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MicroRNAs (miRNAs) are small non-coding
RNAs that are expressed in higher eukaryoates
and have even been found in viral genomes. They
usually act as endogenous repressors of target
genes by either inhibiting translation, causing
mRNA degradation, or by a combination of both
mechanisms. More than 850 mature miRNA se-
quences have been identified in humans, and al-
though this accounts for less than 2% of human
genes, it is predicted that 30% of mRNAs are tar-
geted by miRNAs. miRNAs play critical roles in

most cellular processes including development,
differentiation, and the homeostasis of both a cell
and an organism. Moreover, many disease states,
including cancer, occur or are sustained by
miRNA dysregulation. In this article, the latest
reports of miRNA involvement and aberrant ex-
pression in human disease are reviewed, with an
emphasis on cancer.
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Summary

MicroRNAs (miRNAs) are ~22 nucleotide
long small RNA molecules that usually act as en-
dogenous repressors of gene activity. Although
miRNAs were initially discovered in the nema-
tode C. elegans, they have subsequently been
found in various organisms and are thought to be
expressed in all metazoan eukaryotes [1]. The im-
portance of miRNAs in humans continues to be-
come apparent and it is clear that faithful miRNA
expression is critical for a myriad of biological
processes ranging from differentiation and devel-
opment to physiological homeostasis.

There are currently 851 mature human
miRNA sequences in the Sanger database version
13.0, many of which are highly conserved in other
organisms [2]. miRNAs are either intronic or ex-
onic, and may be located in non-coding regions
between annotated genes (intergenic) or in cod-
ing regions (fig. 1) [3, 4]. The intergenic miRNAs
are likely transcribed from their own promoters
and many are located in miRNA clusters that
generate long polycistronic transcripts [4, 5]. The
intronic miRNAs located in protein coding genes
are usually coordinately expressed with their host
genes and are therefore regulated by the same
factors as the host gene [1]. In addition, many
miRNAs are expressed in a tissue-specific or de-
velopmental stage-specific manner, indicating the
importance of coordinated regulation and func-
tion of miRNAs [6–8].
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Figure 1

Genomic locations of miRNAs. miRNAs may be located in
almost any region of the genome including repeats.They
may be grouped into clusters or situated alone, and may be
exonic or intronic. A, a miRNA may be part of the exon of a
non-coding RNA transcript, such as miR-22. B, polycistronic
miRNAs may be grouped into a cluster and transcribed as a
pri-miRNA, which yields several miRNAs.This occurs with
the miR-100/let-7a-2/miR-125b-1 cluster, which is transcribed
as an intron of a non-coding RNA. C, miRNAs may be lo-
cated in the introns of canonical genes.The mature miRNA
may be processed from the intron of the host gene tran-
script.This occurs when miR-126 is processed from the
EGFL7 transcript. Arrow, transcription start site; hairpin, pre-
miRNA; rectangle, exon.
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Most miRNAs are transcribed by RNA poly-
merase II as long (>1 kb) primary miRNAs (pri-
miRNA) that contain a 5 7-methyl guanosine cap
and a 3 poly adenosine tail, similar to mRNAs
[9]. However, miRNAs embedded in repetitive el-
ements such as Alus can be transcribed by RNA
polymerase III [10]. The hairpin structure in the
pri-miRNA is normally recognized and cleaved
by the nuclear RNase III enzyme Drosha and its
cofactor DiGeorge syndrome critical region 8
(DGCR8), although there are exceptions that by-
pass Drosha processing [11, 12]. Drosha/DGCR8
mediated pri-miRNA cleavage yields a precursor
miRNA (pre-miRNA) of ~70 nt that forms a hair-
pin, which is exported to the cytoplasm via the
nuclear transport receptor exportin-5 and the co-
factor RanGTP [12]. Once in the cytoplasm, the
pre-miRNA is cleaved by the RNase III enzyme
Dicer into a double stranded RNA of ~22 nt. The
strand with the less stable 5 hydrogen bonding is
usually selected as the mature miRNA, and is then
incorporated into the RNA-induced silencing
complex (RISC) [1].

RISC directs the miRNA to binding sites in
the target mRNAs, which usually leads to gene re-
pression, although there have been some reports of
gene upregulation [13, 14]. The miRNA binding
sites of the target mRNA are often perfectly com-
plementary to the “seed” sequence (5 nt 2-7) of the
miRNA and are located in the 3 untranslated re-
gion (UTR), but many important targets do not
follow these rules [13, 15, 16]. The exact mecha-
nisms of gene repression are still being elucidated,
but there is evidence for translational initiation in-
hibition, translational elongation inhibition, pre-
mature translational termination, and cotransla-
tional protein degradation [17]. In addition, several
studies suggest that miRNA binding enhances
mRNA degradation, such that transcript levels de-
crease along with protein levels [17]. Transcrip-
tomics and proteomics approaches indicate that
there may be >200 targets per miRNA [18] and a
miRNA can directly affect the translation of hun-
dreds of genes [19, 20]. These widespread effects of
miRNAs are not surprising considering the promis-
cuous nature of miRNA:mRNA-interactions.

miRNA biogenesis and basic function

miRNAs regulate important biological processes

The importance of faithful miRNA expres-
sion has been implicated in numerous biological
and cellular events. The miRNA let-7 is critical
for developmental timing [21], a developmentally
regulated miRNA (bantam) controls cell prolifer-
ation via regulation of apoptosis [22], and mi-
RNAs control ES cell differentiation [16] and
stem cell division [23]. Other examples are miR-
196, which is involved in hindlimb development
[24], and the brain-specific miR-134, which con-
tributes to the spatiotemporal control of mRNA
translation that is necessary for synaptic develop-
ment and plasticity [25]. Skin differentiation is
promoted by miR-203, which represses p63 in
stratified epithelial tissues [26], while precise lev-
els of miR-1 are critical in cardiogenesis [27].
Normal immune function is dependent on miR-
155 [28] and B-cell differentiation is controlled by
miR-150 mediated repression of the transcription
factor c-Myb [29]. In addition, the pancreatic islet
cell-specific miR-375 regulates insulin secretion

by inhibiting Myotrophin, a component of the ex-
ocytosis pathway [30].

Recent studies have shown that miRNAs may
play causative roles in several diseases. In neuro-
logical diseases, the loss of the miR-20a/b-1 clus-
ter has been implicated in Alzheimer’s disease [31]
and the loss of miR-133b may contribute to the
decrease in dopaminergic neurons seen in Parkin-
son’s disease [32]. In heart disease, the expression
of miR-21 in cardiac fibroblasts contributes to in-
terstitial fibrosis and cardiac hypertrophy [33],
while miR-1 and miR-133 in cardiomyocytes pro-
tect against hypertrophy [34]. As a defence against
viral infection, interferon-β upregulates miRNAs
that target hepatitis C virus RNA and decrease
replication and infection [35]. On the other hand,
during latent infection herpes simplex virus 1 ex-
presses miRNAs that target viral transcripts [36],
so miRNAs have evolved to play roles in both aid-
ing viruses and defending against them.

miRNAs involved in cancer

miRNA misexpression has also been well-doc-
umented in cancer and some of these are listed in
table 1. The first high-throughput study, using
334 patient samples of various malignancies,
showed that miRNA profiles can distinguish the

developmental lineage and differentiation state of
the tumors [37]. Another report was even able to
identify the tissue of origin of metastatic tumors
with unknown primary origin based on the
miRNA profiles [38]. Profiling experiments have
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established miRNA deregulation in various can-
cers including pancreatic cancer [39, 40], liver
cancer [41], breast cancer [42], colorectal cancer
[43, 44], neuroblastoma [45], prostate cancer [46,
47], bladder cancer [48], cervical cancer [49, 50],
leukemias [51, 52], lung cancer [53, 54],
esophageal cancer [55], ovarian cancer [56], thy-
roid cancer [57], and sarcomas [58]. Intriguingly,
many of these studies show that miRNA signa-
tures have diagnostic and prognostic value, and
may become valuable clinical tools in cancer ther-
apy [59].

Thorough elucidation of the impact that each
specific miRNA can have on neoplastic processes
will take many years. However, several examples
of important oncogenic and tumor suppressor
miRNAs have been reported. The first was the
frequent down-regulation and deletion of the
miR15a/16-1 cluster at 13q14 in chronic lympho-
cytic leukemia (CLL) [60]. Subsequent work
showed that both miR-15a and miR-16-1 likely
serve a tumor suppressor function by targeting
the anti-apoptotic protein Bcl2 (fig. 2) [61]. In ad-
dition, a recent report using a prostate cancer

model revealed that the miR-15a/16-1 cluster
also regulates tumorigenic activities, such as sur-
vival, proliferation and invasion, by targeting
DDND1 andWNT3A [62].

Another well studied tumor suppressor
miRNA family is the 11 member let-7 family,
which is downregulated in lung cancer, and lower
levels correlated with poor prognosis (table 1)
[63]. Let-7 targets two important oncogenes,
HMGA2 [64] and RAS [65], and a common
12q15 translocation in cancer replaced the let-7
binding site in the HMGA2 mRNA, leading to a
loss of repression [66]. A recent study extended
the realm of let-7 to breast cancer by showing that
let-7 decreased proliferation by targeting RAS
and increased differentiation by targeting
HMGA2 in breast tumor-initiating cells [67]. In
2007, three separate reports showed that miRNAs
were intimately involved with the tumor suppres-
sor p53 [68-70]. These groups demonstrated that
p53 transactivates the miR-34 family, which
causes apoptosis and decreases progression
through the cell cycle by targeting CCNE2,
CDK4, and MET [71].

miRNA Target Function in Cancer References

miR-15a/16-1 cluster BCL2, DDND1,WNT3A Tumor suppressor [60–62]

Let-7 family HMGA2, RAS Tumor suppressor [64–67]

miR-34 family CCNE2, CDK4, MET Tumor suppressor [68–70, 90]

BIC/miR-155 TP53INP1 Oncogene [72–74]

miR-17~92 cluster HIF-1α, Tsp1, CTGF Oncogene [75–79]

miR-221/222 p27(CDKN1B), p57(CDKN1C) Oncogene [80, 81]

miR-127 BCL6 Tumor suppressor [84]

miR-124a CDK6 Tumor suppressor [85]

miR-223 NFI-A Tumor suppressor [86, 87]

miR-203 ABL1, BCR-ABL1 Tumor suppressor [88]

miR-1 FoxP1, HDAC4, MET Tumor suppressor [89]

miR-29 family YYI, DNMT3A/B Tumor suppressor [49, 92]

miR-101 EZH2 Tumor suppressor [48, 95]

miR-128 BMI1 Tumor suppressor [96]

Table 1

miRNAs that are
implicated in human
cancer.

Figure 2

The function of tumor suppressor miRNAs. A, normally,
a tumor suppressor miRNA is transcribed in the nucleus
as a pri-miRNA, processed by Drosha/DGCR8 to a pre-
miRNA, exported to the cytoplasm by Exportin-5/RanGTP,
processed by Dicer and incorporated into RISC, which medi-
ates translational repression and/or mRNA degradation of
the target oncogene. B, decreased levels of a tumor sup-
pressor miRNA, whether by genomic loss or epigenetic
silencing as shown (processing defects and transcriptional
blocks via trans acting factors may also occur), de-represses
the target oncogene, leading to aberrant oncogene transla-
tion and tumorigenesis. In the case of miR-101, genomic loss
decreases miR-101, causing an increase in its target EZH2,
which promotes tumorigenesis.
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The first oncogenic miRNA to be identified
was miR-155, which is generated from the B-cell
integration cluster (BIC) non-coding RNA [72].
miR-155 levels were increased in lymphomas and
overexpression of miR-155 promoted B-cell pro-
liferation and eventual malignancy in a transgenic
mouse model [73]. miR-155 may cause these ef-
fects by targeting TP53INP1, a p53 target gene
that mediates apoptosis and cell cycle arrest [74].

Another well-studied oncogenic non-coding
RNA is the miR-17-92 cluster, which codes for 7
miRNAs. The miR-17-92 cluster is frequently
amplified in B-cell lymphoma and its overexpres-
sion, along with c-myc, promoted tumor develop-
ment in a mouse model [75]. In addition, the
miR-17-92 cluster is amplified and upregulated in
lung cancer and enforced expression of the miR-
17-92 cluster enhanced lung cancer cell growth
[76], while administration of antisense oligonu-
cleotides promoted apoptosis [77]. This group
later identified hypoxia-inducible factor (HIF) 1
alpha as a target of the miR-17-92 cluster, eluci-

dating a mechanism for c-myc induced downreg-
ulation of HIF-1 alpha [78]. Using mouse colono-
cytes, another study showed that c-Myc induced
expression of the miR-17-92 cluster, which medi-
ated tumor angiogenesis by targeting Tsp1 and
CTGF [79].

miR-221 and miR-222 are transcribed to-
gether and have also been identified as oncogenic
miRNAs. Thyroid cancer miRNA profiling
revealed that miR-221/222 were upregulated in
tumors and this correlated with a loss of KIT
[57]. A forward genetics approach showed that
miR-221/222 target the tumor suppressor and
cell cycle regulator p27(Kip1), while miR-
221/222 levels inversely correlated with
p27(Kip1) expression in glioblastoma [80]. A
recent study expanded the scope of miR-221 by
showing that it targeted another cell cycle regu-
lator p57(CDKN1C) and that miR-221 levels in-
versely correlated with p27(CDKN1B) and
p57(CDKN1C) in hepatocellular carcinoma [81].

Epigenetics and miRNAs

The causes of miRNA misexpression in can-
cer may be due to DNA copy number amplifica-
tion or deletion [59], inappropriate transactivation
[79], genetic mutation [82], altered post-transcrip-
tional processing [83], or epigenetic mechanisms
[84]. Epigenetic silencing of miRNAs could con-
tribute to carcinogenesis by leading to the perma-
nent upregulation of the miRNA target genes.
The first example of an epigenetically regulated
miRNA was the putative tumor suppressor miR-
127, which is located in a CpG island and is nor-
mally expressed as part of a miRNA cluster. In
cancer cells this cluster is silent and miR-127 is
methylated, but treatment with a DNA demethy-
lating agent and a histone deacetylase inhibitor
induced miR-127 expression from its own pro-
moter [84]. Further analysis showed that miR-127
may have a tumor suppressor function by repres-
sing the oncogene BCL6 [84].

Subsequently, several reports have demon-
strated that other tumor suppressor miRNAs are
epigenetically silenced in various cancers. miR-
124a was silenced by DNA methylation in cancer
and targeted the oncogene cyclin D kinase 6, while
leading to the phosphorylation of the tumor sup-
pressor retinoblastoma [85]. The most common
acute myeloid leukemia-associated fusion protein
AML/ETO aberrantly epigenetically silences
miR-223, which controls myelopoiesis by target-
ing NFI-A [86, 87]. Ectopic expression of miR-
223, knockdown of AML/ETO, or treatment with
DNA demethylating drugs caused leukemia cells
to differentiate, revealing another mechanism by
which AML/ETO promotes leukemia [87].

Another example of a miRNA that targets a fu-
sion protein in haematopoietic malignancies is

miR-203. miR-203 is either genetically lost or epi-
genetically silenced in leukemias and lymphomas
and its re-expression directly repressed both ABL1
and BCR-ABL1 fusion protein (Philadelphia chro-
mosome), causing an inhibition of cancer cell pro-
liferation [88]. A study showed that miR-1 is si-
lenced by hypermethylation in hepatocellular car-
cinoma and functions as a tumor suppressor by tar-
geting the oncogenes FoxP1, MET and HDAC4
[89]. Moreover, the p53-regulated miR-34b/c was
frequently methylated in colorectal cancer and
DNA-demethylating treatment re-expressed miR-
34b/c in colon cancer cell lines [90].

In addition to DNA hypermethylation, re-
pressive histone modifications may epigenetically
silence miRNAs in cancer as well. During skeletal
myogenesis low NF-κB and YY1 levels increase
miR-29 expression, which targets its repressor
YY1 in a positive feedback loop [91]. The elevated
NF-κB levels in rhabdomyosarcoma (RMS) led to
aberrant miR-29 silencing through YY1. The ex-
pression of miR-29 inhibited RMS tumor growth
and promoted differentiation, implying that miR-
29 acts as a tumor suppressor by promoting myo-
genesis [91].

miRNAs also control epigenetic mechanisms
by targeting key chromatin modifying proteins. In
lung cancer, the miR-29 family (miR-29a, -29b, -
29c) was downregulated and its expression in-
versely correlated with DNA methyltransferase
(DNMT) 3A and 3B levels [92]. Enforced expres-
sion of miR-29s in lung cancer cell lines inhibi-
ted tumorigenicity, decreased DNMT3A and
DNMT3B levels, restored normal DNA methyla-
tion patterns, and re-expressed hypermethylation-
silenced tumor suppressor genes [92].
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The Polycomb group protein EZH2 is a his-
tone methyltransferase that epigenetically si-
lences genes by trimethylating histone H3 lysine
27 (H3K27me3) [93]. EZH2 acts as an oncogene
in various malignancies, but the mechanism for
EZH2 overexpression had not been elucidated
[94]. Two recent studies showed that miR-101,
which is frequently downregulated in cancer, tar-
gets EZH2 [48, 95]. Ectopic expression of miR-
101 decreased EZH2 levels, decreased global
H3K27me3, re-expressed aberrantly silenced
Polycomb target genes, and inhibited cancer cell

proliferation (fig. 2) [48, 95].
Another Polycomb group protein BMI1 is in-

volved in epigenetic gene silencing and promotes
tumorigenesis [96]. miRNA profiling of glioblas-
toma revealed that miR-128 is downregulated in
the tumor tissues, which inversely correlated with
BMI1 expression [96]. Inducing miR-128 expres-
sion inhibited glioma cell proliferation and self-
renewal, decreased H3K27me3, and increased
p21(CIP1), all of which is consistent with BMI1
downregulation [96].

The future of miRNAs in medicine

As miRNAs play such important roles in dis-
ease, the development of miRNA-based diagnoses
and therapies is gaining traction. Techniques have
been established to isolate miRNAs from cell-free
bodily fluids such as serum and urine [97]. The
miRNA profiles generated from these samples are
robust and could discriminate between pregnant
and non-pregnant women [97]. A recent report
demonstrated that miRNAs are present and very
stable in plasma, and miRNAs originating from
prostate tumor xenografts are easily measured and
discriminate tumor-bearing mice from controls
[98]. In addition, the detection of miR-141 in
plasma could distinguish prostate cancer patients
from healthy controls, clearly showing the poten-
tial for miRNA-based diagnosis [98].

miRNA-based therapies will be difficult to
develop because of the inherent instability of ad-
ministered RNA. However, engineered oligonu-
cleotides complementary to endogenous miRNAs
termed “antagomirs” were developed and are sta-
ble when intravenously administered to mice [99].

The antagomir to the liver-specific miR-122
caused a robust decrease in miR-122 levels and an
increase in transcripts with miR-122-binding sites
[99]. Another group used miR-122 as the target to
validate systemic delivery of locked-nucleic-acid-
modified oligonucleotides (LNA-antimiR) in
non-human primates [100]. A LNA contains at
least one monomer with a modified sugar that is
locked in a RNA-like conformation and shows
very high hybridization affinity to complementary
oligonucleotides [101]. The intravenously admin-
istered LNA-antimiR was taken up into hepato-
cytes to form a stable duplex with miR-122. This
lead to a dose-dependent depletion of mature
miR-122 and a decrease in plasma cholesterol, a
marker of miR-122 downregulation [100]. More-
over, there was no evidence of toxicity or
histopathological changes from the treatment, in-
dicating that LNA-antimiRs could be valuable
tools to both elucidate miRNA function in ani-
mals and to treat disease in humans [100].

Conclusion

miRNAs are a fundamental part of coordi-
nated gene regulation in eukaryotic cells and the
recent explosion of reports on miRNA involve-
ment in various biological processes continues un-
abated. It now seems that miRNA involvement in
a cellular pathway or function is the rule rather
than the exception, although the specific and in-
tricate roles of each miRNA will take some time
to determine. Several human diseases, from neu-
rological disease to heart disease to cancer, are
caused or propagated by miRNA misexpression,
which has generated great interest in therapies,
diagnoses and prognoses based on disease-specific
miRNAs. Recent work in this regard has shown

tremendous promise and the successful transla-
tion of miRNA research from novel bench work
to medical practice and patients may open up a
new avenue to treat disease in humans.
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