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MicroRNAs and the cancer phenotype: profiling,
signatures and clinical implications
Carlos Stahlhut and Frank J Slack*
Abstract

MicroRNAs (miRNAs) have emerged as key genetic
regulators of a wide variety of biological processes,
including growth, proliferation, and survival. Recent
advances have led to the recognition that miRNAs
can act as potent oncogenes and tumor suppressors,
playing crucial roles in the initiation, maintenance, and
progression of the oncogenic state in a variety of
cancers. Determining how miRNA expression and
function is altered in cancer is an important goal,
and a necessary prerequisite to the development and
adoption of miRNA-based therapeutics in the clinic.
Highly promising clinical applications of miRNAs are
the use of miRNA signatures as biomarkers for cancer
(for example, for early detection or diagnosis), and
therapeutic supplementation or inhibition of specific
miRNAs to alter the cancer phenotype. In this review,
we discuss the main methods used for miRNA
profiling, and examine key miRNAs that are commonly
altered in a variety of tumors. Current studies
underscore the functional versatility and potency of
miRNAs in various aspects of the cancer phenotype,
pointing to their potential clinical applications.
Consequently, we discuss the application of miRNAs
as biomarkers, clinical agents, and therapeutic targets,
highlighting both the enormous potential and major
challenges in this field.
roles in a wide variety of cellular processes [6-8].
MicroRNAs: potent and versatile gene regulators
in cancer
All types of cancers are characterized by the disruption
of cellular homeostasis pathways, resulting in enhanced
cell growth and proliferation, and in decreased suscepti-
bility to the programs causing cell death. Studies have
revealed that miRNAs can target many of the programs
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that regulate these essential cellular functions, suggest-
ing that miRNAs can play key roles in the initiation,
maintenance, and progression of the oncogenic state
[1,2]. Indeed, expression profiling has revealed that tu-
mors of different types and origins have altered miRNA
profiles, and that a large proportion of known miRNA
loci are located in areas of the genome associated with
cancer [3]. Furthermore, numerous studies have revealed
a strong correlation between altered miRNA expression
and oncogenesis, underscoring the importance of miR-
NAs in cancer [1,2]. These findings suggest that miRNA
signatures might serve as valuable biomarkers, aiding in
the detection of cancer and its correct classification.
miRNAs are a class of non-coding RNAs that have po-

tent and versatile roles in development and disease, affect-
ing key cellular processes such as proliferation, apoptosis,
and differentiation [4,5]. These small (~18-25 nucleotides)
RNAs can bind target mRNAs in a sequence-specific
fashion to induce their post-transcriptional downregula-
tion. This binding is dependent on the ‘seed sequence’, a
6-8-nucleotide sequence at the 5′ end of each miRNA that
is complementary to sites found in the 3′ untranslated re-
gion (UTR) of target mRNAs (target sites). The mecha-
nisms governing the interaction of miRNAs with their
target genes remain somewhat unclear, but it is thought
that individual miRNAs can target multiple genes for
regulation, and that these targets are extremely diverse in
cellular function, suggesting that miRNAs play important

Here, we first discuss the major techniques currently
used to profile miRNAs from a variety of biological
sources, including clinical samples. We then discuss the
expression signatures of key miRNAs in several cancers,
highlighting the molecular pathways through which they
may be acting to control cell proliferation, survival, and
invasion. Finally, we discuss miRNAs in cancer from a
clinical perspective. We address the use of miRNAs as
biomarkers for disease, as therapeutic agents, and as tar-
gets for other agents, illustrating the importance and
versatility of miRNAs in this disease.
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MicroRNA profiling methods
miRNA expression profiles can provide valuable informa-
tion about tumor progression, angiogenic potential, and
metastatic risk [2,9], making miRNA profiling an area of
great clinical interest. Several techniques for the detection
of miRNA levels have been developed to profile miRNAs
from a variety of biological materials, including patient
samples. These include approaches based on quantitative
PCR (qPCR), microarrays and next-generation sequencing
(Table 1).
qPCR is a popular technology for profiling miRNA

levels, offering high sensitivity, a large dynamic range,
and reproducibility. A variety of commercially available
platforms make the quantitation of specific miRNAs a
technique that is accessible to virtually any laboratory
with PCR capabilities. Like other PCR-based techniques,
qPCR profiling requires a small amount of input mater-
ial; moreover, the technique is compatible with a wide
variety of sample sources, including patient samples and
formalin-fixed, paraffin embedded tissues [9]. This is an
important advantage in the clinical setting, where the
amounts of patient sample are often very limited.
Despite its many advantages, qPCR-based profiling has

important limitations. Because available qPCR assays are
generally designed to profile single miRNAs, this technique
is generally low-throughput, and can be limited by scalabil-
ity if a large number of miRNAs need to be examined.
However, the introduction of microfluidic array platforms
has made it possible to assess the levels of thousands of
miRNAs in parallel from small amounts of sample [10,11],
offering a high-throughput application of qPCR profiling.
Several technical challenges also exist in qPCR profiling.
The synthesis of cDNA from purified RNA is subject to er-
rors and variation resulting from secondary structure, dif-
ferences in priming efficiency, and biases caused by the
Table 1 Major platforms for microRNA profiling

Method Execution time Sample input Cost Ad

qPCR <6 hours 10-500 ng <$300 Hig
ran
rep
com
of

Microfluidic qPCR
platforms

<6 hours 10-500 ng <$300 Hig
larg
ma
com
of

Microarray 48 hours 100 ng-1 μg ~$300 Hig
we

Next generation
sequencing

2 weeks 500 ng-5 μg >$1000 Hig
dis
det
larg
(~5

miRNA, microRNA; qPCR, quantitative polymerase chain reaction.
reverse transcriptase used [12,13]. In addition, large-scale
comparison of multiple miRNAs can be challenging be-
cause of differences in the amplification parameters among
miRNAs, particularly concerning the melting temperature
for each primer set. The use of modified primers, including
stem-loop primers and primers incorporating locked-
nucleic acids can help to alleviate some of these issues.
While qPCR is best suited to the detection of specific

miRNAs of interest, other detection techniques have
been developed to assess global miRNA levels. Oligo-
nucleotide miRNA microarray analysis was originally the
most popular high-throughput technique, allowing for
the analysis of hundreds of miRNAs in a large number
of samples [14,15]. The approach usually involves RNA
or miRNA isolation, labeling with a fluorophore, and
then hybridization to microarrays containing collections
of probes with sequence complementarity to miRNAs of
interest. Despite its throughput and global profiling abil-
ity, microarray analysis was limited by its requirement
for high amounts of starting material to produce robust
results. In addition, the size of the oligonucleotides used
for detection, and therefore the specificity of detection,
was limited by the short size of miRNAs. As a conse-
quence, microarrays often detected both the mature and
precursor forms of miRNAs, boosting sensitivity but
confounding the results if precise measurements of ma-
ture miRNA levels are important. In addition, technical
biases can be introduced at the RNA-labeling step, lead-
ing to the development of label-free systems in which
the fluorophore selectively binds miRNA-probe duplexes
[16]. Like qPCR, microarrays can be affected by differ-
ences in probe-miRNA affinity, leading to the introduc-
tion of biases and variability from assay to assay.
The growth of new next-generation sequencing plat-

forms and associated bioinformatics tools has made it
vantages Disadvantages

h sensitivity, large dynamic
ge (~6 orders of magnitude),
roducibility, accessibility,
patible with several sources

biological material

Low throughput, unable to
detect novel or modified
miRNAs, variability across platforms

h throughput, high sensitivity,
e dynamic range (~6 orders of
gnitude), reproducibility,
patible with several sources

biological material

Unable to detect novel or modified
miRNAs, variability across platforms

h throughput, well optimized,
ll established analysis methods

Generally cannot distinguish mature
from pre-miRNAs, might require a
non-specific amplification step

h throughput, useful for miRNA
covery and modified miRNA
ection, high sensitivity,
e dynamic range
orders of magnitude)

Large investment and bioinformatics
expertise required, slow turnover,
may suffer from non-linearity in the
amplification step
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possible to overcome several of the limitations of
microarray-based global analysis. This technique allows
users to profile all known miRNAs from a single sample,
while also being able to identify novel miRNAs and modi-
fications to known miRNAs. In addition, sequencing pro-
vides a large dynamic range, particularly when ample
input material is available [9]. These characteristics give
next-generation sequencing unparalleled power for global
analysis of miRNA expression, particularly when the de-
tection of miRNA variants or novel miRNAs is desirable.
Despite these valuable advantages, the broad adoption

of next-generation sequencing is limited by challenges in
library preparation, data analysis and cost. This tech-
nique relies on the production of cDNA libraries, which
are amplified by PCR. This opens the possibility of test-
ing global miRNA levels in samples with little starting
material, but it suffers from nonlinearity in the measure-
ment process [9], with miRNAs expressed at very high
or very low levels being the most affected by this issue.
Likewise, technical issues, particularly concerning vari-
ability in adapter ligation and differences in enzymatic
efficiency, can affect this technique. Finally, this approach
is more susceptible to noise than qPCR or microarray ana-
lysis, because it is able to detect RNA degradation prod-
ucts. Another challenge for the broad adoption of
sequencing is the complexity of data analysis, requiring
expertise in bioinformatics and statistics. Publicly available
software packages have made this process more accessible,
but it still demands much greater expertise and analysis
time than qPCR or microarrays.
Together, these miRNA profiling platforms make it

possible to evaluate miRNA expression from a wide var-
iety of biological samples [17,18]. The choice of platform
depends on the goals of the investigator, as well as con-
venience, available expertise, and cost. Using these ap-
proaches, a series of investigations have revealed miRNA
signatures of various cancers, tissues, and responses to
therapy.

MicroRNA signatures of cancer
The development of effective miRNA-profiling methods
has led to the recognition that miRNAs can act as po-
tent oncogenes and tumor suppressors, playing key roles
in the initiation and progression of the oncogenic state
in a wide variety of cancers. miRNAs that promote cellu-
lar processes linked to oncogenesis and tumor progres-
sion, such as uncontrolled proliferation, increased
invasiveness, and resistance to apoptosis, are called
‘oncomiRs’, and are often upregulated in cancer. By con-
trast, miRNAs that counteract these oncogenic charac-
teristics are called ‘tumor-suppressor miRNAs’, and are
often downregulated in cancer. Certain miRNA can have
either oncogenic or tumor-suppressor roles depending
on the cellular context. In this section, we discuss
miRNAs that have been identified to play important
roles in oncogenesis, and the molecular mechanisms
through which they might be acting. Table 2 summarizes
commonly dysregulated miRNAs in cancer and their key
targets.

Oncogenic microRNAs
Here, we first discuss several examples of miRNAs that
have been found to have largely oncogenic roles in
cancer.

miR-17 ~ 92 cluster
The polycistronic miR-17 ~ 92 cluster is processed to
produce six mature miRNAs: miR-17, miR-18a, miR-
19a, miR-20a, miR-19b-1, and miR-92a-1 [19,20]. This
cluster has been found to possess oncogenic behavior in
a wide variety of cancers, including cancers of the lung,
breast, pancreas and colon as well as B-cell lymphoma,
retinoblastoma, and glioblastoma [21-25]. miRNA-
profiling studies have revealed that the miR-17 ~ 92 clus-
ter is overexpressed in lung cancer cells [23,26]. Notably,
the genomic locus encoding the miR-17 ~ 92 cluster,
13q31.3, is amplified in several types of lymphoma and
in a variety of solid tumors [27]. Moreover, both E2F
family members and MYC (transcription factors that are
known to be dysregulated in several cancers and that
lead to increased proliferation) are able to activate the
expression of this miRNA cluster, providing a mechan-
ism for its elevated levels in cancer [28,29].
The miR-17 ~ 92 cluster can target several key genes,

thereby affecting multiple aspects of cancer initiation
and progression. Among these, HIF-1α has been identi-
fied as a direct target of miR-17 ~ 92, affecting the re-
sponse of cancer cells to hypoxia [30]. Other key targets
of miR-17 ~ 92 include genes that are involved in cell
proliferation and signal transduction, such as PTEN,
E2F1-3, TNF-α, and RAB14, as well as genes that are as-
sociated with cell survival mechanisms, such as BIM and
TGFBR2 [26,28,31-33]. Furthermore, this miRNA cluster
is able to affect the tumor microenvironment by target-
ing TSP1 and CTGF, which play important roles in
tumor angiogenesis.
Two miRNAs in the miR-17 ~ 92 cluster, miR-19a and

miR-19b, play key roles in the induction of B-cell lymph-
oma. These miRNAs share extensive sequence identity,
including in their seed sequence, and are often referred
to collectively as miR-19. Olive et al. [34] and Mu et al.
[35] analyzed the individual oncogenic potential of the
six miRNAs encoded by the miR-17 ~ 92 cluster, finding
that miR-19 is essential to the tumorigenic activity of
this cluster. Additionally, these studies showed that miR-
19 can target the tumor suppressor PTEN, while also be-
ing able to activate the Akt-mTOR pathway, suggesting
that miR-19 may promote tumorigenesis by promoting



Table 2 MicroRNAs commonly affected in cancer and their targets

MicroRNA Oncogene or
tumor suppressor

Cancer types Key targets (and their
functions)

miR-17 ~ 92 cluster [19-36] OG/TS Lung, breast, pancreas, colon, BCL,
retinoblastoma, glioblastoma

HIF-1α (hypoxia response)

PTEN, E2F1-3, TNF-α, RAB14
(cell proliferation)

BIM, TGFBR2 (cell survival)

TSP1, CTGF (tumor angiogenesis)

miR-21 [37-53] OG Lung, breast, lymphoma, glioblastoma PTEN, SPRY1, SPRY2, (cell proliferation)

PDCD4, APAF1 (cell survival)

TPM-1, TPM-3, RECK (metastasis)

miR-155 [26,42,54-61] OG Lung, lymphoma, breast FOXO3A, SHIP1, SOCS1 (cell survival)

RhoA (metastasis)

miR-221 or miR-222 [45,62-67] OG Lung, glioblastoma KIT, p27, PUMA (cell survival)

PTEN (cell proliferation)

let-7 [68,69,78-83] TS Lung, lymphoma, gastric, prostate,
breast, ovarian

KRAS, NRAS, CDC25A, c-MYC
(cell proliferation)

HMGA2 (metastasis)

miR-34 [84-88,91-93] TS Lung, lymphoma, pancreas, colon,
neuroblastoma, glioblastoma

CDC25A, CDK4, CDK6, c-MYC
(cell proliferation)

MET (metastasis)

BCL2 (cell survival)

miR-15/16 [94-98] TS CLL, multiple myeloma, prostate, pancreas BCL2 (cell survival)

CDC2, JUN, FGF-2, CCND-1
(cell proliferation)

miR-200 [99-102] TS Breast, renal, gastric, bladder ZEB1, ZEB2 (cell differentiation
and metastasis)

miR-181 [103,104] TS Glioma, lymphoma TCL1 (cell survival)

miR-29 [105-112] TS CLL, hepatocellular carcinoma, breast MCL1, TCL1 (cell survival)

DNMT1 (gene expression)

BCL, B-cell lymphoma; CLL, chronic lymphocytic leukemia; OG, oncogene; TS, tumor suppressor.
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cell survival. Intriguingly, two other miRNAs within the
miR-17 ~ 92 cluster, miR-17-5p and miR-20a, can regu-
late the transcription factor E2F1, which plays a key role
in controlling cell proliferation by regulating genes in-
volved in cell-cycle progression, DNA replication, cell
division, and apoptosis [36]. E2F1 is part of a positive-
feedback loop with MYC, suggesting a model in which
MYC induces both E2F1 and miR-17 ~ 92. In turn, this
miRNA cluster can repress E2F1 levels to curb the cell
proliferative effects of MYC mediated by E2F1 [29]. In
this context, miR-17-5p and miR-20a would act as
tumor suppressors, highlighting the complexity and ver-
satility of miRNA-mediated regulation in cancer.

miR-21
Several studies have found that the levels of miR-21 are
elevated in different types of cancer, including lung,
breast, lymphoma, and glioblastoma. Lung tumor profil-
ing studies revealed that elevated miR-21 expression was
most notable in patients with mutations in the epidermal
growth factor receptor (EGFR) gene. Additionally, miR-
21 levels were correlated with phosphorylated EGFR
(p-EGFR) levels, and miR-21 overexpression could be
ablated by the use of EGFR tyrosine kinase inhibitors in
cell culture. The discovery that blocking miR-21 with
antisense oligonucleotides results in elevated apoptosis
in a p-EGFR-dependent manner suggests that miR-21
acts as an anti-apoptotic factor, which is negatively regu-
lated by EGFR signaling [37]. Further support for an
anti-apoptotic role for miR-21 is provided by the identi-
fication of several potent pro-apoptotic targets, including
Apaf1, Faslg, RhoB, and Pdcd4 [38].
In addition to its role in apoptosis, miR-21 appears to

modulate cell growth and proliferation by targeting sev-
eral key signaling axes, further suggesting an important
role for this miRNA in tumorigenesis. miR-21 can target
the potent tumor suppressor gene PTEN, as well as
negative regulators of the RAS signaling axis including
Spry1, Spry2, and Btg2, enhancing cell proliferation
[38,39]. In addition, several key cell-cycle regulators are
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predicted to be miR-21 targets [40]. Notably, antisense
oligonucleotides against miR-21 can inhibit cell growth
in culture, highlighting the importance of this miRNA
for the proliferation of cancer cells [41].
Microarray-based profiling of tumor samples from

breast cancer patients found that miR-21 was consist-
ently upregulated in several types of breast cancer, sug-
gesting a role for this miRNA in mammary tumor
initiation or progression [42]. Cell-culture-based studies
further supported this notion, indicating that inhibition
of miR-21 with antisense oligonucleotides in human
breast cancer cells resulted in reduced cell proliferation
in vitro and in tumor xenograft systems. This reduction
was accompanied by elevated rates of apoptosis, which
correlated with decreased expression of the key anti-
apoptotic factor BCL-2 [43].
miR-21 has been identified as being upregulated in

glioblastomas, and miR-21 knockdown in glioblastoma
cell lines results in caspase activation and elevated apop-
totic rates, indicating a pro-survival function for miR-21
[44-48]. While the targets of miR-21 in glioblastoma
have not been ascertained, it is likely that the tumor sup-
pressors PTEN, TPM1, and PDCD4, which are targets in
other types of tumor, might also play a role in promoting
glioblastoma cell survival and proliferation [49-51]. In
addition, miR-21 can target inhibitors of matrix metallo-
proteases such as RECK and TIMP3, contributing to the
aggressive invasiveness that characterizes this disease
[46,52].
The oncogenic potential of miR-21 has also been ob-

served in mouse models of lung cancer, where overex-
pression of this miRNA resulted in increased tumor
proliferation, whereas miR-21 deletion reduced tumor
incidence [38]. Similar observations were made using a
mouse model of pre-B-cell lymphoma (BCL), which
showed that miR-21 overexpression leads to pre-BCL,
which is wholly dependent on the continued expression
of miR-21 [53]. Together, these findings highlight the
role of ‘oncomiR addiction’ in cancer, suggesting that
the presence of specific or constant amounts of such
oncogenic miRNAs is needed to maintain the tumor
phenotype, and that the tumor cells fail to survive when
the expression of these miRNAs ceases.

miR-155
miR-155 plays an important role in the regulation of
oncogenesis, and particularly in the response and adap-
tation to the tumor microenvironment. miR-155 is over-
expressed in lung cancers [26,54], and high levels of
miR-155 correlated with poor overall survival in squa-
mous cell carcinoma and non-small-cell lung cancer
(NSCLC) patients [54,55]. Similarly, miR-155 is upregu-
lated in several types of lymphoma, and mice that over-
express miR-155 in B-cells develop BCL [56]. Notably,
in mice with established BCL resulting from miR-155
overexpression, cessation of miR-155 expression results
in rapid regression, indicating a role for this miRNA in
the maintenance of the oncogenic state [57]. miR-155
was also identified in early breast tumor profiling studies
as being consistently upregulated across a variety of
breast cancer cell types. Expression of miR-155 in breast
cancer cells results in enhanced proliferation and colony
formation in culture and soft agar assays, as well as en-
hanced tumor formation in nude mouse models [26,42].
While the mechanism governing miR-155 upregulation

in cancer is not yet known, recent evidence suggests that
the expression of this miRNA is induced in response to
hypoxic conditions, and that this response results in the
downregulation of key miR-155 targets such as FOXO3A
[58]. This response is dependent on the hypoxic factor
HIF-1-α, suggesting that it may act as part of a broader
system in the oncogenic response to hypoxia. Moreover,
these findings suggest that miR-155 plays a key role in the
adaptation response enacted by tumors in response to the
microenvironment. Other key targets of this miRNA in-
clude SOCS1, an important modulator of cytokine signal-
ing [59], and FOXO3, suggesting a broad role in the
regulation of cell signaling [60]. In addition to its role in
modulating cell survival and proliferation, miR-155 is in-
volved in the regulation of metastasis. Specifically, miR-
155 can regulate the key cellular factor RhoA, thereby
modulating the levels of epithelial cadherin (E-cadherin)
to promote epithelial-to-mesenchymal transition (EMT;
the cellular process through which epithelial cells lose
their polarity and exhibit decreased cell-cell adhesion,
resulting in increased invasive potential) and to induce cell
migration in response to TGF-β signaling [61].
miR-155 also plays an important role in cancer therapy

by modulating the response to radiation treatment.
Babar and colleagues [58] have recently shown that miR-
155 overexpression resulted in decreased radiation-
induced cell death, whereas inhibition of miR-155 using
antisense oligonucleotides resulted in increased radio-
sensitivity. Together, these results suggest that miR-155
may be contributing to poor patient prognosis by affect-
ing not only the initiation and progression of cancer but
also the response of tumor cells to radiation treatment
and other environmental insults such as hypoxia.

Cancer cell survival and metastasis: miR-221 and miR-222
miR-221 and miR-222 are miRNAs that have potential
roles in promoting the survival of cancer cells. These
miRNAs are upregulated in NSCLC cells that are resist-
ant to the pro-apoptotic factor Apo2L/TNF-α-related
apoptosis-inducing ligand [62]. The anti-apoptotic prop-
erties of miR-221 and miR-222 may result from their
ability to target pro-apoptotic factors such as Kit,
p27Kip1, PTEN, and PUMA [62-64].
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In addition to their anti-apoptotic properties, miR-221
and miR-222 can promote tumor metastasis by activat-
ing the AKT pathway and several key metalloproteases,
thereby facilitating tumor extracellular matrix break-
down and tumor migration. Indeed, elevated levels of
miR-221 and miR-222 are observed in aggressively inva-
sive forms of lung cancer [62], suggesting that these
miRNAs may play important roles in enhancing the
metastatic potential of lung tumors.
miR-221 and miR-222 are also overexpressed in glio-

blastoma tumor samples and in glioblastoma cell lines
[45,65,66]. In these cancers, the action of miR-221 ap-
pears to be centered on the repression of the cell-cycle
regulator p27Kip1, an important inhibitor of the cyclin-
dependent protein kinases [67]. By targeting p27, miR-
221 and miR-222 can help to bypass cell-cycle controls
to promote rapid cell proliferation and growth.

Tumor suppressor microRNAs
Here, we discuss several examples of miRNAs that have
been found to have largely tumor suppressor roles in
cancer.

let-7
The let-7 family members were among the first miRNAs
found to be downregulated in cancer, and reduced let-7
expression is associated with poor patient prognosis
[68,69]. Shortly after these discoveries, it was found that
let-7

Cell cycle
CYCD2
CDK6

CDC25

Cell growth o
proliferation

IGF2BP1
IGF2BP2

Chromosomal
deletions 

Figure 1 let-7 is a potent tumor suppressor microRNA. The let-7 micro
involved in the cell cycle, cell growth, cell proliferation, migration or invasio
often lost or impaired through chromosomal deletions, mutations in the ta
miRNA, or through post-transcriptional regulation by proteins such as LIN-2
nuclear factor (NF)-κB.
let-7 expression resulted in a significant decrease in lung
cancer cell-line growth, indicating that let-7 plays an im-
portant role in controlling cellular growth in cancer cells
[68] (Figure 1). let-7 downregulation also appears to be a
common early event in the progression of ovarian cancer
[70-77].
The identification of KRAS as a target of let-7 provided

a mechanistic explanation for the role of this family of
miRNAs in the regulation of cellular proliferation [69]. In-
deed, antisense inhibition of let-7 resulted in elevated can-
cer cell proliferation, whereas let-7 overexpression in
cancer cell lines, including lung cancer cell lines, resulted
in cell-cycle arrest [69,78]. These observations in cell cul-
ture were echoed by in vivo studies that showed that let-7
could suppress tumor initiation in a NSCLC mouse model
[78]. Importantly, mutations in let-7 complementary sites
in NSCLC patients are associated with KRAS overexpres-
sion [79].
Beyond its role in the regulation of KRAS, let-7 targets

other important genes that are involved in cellular
growth and proliferation. HMGA2, which has been as-
cribed a putative oncogenic function, is targeted by let-7
[80], as are several cell-cycle-related genes such as cyclin
D2, CDK6, and CDC25A [81]. Intriguingly, let-7 can also
directly downregulate Dicer, an endonuclease required
for miRNA processing [82]. This raises the possibility
that let-7 regulates not only the levels of key mRNAs for
several cellular processes but also the global production
r Migration or 
invasion

RAS
MYC

HMGA2

LIN-28

MYC

NF-κB

Target site 
and seed site 
mutations 

RNA (miRNA) can affect several key cellular pathways (such as those
n) by targeting key effector genes. In cancer, the function of let-7 is
rget sequence of regulated mRNAs, mutations in the seed site of the
8, whose expression is driven by potent oncogenes such as MYC and
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of miRNAs, with profound effects for virtually every as-
pect of cell growth, proliferation, signaling, and survival.
The function of let-7 in cancer has also been studied

in the context of polymorphisms in the 3’UTR of
mRNAs, which affect miRNA regulation by interfering
with miRNA binding at target sites. Polymorphisms in
the 3’UTR of KRAS mRNAs have been shown to inhibit
let-7 function, and have been linked with poor patient
prognosis in lung and breast cancers [79,83]. These find-
ings further illustrate the dynamic and complex relation-
ship between miRNAs and their targets, and provide a
novel mechanism for altered miRNA function in cancer.

miR-34
The miR-34 family genes, miR-34a and miR-34b/c, came
into prominence as cancer-related genes after the dis-
covery that they are under the direct transcriptional con-
trol of the key tumor suppressor p53, forming part of a
transcriptional feedback loop that also involves E2F tran-
scription factors (Figure 2). Specifically, p53 activation
results in miR-34 expression, which in turn results in
the direct downregulation of E2F and the indirect upreg-
ulation of p53 by targeting SIRT1. Through this complex
regulatory loop, miR-34 is able to regulate apoptosis ini-
tiation and the onset of cell-cycle arrest in cancer cell
lines [84-88]. Intriguingly, it has been reported recently
that loss of miR-34 expression does not affect cell-cycle
arrest or apoptosis induced by p53, suggesting that the
relationship between these genes is more complex than
initially thought [89]. Studies have also revealed that
m

Cell-cycle arrest
CCND1
CDK4,6
CDC25A
c-MYC
E2Fs
MET

Apoptosis
BCL-2

N-MYC
GMNN
HDAC1
SIRT1
MET

Chromosomal
deletions

Figure 2 miR-34 can affect tumor initiation and progression by regul
target of the tumor suppressor protein p53. This microRNA can regulate ke
chromosomal aberrations can disrupt the mir-34 locus, and its transcription
loss of p53.
miR-34 plays an important role in regulating the survival
of cancer cells after radiation and that it is able to radio-
sensitize breast cancer cells in vitro [90], suggesting a
broader role for the interaction of p53 and miR-34 in
the response to radiation.
miR-34 can target a variety of genes in cancer cells to

regulate cell proliferation and survival. Several crucial cell-
cycle genes are targets of this family of miRNAs, including
CDC25A, CDK4, CDK6, c-MYC, and MET. Likewise,
miR-34 modulates apoptosis by targeting key regulators of
the apoptotic cascade, such as BCL-2, N-MYC, GMNN,
and HDAC1. These miRNAs are also able to induce senes-
cence in cancer cells by targeting c-MYC, HDMX, and
SIRT1. Finally, miR-34-mediated repression of WNT,
HMGA2, AXL, and SNAIL1 allows modulation of the mi-
gration and invasion properties of cancer cells, affecting
the metastatic potential of tumors [88,91-93]. The ability
of miR-34 to regulate a diverse set of biological processes
makes it a potent and versatile cellular regulator,
highlighting its importance in preventing the onset and
progression of cancer.

miR-15 and miR-16
miR-15 and miR-16 are part of a cluster that was among
the first to be implicated in cancer, when it was discov-
ered that it is frequently deleted or downregulated in
chronic lymphocytic leukemia (CLL) patients [94].
Further supporting a tumor-suppressor role for these
miRNAs in CLL, deletion of the miR-15a-miR-16-1 clus-
ter in mice causes development of phenotypes that
iR-34

p53

Senescence

c-MYC
HDMX
SIRT1

HMGA2
AXL

SNAIL1
SERPINE1

Methylation

Inhibiting migration 
or invasion

ating a variety of key cellular functions. mir-34 is a transcriptional
y genes involved in cell proliferation, survival, and invasion. In cancer,
can also be inhibited by methylation changes and by inhibition or
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recapitulate CLL symptoms in humans [95]. In lung can-
cer, the miR-15-miR-16 cluster is also often deleted or
downregulated [96], suggesting a role for these miRNAs
in tumor suppression. Indeed, miR-15 and miR-16 are
able to regulate many cellular processes involved in cell
proliferation, survival, and migration by targeting key
cellular signaling factors such as BCL-2, CDC2, ETS1,
JUN, PDCD4 and WNT3A. miR-15 and miR-16 can also
affect cell proliferation and invasion by targeting FGF-2
and FGFR1 [97]. Additionally, miR-15 and miR-16 can
regulate Cyclin D1, Cyclin D2 and Cyclin E1, and miR-15
and miR-16 expression levels were inversely correlated
with the levels of Cyclin D1 in NSCLC cell lines [98].
Together, these findings indicate that miR-15 and miR-
16 play broad roles in oncogenesis, affecting key cell
proliferation and invasion systems.

Inhibition of epithelial-to-mesenchymal transition: miR-200
and miR-205
The miR-200 family and miR-205 play important roles in
the regulation of cancer cell proliferation and invasion by
regulating ZEB1 and ZEB2, two key promoters of EMT
[99]. In lung cancer cells, overexpression of miR-200 re-
sulted in decreased ZEB1 levels and elevated E-cadherin
expression, suggesting loss of the regulatory activity of
ZEB1 [100]. Mouse models support a role for these miR-
NAs in metastasis: miR-200 overexpression blocked the
capacity of metastasis-prone tumor cells to undergo EMT
and reduced the metastatic potential of these cells [101].
miRNA profiling of lung cancer cells has also suggested a
role for these miRNAs in the regulation of EMT and inva-
sion, indicating that multiple peptidases, cell adhesion
proteins, extracellular matrix proteins, and cytoskeletal
regulators are regulated by miR-200 [102].

Inhibition of oncogenes MCL1 and TCL1: miR-181 and miR-29
miR-181a and miR-181b are downregulated in gliomas
and glioma cell lines [103]. Transfection of these miR-
NAs in cell culture resulted in the inhibition of cellular
growth and invasion, accompanied by increased apop-
tosis. In addition, transfected cells were impaired in their
ability to grow in an anchorage-independent manner,
suggesting that miR-181a and miR-181b may also play
important roles in preventing tumor invasiveness [103].
Efforts to identify the targets of miRNAs that are in-
volved in leukemia or lymphoma have revealed that
miR-181 acts as a tumor suppressor by targeting the
TCL1 oncogene. Moreover, this miRNA can indirectly
regulate the levels of the oncogene MCL1, further
modulating the apoptotic potential of CLL cancer cells
by controlling cellular survival [104].
miR-29 is another miRNA that is often expressed at

aberrant levels in cancers, including CLL, hepatocellular
carcinoma, and breast cancer [105-107]. Like miR-181,
mir-29 targets the oncogenes MCL1 and TCL1 [108].
miR-29 also targets genes that regulate cellular survival,
such as CDK6 and KLF4, as well as long non-coding
RNAs such as MEG3 [105,108,109]. Interestingly, miR-
29 was found to indirectly target the de novo DNA
methyltransferases DNMT1, DNMT3A and DNMT3b,
thereby controlling gene expression [108]. Loss of miR-
29, therefore, may result in elevated MCL1 and DNMT
expression, causing the increased cell survival seen in
acute myeloid leukemia [110-112].

Clinical and therapeutic implications: microRNAs
as biomarkers, therapeutic targets and targeted
therapeutics
miRNAs play important and diverse roles in the initi-
ation and progression of a wide variety of cancers. By
modulating the expression of key regulators of cellular
proliferation, growth, survival, and signaling, miRNAs
can act as potent oncogenes and tumor suppressors.
Moreover, it has become increasingly clear that miRNAs
are integral elements in a number of crucial gene ex-
pression networks, acting in tightly regulated feedback
loops that are often disrupted in cancer.
Recent technical advances in the methods used to

examine miRNA expression from a wide variety of tissues,
including the development of reliable qPCR reagents
and high-throughput qPCR systems, improvements in
microarray-based methods, and the increased accessibility
of next-generation sequencing systems for miRNA profil-
ing, have made the prospect of using miRNAs as bio-
markers a feasible and attractive option. Because of their
small size, miRNAs are more stable than mRNAs; this al-
lows for expression profiling using a variety of tissue
sources, including frozen, fixed, and paraffin-embedded
tissues, as well as blood and several other biological fluids.
Notably, miRNA profiles can not only distinguish between
normal and cancerous tissue but also establish tissue of
origin and cancer subtype [113-117]. A recent example of
the value of miRNA profiling in the clinical setting comes
from a study in CLL patients, which found that miR-155
levels in B cells can distinguish individuals with CLL from
patients with monoclonal B-cell lymphocytosis, and can
distinguish both of these groups from healthy individuals.
Furthermore, this study found that patients who failed to
respond to a standard chemotherapeutic regime had
higher pre-treatment levels of miR-155 than patients who
responded favorably, illustrating the prognostic value of
miRNAs [118].
Currently, the main challenges to the use of miRNAs as

biomarkers are technical, including lack of consistency be-
tween studies and variations in control usage and
normalization [116,117]. We predict that as these obsta-
cles are surmounted, the use of miRNAs as clinical bio-
markers will become routine.
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miRNAs are also attractive both as therapeutic targets
and as therapeutic agents themselves. A number of strat-
egies to harness miRNAs as therapeutics in cancer have
been attempted, but they are generally based on the intro-
duction of oligonucleotides to supplement the cellular ex-
pression of tumor suppressor miRNAs, or of antisense
oligonucleotides to ablate the action of oncogenic miR-
NAs. This approach allows the specific targeting of indi-
vidual miRNAs or miRNA families, but effective and
stable oligonucleotide delivery remains a major hurdle
[119]. Promising advances have been made through the
use of modified oligonucleotides and novel biodelivery
methods, and the field is expected to progress rapidly in
its movement towards viable miRNA-based therapeutics.
The varied and important roles of miR-34 in cancer

make it an attractive candidate as a therapeutic agent.
While the field of miRNA-based therapeutics is in its early
stages, recent studies show promising results that support
the feasibility of this novel therapeutic modality. In one
such study, Trang and colleagues [120] used a novel lipid
emulsion to systemically deliver a synthetic miR-34a mimic
in a Kras-activated autochtonous model of NSCLC, result-
ing in a significant decrease in tumor burden. This study
underscores the enormous therapeutic potential of miR-
NAs in cancer, both as targets and as therapeutic agents.
Another important application for miRNAs in the clinic

is in the alteration of the chemotherapeutic response dur-
ing treatment. Because tumors are able to exploit a variety
of signaling pathways and molecular mechanisms to medi-
ate their enhanced proliferation and survival, they often
develop resistance to chemotherapeutic agents, which
tend to target single pathways or biological processes. As
miRNAs can act as potent regulators of multiple key cellu-
lar pathways, miRNA supplementation or silencing is a
promising approach to potentiate the effects of chemo-
therapy. While this application of miRNAs is still in its
early stages, recent studies suggest that targeting miR-21
and miR-1 (which plays a tumor-suppressor role in the
lung) can sensitize cancer cells to chemotherapy
[121,122]. Similarly, a role for miRNAs in the response to
radiotherapy can be easily envisioned, given that miRNAs
play important roles in the regulation of cell survival and
apoptosis in response to DNA damage.
The use of miRNAs in the clinic is in its infancy.

Nevertheless, there are a number of trials currently un-
derway, focusing largely on the use of miRNAs as bio-
markers [123]. Significant obstacles to the widespread
adoption of miRNAs as clinical agents remain, particu-
larly regarding toxicity, specificity and delivery [124].
Despite its many challenges, this area of scientific and
pharmaceutical development is expected to see enor-
mous advances in the next few years, bringing to the
clinic a wholly novel class of therapeutics for the treat-
ment of cancer.
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