis 

Gain of
function

Target miRNAmiRNA inhibition
(silencing)

miRNA replacement
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mRNA translation
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Figure 6. Strategy for miRNA-based therapy. Overexpressed miRNAs can be silenced by using Anti-miRNA oligonucleotides

to neutralize functional gain. Similarly, underexpressed miRNAs can be replenished by delivering specific miRNA mimics

utilizing nanoparticle or liposome-based delivery approaches.
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which has been reported to be upregulated in CRC due to
mutations in the APC gene (involved in adenoma to carci-
noma transition) and miR-200c, also overexpressed and
involved in the regulation of EMT are of special interest.
The aberrant miR-135b expression appears to be a ubiquitous
molecular event in the initiation and progression of not only
CRC but also many other types of cancer including lung can-
cer, prostate cancer, pancreatic cancer and breast cancer [126].
The proof of concept with miR-135b has already been estab-
lished in animal model of colon cancer. It has been reported
that mice treated with anti-miR-135b oligonucleotides
showed significant reduction in tumor size compared to
untreated mice. Thus miR-135b may be a promising target
that can be silenced by the development of anti-miR-135b
oligonucleotides, antagomirs or RNA sponges for the treat-
ment of CRC. Similarly, miR-200 family members
(miR-200a, miR-200b, miR-200c, miR-141, and miR-429)
particularly miR-200c may be another promising candidate
to target in CRC. miRNA-200c, which primarily regulates
EMT by downregulating ZEB1/2 and upregulating E-cad-
herin, also plays a significant role in other cancer-related
events including proliferation, cell cycle control, apoptosis
and invasion. Moreover, miR-200c is a well-established
prognostic and diagnostic marker in different cancer types
including CRC. Analysis of miR-200c expression profiles
has shown that it is overexpressed in CRC tumors compared
to normal tissue but is downregulated in metastases compared
to primary tumors suggesting a role for miR-200c in regulat-
ing colorectal tumor development. Additionally, miR-200c
also regulates Sox-2 expression in a negative feedback loop
in CRC and this regulation is associated with stemness,
growth and metastatic potential of CRC. Furthermore,
miR-200c has also been shown to function as an oncogene
in CRC as its silencing leads to upregulation of the Pten and
p53 tumor suppressor genes. Thus miR-135b and miR-200c
appear to be the most promising candidates for miRNA-based
therapy in CRC at the present time. However, the major chal-
lenge in leveraging a meaningful benefit from miRNA-based
CRC therapy is the development of a suitable vehicle for spe-
cific, efficient and safe systemic delivery of therapeutic miR-
NAs in human beings [127]. In recent years, systemic delivery
of miRNAs has been achieved in animal models using various
delivery systems such as neutral lipid emulsion [128], polymer
nanoparticles [129], solid lipid nanoparticles [130] and lipo-
somes [131]. Despite these in vivo studies, it is generally agreed
that serum degradation and cellular barriers, non-specific
tissue distribution and endolysosomal trafficking are major
limiting factors for successful and effective delivery of
miRNAs. Recently Cheng et al. [132] have reported a novel
anti-miR delivery platform that remains stable in acidic tissue
microenvironment. They attached anti-miR to a peptide with
low pH-induced transmembrane structure and effectively
silenced miR-155 in a lymphoma mouse model. However,
effectiveness of this novel delivery system remains to be tested
in human beings.

8. Expert opinion

The recent advances in genomics research have generated
several potential new drug targets involved in cancer
initiation, progression and metastasis. Several target-based

compounds have emerged in recent years. Whereas most of
these compounds are in preclinical testing, several are in
clinical trials and a few have been approved by the FDA in
the USA. Some cancer patients having tumors with specific
oncogenic mutations, such as anaplastic lymphoma kinase
(ALK) expression (tyrosine kinase receptor) in lung cancer
or oncogenic Bcr-Abl in chronic myeloid leukemia, KIT

expression or mutations in gastrointestinal stromal tumors,
or EGFR mutation in lung cancer, HER2 amplification in
breast cancer or MET overexpression in liver tumors, have
greatly benefited from targeted agents. However, the vast
majority of common tumors were found to be less responsive
to these target-based drugs because most of the tumors do not
depend on a single ‘targetable’ oncogenic activation. For

example, ALK activations and EGFR mutations account
for < 10% of lung adenocarcinoma and targeted agents are
more efficacious than chemotherapy in oncogenic tumors.
But the antitumor effects of target-based agents remain lim-
ited to a few months mostly due to rapid drug resistance
development. As a result, the expected progression-free
survival benefit from targeted therapy is often < 6 months.
Therefore, for the vast majority of tumors, chemotherapy/

radiation therapy alone remains the cornerstone of treatment
with some added benefits by using monoclonal antibodies
but only in a limited proportion of patients.

Combinations of several targeted agents have also been pro-
posed to counteract potential resistance mechanisms, but in
clinical trials combining targeted agents together is frequently
associated with unacceptable toxicity rather than additive or
synergistic efficacy. Currently, most patients with CRC are
treated with 5-FU, oxaliplatin, irinotecan, bevacizumab

cetuximab, panitumumab, aflibercept and regorafenib, but
these drugs frequently encounter well-known clinical issues
related to variable responses, toxicity and drug resistance.
These facts highlight the urgent need for the development of
novel anti-CRC drugs. As an important class of gene regula-
tors miRNAs possess high potential for anti-CRC therapeutic
development. Significant efforts have been made to establish
miRNA expression profiling and their precise role in CRC

initiation and progression. These efforts have successfully
ascertained a few potential candidate miRNAs that may be
more specific and targetable for CRC treatment, but the
selection of an appropriate miRNA candidate remains to be
a critical step as well as the targeted delivery to the tumor.

Thus, one of the biggest challenges is to discover a highly
efficient miRNA delivery system for human applications. To
address this challenge, nanoparticles and/or liposome-based
approaches have been used as delivery vehicles for miRNAs.

The nanoparticle-based approach appears to be particularly
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attractive because nanoparticles can be coated with tumor-
specific antibodies thus allowing tumor-specific delivery of
miRNA of interest. Although a large amount of work has
been done in the field of miRNAs, still more research is
needed for an in-depth understanding of the complexities of
the miRNA world. Therefore future approaches should be
directed towards gaining additional insights into the genetic
and epigenetic events that control miRNA genes and factors
that lead to deregulation of miRNAs in order to use them as
targets for anti-CRC drug development.
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