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Introduction

MicroRNAs (miRNAs) are a class of 18-24 nucleotide non-coding RNA, whose principal function is to regulate 
the translation of coding mRNA transcripts. Physiologic regulation of the cellular transcriptome by miRNAs plays a 
critical role during development and in mature tissue homeostasis. MiRNA control the activity of >30% of all protein- 
coding genes by inhibiting target mRNA translation and inducing its degradation. Currently, 721 human miRNAs 
have been identified in the human genome, and each miRNA potentially controls hundreds of gene targets. Aberrant 
expression of miRNA is common in human cancers, with the identification of either over- or under-expressed miRNAs in 
neoplastic cells compared to their normal counterparts.1,2 Today, miRNAs play a significant role in opening a new realm 
of research that extends past the nematode to include all multicellular organisms that experience regulated gene expre- 
ssion3 and will undoubtedly lead to significant advances, especially in cancer research.4

This article will review current evidence of the involvement of miRNAs in cancer and the spectrum of potential 
clinical applications of miRNAs in human cancer that encompasses diagnosis, prognosis, prediction of treatment effi- 
ciency and possible role as a target therapy.

The Biogenesis of miRNAs

Beginning with miRNA gene transcription by RNA polymerase II (Fig. 1), a long primary miRNA is produced 
(a). This is termed ‘‘pri-miRNA’’. This is then modified in the nucleus through capping, polyadenylation and subse- 
quently cleaving into smaller segments by an RNase III enzyme ‘‘Drosha’’. A hairpin precursor of 60-70 nucleoti- 
des is formed, and is termed ‘‘pre-miRNA’’, which is then transported to the cytoplasm by ‘‘exportin 5’’ (b) where it 
is modified by another RNase enzyme ‘‘Dicer’’ (c). The resulting miRNA is a mature 19?24 nucleotide duplex. One 
of the two mature miRNA strands is integrated into a large protein complex called RNA-induced silencing complex 
(RISC); that then cleaves the target mRNA or represses its translation to protein, depending on the degree of comple- 
mentarity with the target mRNA (d). The other strand is subsequently destroyed via cleavage or a bypass mechanism.
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Fig. 1. MicroRNA biogenesis.

a: MiRNAs are transcribed by RNA polymerase II (pol II) into long primary miRNA transcripts of variable size (pri-miRNA),

which are recognized and cleaved in the nucleus by the RNase III enzyme Drosha, resulting in a hairpin precursor form 

called pre-miRNA. 

b: Pre-miRNA is exported from the nucleus to the cytoplasm by exportin 5 and is further processed by another RNase enzyme

called Dicer

c: Dicer produces a transient 19-24-nt duplex. Only one strand of the miRNA duplex (mature miRNA) is incorporated into

a large protein complex called RISC (RNA-induced silencing complex).

d: The mature miRNA leads RISC to cleave the mRNA or induce translational repression, depending on the degree of com-

plementarity between the miRNA and its target.

Identification of miRNA target genes is critical to determining miRNA function. Recent studies have indicated that a 
single miRNA may regulate more than 200 target genes. MiRNAs are expressed in a tissue-specific manner and play 
important roles in cell proliferation, apoptosis, and differentiation.1 Moreover, recent studies have shown a connection 
between aberrant expression of miRNAs and the development of cancer.5

MicroRNA as Tumor Suppressors or Oncogenes in Cancer

MiRNA dysregulation has been reported in many types of tumors and the link to carcinogenesis stems from the 
finding that more than half of the cancer-dysregulated miRNAs are located in cancer hotspot chromosomal regions, 
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Fig. 2. Schematic presentation of the possible mechanisms of altered miRNA expression in cancer.

such as fragile sites, regions of loss of heterozygosity, amplification or common breakpoint regions.6 MiRNAs can 
be located in areas that undergo genetic alterations (like deletions or amplifications) in specific cancers. Germ-line or 
somatic mutations of miRNAs (or their targets) can also lead to altered function. Recent evidence has also shown that 
epigenetic changes such as methylation, can also affect miRNA expression in malignancy.7 Other potential mecha- 
nisms include defective post-transcriptional regulation; it is found that miRNA expression is suppressed in many cancers 
due to a functional defect of the miRNA processing enzyme Drosha.8

Fig. 2 shows the different possible mechanisms for altered miRNA gene expression in cancer. MiRNAs can be either 
causes or effects of the carcinogenic process. As Fig. 2 illustrates, miRNAs down-regulate gene expression, and fluctua 
tions in their concentration can affect either oncogenes or tumor suppressor genes. In this regard, miRNAs can be viewed 
as having oncogenic (eg, miR-21, and miR-155) or tumor-suppressor (eg, let-7, miR-15a/16-1, miR-29 and miR-143/ 
145) effects depending on their targets.9 In other words, over-expressed miRNAs in cancers may function as oncogenes by 
negatively regulating tumor suppressor genes and/or genes that control cell differentiation or apoptosis, or might 
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Table 1. miRNAs with experimental data supporting a tumor suppressor or oncogene function in cancer

MicroRNA Expression Targets Experimental data Function

miR‐15a

miR‐16‐1
Downregulated in CLL Bcl‐2, Wt‐1 induce apoptosis and decrease 

tumorigenicity

Tumor 

suppressor

let‐7
(a,‐b,‐c,‐d)

downregulated in lung and 

breast cancer

RAS, c‐myc,

HMGA2

induce apoptosis Tumor 

suppressor

miR‐29

(a,‐b,‐c)

downregulated in CLL, AML, 

lung, breast cancers & 

cholangiocarcinoma

TCL‐1, 

MCL1,

DNMT3s

induce apoptosis and decrease 

tumorigenicity

Tumor 

suppressor

miR‐34a‐b‐c downregulated in 

pancreatic, colon & breast 

cancers

CDK4, 

CDK6,

cyclinE2, 

E2F3

induce apoptosis Tumor 

suppressor

miR‐155 upregulated in CLL, AML, 

pancreatic, lung & breast 

cancers

c‐maf, 

TP53INP1

induces lymphoproliferation,

pre‐B lymphoma/leukemia in mice

Oncogene

miR‐17∼92

cluster 

(miR‐106b, 

miR‐92, 

miR‐25)

upregulated in 

lymphomas,breast, lung, 

colon, stomach, &

pancreas cancers

E2F1, Bim,

PTEN

cooperates with c‐myc to induce 

lymphoma in mice, transgenic 

miR‐17‐92 develop 

lymphoproliferative

disorder

Oncogene

miR‐21 upregulated in breast, 

colon, pancreas, lung, 

cholangiocarcinoma,

prostate, liver, stomach 

cancer & glioblastoma

PTEN,

PDCD4,

TPM1

TIMP3

induces apoptosis and

decreases tumorigenicity

Oncogene

miR‐372/

miR‐373

upregulated in testicular 

tumors

LATS2 

promote

promote tumorigenesis in

cooperation with RAS

Oncogene

function as tumor suppressor genes by suppressing oncogenes.10 On the other hand, some miRNAs can be downstream targets 
of oncogenes or tumour suppressor genes, like p53.11

Table 1 shows miRNAs with experimental data supporting a tumor suppressor or oncogene function in cancer till 
now.12 MiR-29 family members have been shown to be downregulated in CLL, lung cancer, invasive breast cancer, 
AML, and cholangiocarcinoma. The enforced expression of miR-29b induced apoptosis in cholangiocarcinoma and 
lung cancer cell lines and reduced tumorigenicity in a xenograft model of lung cancer.13,14 Many other miRNAs are 
believed to act as tumor suppressors, although the evidence supporting those claims is merely correlative. Substantial 
experimental data are lacking, and miRNA knockout mice that develop or are predisposed to cancer have not been 
yet reported.

Until now, the list of miRNAs that function as oncogenes is short, but the evidence for their role in cancer is 
very strong. MiR-155 was one of the first described oncomir (oncogenic miRNA) and is located in chromosome 
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21q23.15 While the precise mechanism by which miR-155 might contribute to tumorigenesis remains under investi- 
gation, a recent study has shown that misexpressed miR-155 in pancreatic cancer appears to repress the function of 
tumor protein 53 induced nuclear protein 1 (TP53INP1); the latter is a pro-apoptotic, p53-induced protein, and its 
miR-155-mediated downregulation in pancreatic cancer enhances tumorigenicity in vivo.16 There is also strong evi- 
dence that miR-21 functions as an oncogene. First, this miRNA is upregulated in a wide variety of hematological 
malignancies and solid tumors, including AML, CLL, glioblastoma, and cancers of the prostate, stomach, colon, lung, 
breast,17 liver,18 pancreas,19 and cholangiocarcinoma.20 Second, overexpressing miR-21 in glioblastoma cells blocks 
apoptosis,21 whereas silencing its expression in cultured liver glioblastoma and breast cancer cells using antisense 
oligonucleotides inhibits cell growth, triggers activation of caspases, and increases apoptotic cell death,17,18,21 by targeting 
tumor suppressor genes such as phosphatase and tensin homolog (PTEN),17 programmed cell death 4 (PDCD4),21 and 
tropomyosin 1 (TPM1).22

In addition to the direct effect on cancer cells, one important factor to consider is the altered tumor host intera 
ctions leading to sustained angiogenesis and the ability to invade and metastasise. It also is possible that miRNAs 
may regulate these aspects of tumor biology, including cell adhesion, neovascularisation and tissue invasion.23 To 
date, 11 miRNA have been shown to promote or inhibit metastasis in experimental models and these miRNAs are 
called as metastamir which have been shown to have pro- and antimetastatic effectsd.42 MiR-335, miR-206, miR- 
146a/b and miR-31 are metastasis suppressing metastamir and miR-10b, miR-373, miR-520c, miR-373, miR-520c, 
miR-21, miR-143 and miR-182 are known to be metastasis promoting metstamir.24

Clinical Application in Diagnostic Aspect

The spectrum of potential applications of miRNAs in cancer is broad and continues to grow. They can be used for 
diagnosis, tumor classification, prognosis, prediction of treatment efficiency and therapeutic applications as a target 
therapy in cancer.

Accumulating reports highlight the potential diagnostic utility of miRNA in cancer and diagnostic applications 
have three aspects; miRNA expression profiles can be used: to distinguish normal from malignant tissues; to iden- 
tify the tissue of origin in poorly differentiated tumors or tumors of unknown origin; and finally, to distinguish the 
different subtypes of the same tumor. 

Gastrointestinal and liver tumors are common and there is an urgent need to identify highly sensitive and spe- 
cific aberrant miRNA for diagnostic and therapeutic application in clinical setting. Analyses of miRNA expression 
in tumor, adjacent nontumor and normal tissues have been performed to assess miRNA deregulation. Table 2 shows 
selected miRNAs aberrantly expressed in gastrointestinal and liver diseases.25

Very recently, reports have shown that miRNAs can be also detected in serum in a remarkably stable form.26-28 
One study showed that miRNAs originating from human prostate cancer can access the circulation directly, not only 
inside exfoliated cells.28 Another study identified specific expression patterns of serum miRNAs for lung cancer, 
colorectal cancer and diabetes.26 If confirmed by independent studies, these results open the promise of utilizing miRNAs 
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Table 2 Selected miRNAs aberrantly expressed in Gastrointestinal and liver diseases

Organ Disease type Up‐regulated miRNA Down‐regulated miRNA

Esophagus Squamous cell carcinoma 25, 424, 151 100, 99, 29c, 140

Stomach Chronic gastritits 1, 155 205, 203, 202, 20, 26b

Adenocarcinomas 21, 223, 25, 17‐5p, 

125b,181b,106a, 107, 92,103, 

221, 93,100, 106b

136, 218, 212, 96, 339

Colon Adenomas 21

Adenocarcinomas 21, 92, 20a, 106a, 92, 223, 203

Adenocarcinomas stage II 145

Pancreas Endocrine tumors 23a, 342, 26a, 30d, 26b, 

103,107

155, 326, 339, 326

Insulinomas 203, 204, 211

Acinar cell carcinomas 23a, 342, 26a,30d, 26b, 

103,107

155, 326, 339, 326

Pancreatitis 494, 483, 339, 409‐3p 497, 96

Ductal adenocarcinoma 21, 221, 181a,155, 222, 

81b,107

148a, 375

Liver Adenomas, FNH 224 122a, 422b, 203, 200c

Hepatocellular carcinomas 21, 224, 10b, 221, 222, 20, 18 199a, 199b, 200b, 223,

Cholangiocarcinomas 21, 23a, 141, 200b, 27a

for the blood-based detection of cancer. Recent study showed that miR-92 is significantly elevated in plasma of patients 
with colorectal cancer and the sensitivity was 89% and the specificity was 70% in discriminating colorectal cancer from 
control subjects.29

Increasing evidence has shown that miRNA expression is useful in classifying a variety of cancers into mole- 
cular subtypes with different outcomes. It is worth mentioning here that Mattie et al showed that miRNA expression 
profiling can be performed on small clinical samples, such as breast and prostate cancer biopsy specimens.30

The clinical utilities of miRNAs in cancer extend beyond diagnostics to other important potential applications. 
As table 3 shows, a series of studies published during the last few years have revealed the association of miRNA expre- 
ssion with clinical outcome and prognosis in a variety of human tumours.19,31-36 Certain germ-line mutations were found 
to occur in cases with familial cancer. In addition, preliminary evidence suggests that miRNAs can serve as predictive 
markers and indicators of disease relapse and also metastasis.

Potential Therapeutic Application as a Target Therapy in Cancer

The disordered circuitry characteristic of malignancy results in a change, such that the otherwise robust oncogenic 
process can become, almost paradoxically, more highly dependent on a specific rewired pathway (‘pathway addiction’). 
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This thesis forms the theoretic basis of attempting to correct the tumor phenotype through the targeting of the domi- 
nant, offending oncogenic pathway. MiRNA-based cancer gene therapy offers the theoretical alternative of targeting 
multiple gene networks that are controlled by an individual miRNA, as consistent with the natural function of this 
class of molecules in specifying cellular phenotype through posttranscriptional modulation.

There are at least the following approaches about miRNA based therapy: (1) inhibition of miRNAs with onco- 
genic properties; (2) enhanced cleavage of oncogenic mRNAs by synthetic miRNAs complementary to the mRNA; 
(3) stimulation of miRNAs that act as tumor suppressors; (4) epigenetic modulation of miRNA expression.

Several studies in biological systems have shown encouraging results to modulate miRNA expression. Antisense 
oligonucleotides that are complementary to miRNAs can be designed to specifically reduce or knock-down miRNA 
expression. One type of these oligonucleotides was termed “antagomir”. Recently, the proof of concept of the anta- 
gomir treatment in cancer was successfully demonstrated.37 The tumor growth in a neuroblastoma nude mice model 
could be abolished by the injection of antagomir-17-5p. Corsten et al showed, by using cytotoxic agents in conjun- 
ction with the suppression of miR-21 promotes, a synergistic rise in caspase activity and a significant decrease in 
cell viability in human glioma cells within both in vitro and in vivo brain tumor mouse xenograft.38

Transfection of a synthetic miRNA that is complementary to a specific oncogenic mRNA and termed “agomir” 
induces the corresponding mRNA:miRNA interaction. On the other hand, strategies to stimulate expression of miRNAs 
acting as tumor suppressors provide a potential rationale in the treatment of cancer. For example, let-7 administra- 
tion was found to reduce tumor formation in vivo in the lungs of animals expressing a G12D activating mutation for the 
K-ras oncogenes.39

There are, however, some important issues which need to be resolved prior to the consideration of any miRNA- 
based experimental cancer gene therapy, such as the possibility for non-specific immune activation and the lack of a 
defined, optimal mode of delivery systems. Prior to any applications of miRNAs in clinical trials there is an urgent 
need for definitive mRNA target validation and a complete understanding of rate-limiting cellular components that 
impact the efficiency of this post-transcriptional gene-silencing phenomenon.9 A major focus in this area has been on 
target gene-specific siRNA-delivery technology in vivo. In particular, creating a pinpoint delivery system for siRNAs is 
a priority because such a system would be a key technology for the development of the next generation of drugs, 
including anticancer therapies.40

One advantage of miRNA-based therapy, compared with siRNA-based therapy, is that reintroduction of a miRNA 
results in expression of an endogenous regulator of physiologic processes. However, introducing antisense oligonu- 
cleotides to reduce the expression of a miRNA has the potential to generate undesirable off-target effects, although 
direct modulation of miRNA levels is not the only approach that could be used in miRNA-based therapy.

Recently, locked nucleic acid (LNA) miRNA antagomirs were shown to be highly effective at modulating endo- 
genous miRNA expression. LNA antagomirs, a type of modified antisense oligonucleotides, are synthesized DNA 
molecules that contain modified ribose moieties in which the pentose sugar is constrained in the N-type conforma- 
tion seen in A-form DNA. LNA-modified oligonucleotides have several advantages over standard antisense mole- 
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Table 3 Potential clinical applications of miRNAs in cancer patient management

Cancer type Application Summary of results

Pancreas Prognosis ‐ In node‐positive disease, six miRNAs can distinguish long 

from short term survivors.

‐ High expression of miR‐196a‐2 predicts poor survival.

‐ Strong expression of miR‐21 predicts limited survival in 

patients with node‐negative disease.

Esophagus Prognosis Elevated miR‐21 expression in noncancerous tissue of SCC 

patients and reduced levels of miR‐375 in cancerous tissue 

of adenocarcinoma patients with Barrett's were strongly 

associated with worse prognosis

CLL Prognosis

Cancer susceptibility

‐ miRNAs are associated with zap‐70 expression.

‐ Predictors of early progression

‐ Mutations in miR‐15A and miR‐16‐1 in CLL patients

‐ Mutations found in 73% of patients with family history of 

cancer

Lung Prognosis

Cancer susceptibility

‐ Differential miRNA expression correlates with poor survival

‐ Overexpression of miR‐21 is an independent negative 

prognostic factor in NSCLC

‐ A variant allele in a KRAS miRNA complementary site is 

significantly associated with increased risk for NSCLC

Cholangiocarcinoma Therapy ‐ Alterations in miRNA expression contribute to tumor growth 

and response to chemotherapy

Hepatocellular 

carcinoma

Prognosis

Prediction of treatment 

efficiency

‐ A set of 19 miRNAs significantly correlated with disease 

outcome

‐ Associated with survival and response to adjuvant therapy 

with interferon alfa

Uterine leiomyoma Race susceptibility ‐ A specific miRNA signature associated with race

Breast Prediction of treatment 

efficiency

Metastasis susceptibility

‐ miRNAs as predictive tamoxifen‐resistant breast cancer 

markers

‐ Tumor metastasis initiated by miRNA‐10b

Rectum Prediction of treatment 

efficiency

‐ miRNAs are associated with response to therapy

cules. For example, the modified oligonucleotide increases thermal stability between the hybridized LNA molecule 
and target nucleotides, increasing binding affinity.41 The LNA modification also enhances mismatch discrimination, 
compared with unmodified antisense molecules, resulting in increased target recognition.36 Furthermore, LNA oligonu- 
cleotides exhibit high levels of stability (the LNA half-life in serum is reported to be -15 hours, compared with -12 
hours for a 2`-O-methyl modified antisense molecule)41 and solubility in aqueous solutions.42 LNA-based miRNA 
probes are used commonly for in situ hybridization studies and array-based detection. Recent reports on LNA mediated 
miRNA silencing in rodents and primates support the potential of LNA-modified oligonucleotides in studying miRNA 
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Table 4 Clinical considerations for miRNA‐based gene therapy

Issue Possible solutions

Decreased expression of 

tumor‐suppressive oncomirs

‐ Reconstitution with miRNA precursor sequence

Overexpression of oncogenic miRNA ‐ Introduction of antagomirs

Limitations in efficacy ‐ Multidose regimen

‐ Modified oligonucleotides for improved binding (LNA)

‐ Introduction of coding vectors instead of oligonucleotides

‐ Use of miRNAs with divergent regulatory properties

‐ Improved understanding of rate limiting cellular components for 

miRNA processing

Multispecificity of miRNA candidate ‐ In silico screening

‐ Expression and functional validation

In vivo delivery ‐ Conditional expression as oncolytic viral transgene

‐ Immunoliposomes, nanoparticles

Cytotoxic side effects ‐ Use of delivery agents displaying carrier‐defined specificity

functions in vivo and in the future development of miRNA-based therapeutics.41 Elmn et al. recently reported that the 
simple systemic delivery of an unconjugated LNA modified oligonucleotide (LNA-antimiR) effectively antagonized the 
liver-expressed miR-122 in nonhuman primates.43 Using three intravenous doses of 10 mg/kg in African green mon- 
keys, the authors observed effective depletion of the miR-122 without any evidence of LNA-associated toxicities or 
histopathological changes in the animals.

Although obstacles and concerns remain, successful application of miRNA therapies has been established in non- 
human primates, where antagonism of miR-122, through intraperitoneal delivery of an antisense oligonucleotide, 
significantly lowered plasma cholesterol levels.44 Although other more effective cholesterol-lowering therapeutics exist, 
this accomplishment highlights the opportunity to modulate organ function by controlling miRNA levels. Recently, Santaris 
Pharma (Denmark) initiated a clinical trial for treatment of HCV infection using SPC3649, an antisense oligonucleo- 
tides that targets miR-122. Although SPC3649 is the only miRNA antagomir currently in clinical trials, other groups 
are likely to evaluate the therapeutic efficacy of other miRNA-based therapies.

Experimental strategy remains to be defined for the stable transfection miRNAs and for achieving prolonged kno- 
ckdown. On the basis of animal studies on siRNA delivery and the parallel biologic features of siRNA and miRNAs, the 
two potentially applicable systemic delivery modes for small RNA transgenes are viral vectors and nonviral, lipid- based
(cationic liposomes, liposome-protamine/DNA) particles (Table 4).9

Conclusion

Our current knowledge concerning the molecular mechanisms of miRNAs is at an early stage, especially in onco- 
logy. Although the number of publications on miRNAs increased exponentially in the last 5 years, a lot of work remains to 
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be done to elucidate the regulatory mechanisms of miRNA biogenesis in order to understand the miRNA associated 
processes of cancer. In the future, special attention will be directed to activities to recognize the targets of miRNAs 
and explore their disrupting molecular effects in the signaling pathways. Although the role of miRNAs in gastroin- 
testinal cancer has to be further scrutinized, recent research demonstrates that miRNAs will play an important role 
in prospective clinical medicine, both as diagnostic, prognostic, and predictive biomarkers, and as therapeutic tools. 
All these novel therapeutic strategies based on the targeting of miRNAs are promising, both as monotherapy and as 
treatment option combined with conventional drugs. However, since the multiple cellular functions of miRNAs and 
their effect on the interactions between the various signal pathways are still largely unknown, the clinical use of 
these miRNA-related techniques is not conceivable for the next years.
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