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Abstract: Deregulation of microRNA (miRNA) promotes carcinogenesis, as these molecules can act as oncogenes or tu-
mor suppressor genes. Here we provide an overview of miRNA biology, discuss the most recent findings on miRNA and
cancer development/progression, and report on how tumor-related miRNAs (oncomirs) are being used to develop novel

cancer specific therapeutic approaches.
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INTRODUCTION

The discovery in viruses, plants and animals of small
non-coding RNA molecules called microRNA (miRNA) that
mediates RNA interference has opened a new era in our un-
derstanding of the control of gene expression [1, 2]. The lat-
est version of miRBase (release 11.0, April 2008 [3]) has
annotated 678 miRNA sequences in the human genome and
this number is expected to double as more miRNAs are
awaiting experimental validation. Based on their sequences,
miRNAs are predicted to negatively target up to one-third of
human messenger RNA (mRNA) [4]. Because base-pairing
with the mRNA 3' untranslated region (3' UTR) is generally
imperfect, a single miRNA may target over 200 transcripts
simultaneously. Therefore, regulation of miRNA itself (e.g.,
at the epigenetic level) may well be a potent, albeit indirect,
way to control simultaneously numerous genes [5]. In the
present work, we briefly describe the biogenesis and function
of miRNAs, review their role in tumor biology and report on
how these molecules are being exploited as molecular targets
for novel therapeutic approaches to fight cancer.

miRNA BIOGENESIS AND FUNCTION

miRNAs are endogenously produced RNA molecules of
about 18-25 nucleotides (nt) in length. With the exception of
those within the Alu repeats transcribed by polymerase 111
(Pol IIT) [6], most miRNA genes are derived from primary
miRNA transcripts (pri-miRNA) produced by Pol II and con-
taining a 5' cap and a poly(A) tail [7]. The pri-miRNA is
cleaved within the nucleus by a multiprotein complex called
Microprocessor, which is composed of the RNAse III en-
zyme Drosha and the double-stranded RN A-binding domain
(dsRBD) protein DGCRS8/Pasha into an about 70-nt long
hairpin precursor known as pre-miRNA (Fig. 1). Next, the
pre-miRNA is exported into the cytoplasm by Exportin-5 via
a Ran-GTP-dependent mechanism. The pre-miRNA is fur-
ther cleaved into the mature approximately 22-nt long
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miRNA:miRNA* duplex by an RNAse III enzyme, Dicer, in
association with its partners, TRBP/Loquacious and PACT
in human cells. Subsequently, an RNA-induced silencing
complex called RISC is assembled with Argonaute-2 (Ago2,
a component with RNase catalytic function) and other not
fully characterized proteins [8]. The miRNA strand is then
selectively incorporated into RISC and guides the complex
specifically to its mRNA targets through base-pairing inter-
action. miRNAs downregulate the expression of their target
genes in two ways [2, 4, 5] depending upon the complemen-
tarity between them: A) most miRNAs bind imperfectly to
their target sequence and inhibit protein translation; B) by
contrast miRNAs with perfect complementarity to the target
sequence induce the cleavage and degradation of the tran-
script. In particular, efficient miRNA-guided translational
repression requires an m7G-cap as well as a poly(A) tail [9].
Recently, the mechanism by which miRNA ribonucleopro-
tein complexes (miRNP) that are bound to the 3' UTR of a
target mRNA interfere with translational initiation has been
discovered by some investigators who identified a motif
(MC) within the Mid domain of Ago proteins, which bears
significant similarity to the m’G cap-binding domain of
elF4E, an essential translation initiation factor: in this ex-
perimental model, the Ago proteins compete with eIF4E for
cap binding and thus repress the translational initiation [10].

miRNAs AND CANCER BIOLOGY

Cancer is a multigenic disease characterized by uncon-
trolled cell proliferation, resistance to apoptosis, loss of dif-
ferentiation and ability to invade tissues and metastasize.
Cells possess many safeguard mechanisms to ensure that all
molecular mechanisms potentially underlying malignant
behavior are under control both during development and in
the adult body. These regulatory pathways/circuits are based
on the switch on or switch off of genes coding for proteins
that directly mediates the physiological functions. Dysregu-
lation of these genes, which are referred to as tumor-
suppressor genes and oncogenes, is believed to represent the
"primum movens" in tumor development and progression
and is the main focus of preclinical cancer research [11].
Until few years ago, tumor suppressor genes and oncogenes
were believed to function only by being first transcribed
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Fig. (1). Biogenesis of microRNA (see text for details).

from DNA into RNA, and are then translated into protein to
exert their effects. Recent evidence indicates that small non-
protein-coding miRNAs also play a key role in cancer biol-
ogy by acting as tumor suppressors and oncogenes [12]:
these cancer-related miRNAs have been named oncomirs
[13-15] (although some Authors prefer to use this name to
indicate oncogenic miRNA only).

Despite the fact that the biology of tumor related
miRNAs has only begun to be investigated, a relatively large
body of data is already available on this subject. Although a
comprehensive list of tumor related miRNAs and their bio-
logical effects is beyond the scope of this review (for such a
list, visit www.mmmp.org [16]), we will describe some of
the most significant examples to underscore the relevance of
these molecules as cancer targets (Table 1).

Tumor Suppressor miRNAs

The first indication of miRNAs as tumor suppressors
came from the observation that patients diagnosed with
B-cell chronic lymphocytic leukemia have frequent deletions
or downregulation of mir-15a and mir-16-1 located at
chromosome 13q14.3 [17]. A follow-up study demonstrated
that miR-15a and miR-16-1 negatively regulate the anti-
apoptotic protein BCL2 [18], thus potentially acting as tumor
suppressor genes. Some other miRNAs have also been
shown to function as tumor suppressor genes. Among them,
the let-7 family (which includes let-7a-1, let-7a-2, let-7a-3,
let-7b, let-7c, let-7d, let-7e, let-7f-1, let-7f-2, let-7g, and
let-71) is downregulated in ovarian carcinoma [19], lung can-
cer [20] and breast carcinoma stem cells [21]; this miRNA
family has been found to negatively regulate tumor-
promoting factors such as RAS [22], IMP-1 [23] and
HMGA2 [23, 24]. Similarly, mir-143 and mir-145, which
exhibit decreased abundance in colorectal carcinoma [25]

cervical cancer [26] and B-cell malignancies [27], inhibit cell
proliferation [28], likely by controlling the expression of
ERKS [27, 29]. However, recent evidence suggests that
miRNA physiology can be highly complex and members of a
miRNA family can behave very differently. For instance,
while the other let-7 family members have been so far asso-
ciated with tumor suppressive functions, in ovarian carci-
noma let-7a-3 gene hypermethylation (and thus silencing) is
associated with better prognosis and lower insulin-like
growth factor-2 (IGF2) expression [30]. Moreover, the let-
7a-3 gene is heavily methylated in normal human tissues but
hypomethylated in some lung adenocarcinomas and in hu-
man lung cancer cells let-7a-3 gene hypomethylation increa-
ses let-7a-3 expression and results in enhanced tumor pheno-
types and oncogenic changes in transcription profiles [31].

Oncogenic miRNAs

Other miRNAs can function as oncogenes. mir-155 is
remarkably overexpressed and linked to tumorigenesis in
lymphomas [32-35] and breast cancer [36], likely in coopera-
tion with MYC, while mir-372 and mir-373 have been impli-
cated as oncogenes in testicular germ cell tumors [37].
Upregulation of mir-21 has been reported in glioblastomas
[38] and breast cancer [36], where it exerts an anti-apoptotic
function [38, 39]. Moreover, mir-21 inhibits the expression
of tumor suppressor genes such as tropomyosin-1 (TPM1)
[40] and phosphatase and tensin homolog (PTEN) [41]. The
mir-17-92 cluster (mir-17-5p, mir-17-3p, mir-18a, mir-19a,
mir-20a, mir-19b-1 and mir-92-1) has been found upregu-
lated in 65% of B-cell lymphomas and its overexpression
expedited the development of malignant lymphomas in a
transplantation mouse model [42]. As regards the mechanism
of action, preclinical models have demonstrated that
miRNAs from this cluster function cooperatively as onco-
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Table 1.  Selected Cancer-Related microRNA and their Proven mRNA Targets

Mocellin et al.

microRNA Target Tumor Ref.
let-7 family RAS Lung cancer [22]
RAS Colon cancer [106]

RAS Breast cancer [21]

HMGA2 Breast cancer [21]
C-MYC Colon cancer [106]

let-7a Integrin beta (3) Melanoma [107]
C-MYC Burkitt lymphoma [82]

let-7a-3 IGF2 Ovarian cancer [30]
let-7b CDK4 Melanoma [83]
Cyclin D1 Melanoma [83]

let-7g K-RAS Lung cancer [84]
mir-7 EGFR, AKT Glioblastoma [108]
mir-10b HOXD10 Brest cancer [109]
mir-15a Bel2 Chronic lymphocytic leukemia [110]
mir-16-1 Bel2 Chronic lymphocytic leukemia [110]
mir-17-92 cluster Tspl, CTGF Colon cancer [43]
E2F1 HeLa cells, human fibroblasts [44]

mir-21 PDCD4 Breast cancer [111]
TPM1 Breast cancer [40]

Maspin Breast cancer [112]

NFIB HL-60 cells [113]

Bcl2 Breast cancer [39]

RECK, TIMP3 Glioma [114]

PTEN Hepatocellular cancer [41]

mir-25 E2F, p21, BIM Gastric cancer [115]
mir-27a ZBTB10 Breast cancer [116]
RYBP/DEDAF Breast cancer [56]

mir-29a FHIT, WWOX Lung cancer [117]
mir-29b FHIT, WWOX Lung cancer [117]
MCL1 Cholangiocarcinoma [118]

mir-34a E2F3 Neuroblastoma [119]
Bcel2, MYCN Neuroblastoma [86]

mir-93 E2F, p21, BIM Gastric cancer [115]
mir-106b p21/CDKNIA Brest, colon kidney, gastric, lung [120]

cancer
E2F, p21, BIM Gastric cancer [115]
mir-122a cyclin G1 Hepatocellular carcinoma [121]
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microRNA Target Tumor Ref.
mir-125a ERK1/2, AKT, ERBB2/3 Breast cancer [122]
mir-125b ERK1/2, AKT, ERB2/3 Breast cancer [122]
Bakl Prostate cancer [123]
Akt Hepatocellular carcinoma [124]
mir-126 Crk Lung cancer [85]
mir-127 BCL6 Bladder cancer, colon cancer, em- [93]
bryonic carcinoma, cervical cancer,
pancreatic cancer, lymphomas,
breast cancer
mir-137 MITF Melanoma [125]
mir-143 ERKS5 B-cell malignacies [27]
ERKS Colon cancer [29]
mir-145 ERKS5 B-cell malignacies [27]
mir-146 NfKb Breast cancer [88]
mir-155 TPS3INP1 Pancreatic cancer [126]
mir-200c E-cadherin Pancreatic, colorectal, breast cancer [127]
mir-203 ABLI1 Hematopoietic malignacies [95]
mir-210 E2F3 Ovarian cancer [128]
mir-214 PTEN Ovarian cancer [129]
mir-221 p27,p57 Hepatocellular carcinoma [130]
p27 Thyroid carcinoma [131]
p27, c-KIT Melanoma [79]
mir-222 p27, c-KIT Melanoma [79]
p27 Prostate carcinoma [132]
p27 Thyroid carcinoma [133]
mir-372 LATS2 Testicular germ cell tumors [37]
mir-373 LATS2 Testicular germ cell tumors [37]
mir-378 SUFU, FUS-1 Glioma [134]
mir-451 MDR/ABCBI Breast cancer [89]
mir-520c CD44 Breast cancer [135]

genes, possibly by targeting pro-apoptotic factors that are
activated in response to MYC overexpression: when the
brakes of the apoptotic pathway are removed, MYC can
induce cells to proliferate uncontrollably, which results in
cancer. The oncogenic function of the mir-17-92 cluster is
further supported by the fact that its members can promote
tumor angiogenesis (by inhibiting the expression of anti-
angiogenic factors thrombospondin-1 [Tspl] and connective
tissue growth factor [CTGF]) [43] and are upregulated in
both hematological and solid tumors. Nevertheless, as above
mentioned for tumor suppressor miRNAs, the relationship

between putatively oncogenic miRNAs and cancer biology
does not always appears univocal. As a matter of fact, in a
study conducted on a human B-cell line that overexpresses
MYC [44], investigators showed that MYC induces the
expression of the mir-17-92 cluster and that, in turn, this
cluster inhibits the expression of E2F1 (without affecting
mRNA abundance, which is a hallmark of miRNA-mediated
gene repression), a MYC target that controls the transition
from G1 to S phase of the cell cycle by regulating genes that
are involved in DNA replication, cell division and apoptosis
[45]. Therefore, a model is proposed in which MYC-
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mediated cell growth is tightly regulated by the mir-17-92
cluster: in the presence of MYC, miRNAs of the mir-17-92
cluster limit the activity of E2F1 and dampen the prolifera-
tive effects of MYC by breaking the positive feedback loop
between MYC and E2F1. In this context the mir-17-92 clus-
ter would function as a tumour suppressor, which is in con-
trast to the above reported findings. However, it has also
been reported that although E2F1 drives cellular prolifera-
tion, when E2F1 expression levels cross a certain threshold,
excessive levels of this protein induce apoptosis [45]. There-
fore, the negative regulation of E2F1 by miRNAs of the mir-
17-92 cluster might function to block the apoptotic activity
of E2F1 and stimulate MY C-mediated cell proliferation, a
model that would explain the apparently conflicting findings.

Mechanisms of miRNA Dysregulation in Cancer

The causes of miRNA dysregulation in human cancers
are just beginning to be elucidated. First of all, it is interest-
ing to remember that about 50% of annotated human
miRNAs are located in particular areas of the genome called
"fragile sites" [46], which have been associated with the ge-
nome instability proper of malignant cells [47].

Second, using a high-resolution array-based comparative
genomic hybridization (aCGH) approach, some investigators
found that a large proportion of miRNA gene-containing
genomic loci exhibit DNA copy number alterations in ovar-
ian cancer (37.1%), breast cancer (72.8%) and melanoma
(85.9%), suggesting that miRNA deregulation stemmed at
the genomic level may be frequent [48].

Third, abnormalities of the protein machinery involved in
miRNA biogenesis can affect the global miRNA expression
and/ or processing and appear to affect cancer biology. For
instance, in a study on non-small cell lung cancer (NSCLC),
lower Dicerl expression levels were significantly associated
with poor tumor differentiation and shortened postoperative
survival [49], suggesting that impaired miRNA processing
(and thus globally decreased miRNA function) favors tumor
aggressiveness/progression. Recently, other investigators
performed a large-scale profiling of mammalian miRNAs in
334 tumor samples and found a global decrease of mature
miRNA expression in human cancers [50]. More recent evi-
dence suggests that other proteins involved in miRNA proc-
essing might play a role in cancer biology. For instance,
Lin28, a developmentally regulated RNA binding protein,
selectively blocks the processing of pri-let-7 miRNA in em-
bryonic cells: in particular, Lin28 was found to be necessary
and sufficient for blocking Microprocessor-mediated cleav-
age of pri-let-7 miRNA, which identifies Lin28 as a negative
regulator of miRNA biogenesis and suggests that Lin28 may
play a central role in blocking miRNA-mediated differentia-
tion in stem cells and in certain cancers [51].

Also mutations of tumor related miRNAs have been im-
plicated in tumor biology: in fact, both somatic and germ-
line miRNA mutations can be found in tumor specimens, are
cancer-specific and can alter miRNA expression or function.
For instance, in chronic lymphocytic leukemia a germ-line
mutation of the mir-16-1-mir-15a primary precursor causes
low levels of miRNA expression in vitro and in vivo and is
associated with deletion of the normal allele; in the same
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study, germ-line or somatic mutations were found in 5 of 42
sequenced microRNAs in 11 of 75 patients, while no such
mutations were found in 160 subjects without cancer [52].
Moreover, the single nucleotide polymorphism (SNP)
rs11614913 of mir-196a2 is associated with survival in indi-
viduals with lung cancer: specifically, survival is signifi-
cantly decreased in individuals who are homozygous CC at
SNP 1s11614913; the same study revealed that the
rs11614913 SNP can affect binding of mature mir-196a2-3p
to its target mRNA [53].

Finally, the epigenetic regulation of miRNA expression
has been recently discovered: in particular, both promoter
methylation [54, 55] and histone acetylation [56] have been
demonstrated to regulate cancer related miRNA expression.
Of interest, the mechanisms of tumor suppressor miRNA
silencing might be exploited for therapeutic purposes, as
below discussed.

TUMOR RELATED miRNAs AND ANTICANCER
THERAPY

RNA interference is being intensively investigated as a
tool to fight cancer by selectively inhibiting the expression of
single known oncogenes [57, 58]. As with molecularly tar-
geted drugs, the main limitation of this approach is that tu-
mors can rely on multiple, redundant pathways for the main-
tenance of their survival/aggressiveness/chemoresistance,
which likely accounts for most failures of current therapeutic
regimens. The discovery of miRNAs acting as oncogenes or
tumor suppressor genes has opened an unprecedented avenue
in the targeted approach to cancer treatment [59-62]. In fact,
once the biology of tumor related miRNAs is better defined,
the use of these miRNAs as cancer targets or as anticancer
bullets might enable researchers/clinicians to simultaneously
target tens if not hundreds of tumor-related genes at a time,
hopefully interrupting many pathological pathways with a
single hit and thus leaving malignant cells with no way out
of therapeutically induced death.

Depending on their role, different strategies have been
devised to either inhibit oncogenic miRNAs or use tumor
suppressive miRNAs for anticancer gene therapy.

Oncogenic miRNAs as Therapeutic Targets

Like "conventional" protein-coding oncogenes [11], on-
cogenic miRNAs are being studied as potential therapeutic
targets whose inhibition might contribute to kill malignant
cells. Although other approaches have been described (e.g.
miRNA "sponges" [RNA molecules expressed in cells from
transgenes containing multiple, tandem binding sites to a
microRNA of interest] [63], and interfering RNA [against
the loop region of a given micro-RNA precursor] [64]), inhi-
bition of miRNAs is usually obtained with antisense oli-
gonucleotides (ASO), also called anti-miRNA oligonucleo-
tides (AMO) [61, 65, 66]. AMO molecules have complemen-
tary sequences to miRNA and contain chemical modifica-
tions to achieve two main goals: strong binding to the
miRNA and stability in physiological conditions that allows
to prolong their half-life particularly when administered in
vivo with therapeutic intent. To this aim, two types of modi-
fied oligonucleotides have been developed: 2'-O-methylation
of RNA nucleotides (unlike double stranded small interfering
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RNA [siRNA], they are single stranded RNA) [67] and
locked nucleic acid (LNA) DNA nucleotides [68].

In human cell cultures, 2-O-methyl oligoribonucleotides
(2-O-Me-RNA) - but not 2'-deoxyoligonucleotides - can spe-
cifically downregulate miRNAs [69]. As for RNA interfer-
ence mediated by siRNA, transfection of 2-O-Me-RNA re-
quires lipophilic agents (e.g. cationic lipids such as Lipofec-
tamine (R) or Oligofectamine (R)) to get the oligonucleotide
inside the cells. In order to increase the cell-permeability of
2-O-Me-RNA, cholesterol-linked AMO called "antagomirs"
have been successfully developed to downregulate several
mouse miRNAs in a number of mouse tissues following in-
travenous injection in vivo [70].

Inhibition of oncogenic miRNAs has been shown to have
therapeutic potential in many tumor models, not only in vifro
but also in vivo [71-75]. For instance, inhibition of mir-17-5p
and mir-20a (but not other members of the mir-17-92 cluster)
induces apoptosis selectively in lung cancer cells overex-
pressing mir-17-92, suggesting the possibility of an "addic-
tion" of malignant cells to these miRNAs (at least in a subset
of lung cancers) that might be exploited for therapeutic pur-
poses [76]. Downreglation of mir-21 in cultured human he-
patocellular carcinoma (HCC) cells increases the expression
of the PTEN tumor suppressor and decreases tumor cell pro-
liferation, migration, and invasion [41]. Moreover, inhibition
of mir-21 (and mir-200b) sensitizes cholangiocarcinoma
cells to the cytotoxic activity of the conventional chemothera-
peutic gemcitabine [77]. Even more importantly, in a human
breast cancer xenograft model, downmodulation of mir-21
inhibits tumor growth, likely by inducing re-expression of
tumor suppressor gene TPMI1 [40]. Similarly, miRNA-21
knockdown disrupts human glioma growth in vivo and dis-
plays synergistic effects with cytotoxic agent tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) [78].

As a further example, inhibition of mir-221 and mir-222
increases p27/Kipl/CDKNIB in PC3 prostate carcinoma
cells and strongly reduces their clonogenicity in vitro. Con-
sistently, mir-221 and mir-222 knockdown is associated with
re-expression of p27/Kipl/CDKNI1B and c¢-KIT, which pro-
motes cell cycle arrest and tumor differentiation and ulti-
mately inhibits human melanoma growth both in vitro and in
vivo [79].

Tumor Suppressor miRNA Gene Therapy

Until few years ago, the rational anticancer gene therapy
hinged upon the substitution of the lost function of a tumor
suppressor gene encoding a specific oncoprotein [80]. After
the discovery of miRNAs with tumor suppressing activity,
the arsenal of anticancer gene therapy has gained a new
weapon capable of targeting multiple genes potentially in-
volved in cancer biology by means of a single shot [59].
Tumor suppressor miRNAs can be transfected in human
cells using either modified oligonucleotides (as above re-
ported) or viral vectors (lentivirus is the preferred vector for
stable, sustained transgenic expression).

Several examples are already available supporting the
therapeutic potential of forcing the expression of tumor sup-
pressor miRNAs. In this regard, the most studied miRNAs
are the let-7 family members. Ectopic expression of let-7
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reduces HMGA?2 expression and inhibits the proliferation of
lung cancer cells [24, 81]. Reduced proliferation is also ob-
served in Burkitt lymphoma cells transfected with let-7a,
which is accompanied by decreased c-MYC protein expres-
sion [82]. Forced expression of let-7b in melanoma cells in
vitro downregulates the expression of cyclin-D1, cyclin-D3
and cyclin-A, as well as cyclin-dependent kinase-4 (CDK4),
all of which had been described to play a role in melanoma
development: in line with the downmodulation of cell cycle
regulators, let-7b inhibits cell cycle progression and anchor-
age-independent growth of melanoma cells [83].

Remarkably, in a human breast carcinoma preclinical
model, let-7 coding lentivirus reduces proliferation, mam-
mosphere formation, and the proportion of undifferentiated
cells in vitro and tumor formation and metastasis in nude
mice in vivo [21]. Analogously, in an autochthonous model
of murine lung carcinoma, let-7g expression substantially
reduces the tumor burden [84]. Although in its infancy,
miRNA-based gene therapy has been proven effective in
many other preclinical models. For instance, forced overex-
pression of mir-126 leads to decrease in adhesion, migration
and invasion in a lung cancer cell line, which is associated
with a decrease in the protein levels of the CRK proto-
oncogene [85]. Synthetic mir-143 and mir-145 precursors
transiently transfected into HeLa cells suppress the growth of
this immortal cell line derived from cervical carcinoma [28].
Yet, the mir-34a (1p36) and mir-34c (11g23) precursor mim-
ics induce dramatic growth inhibition in neuroblastoma cell
lines with 1p36 hemizygous deletion: interestingly, Bcl-2
and MYCN have been identified as mir-34a targets and
likely mediators of the tumor suppressor phenotypic effect
[86, 87]. Lentiviral-mediated expression of mir-146a/mir-
146b significantly downregulates nuclear factor kappa B
(NFkB) expression and activity in breast cancer cells, which
is associated with impaired tumor invasion and migration
capacity relative to control cells [88]. Finally, forced expres-
sion of mir-451, which regulates the expression of multidrug
resistance 1 gene (MDR/ABCBI), increases the sensitivity
of breast cancer cells to doxorubicin [89], which opens a new
avenue in the development of chemotherapy sensitizers.

Tumor Suppressor miRNAs and Epigenetic Therapy

Re-expression of protein-coding tumor suppressor genes
is a recently developed anticancer therapeutic strategy that
has reached in some cases the clinical phase of experimenta-
tion [90]. Two main drug classes can be used to reactivate
tumor suppressive genes and cause malignant cell death:
demethylating agents (mainly represented by cytosine ana-
logues 5-azacytosine [azacytidine] and 2'-deoxy-5-azacyti-
dine [decitabine]) [91] and histone deacetylase inhibitors
(e.g. trichostatin-A, SAHA, LAQ-824, depsipeptide, sodium
butyrate, MS-275, C1-994) [92].

As regards tumor suppressor miRNAs, their epigenetic
regulation has been shown by means of two main experimen-
tal models. In the first model, investigators analyze the ex-
pression profile of miRNAs in malignant cells untreated or
exposed to chromatin-modifying drugs. For instance, in
bladder cancer cells 17 of 313 human miRNAs are upregu-
lated by simultaneous treatment with the DNA-demethy-
lating agent, 5-aza-20-deoxycytidine (5-Aza-CdR) and the
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histone deacetylase inhibitor 4-phenylbutyric acid (PBA)
[93]. Interestingly, these upregulated miRNAs are quite dif-
ferent as compared to those upregulated in LD419 human
normal fibroblasts, indicating that DNA methylation status
and chromatin structure around miRNA genes are different
between cancer and normal cells, although tissue-specific
expression may not be completely ruled out. Among these
miRNAs, mir-127 was focused on because it was greatly
upregulated (49-fold) in malignant cells following the 5-Aza-
CdR and PBA treatment [93]: the gene encoding mir-127 is
embedded within a CpG island and is silenced in various
cancer cells while it is expressed in normal fibroblasts; a
candidate target of mir-127, the proto-oncogene BCL6, is
translationally suppressed after mir-127 upregulation by 5-
Aza-CdR and PBA treatment, suggesting that DNA demeth-
ylation and histone deacetylase inhibition may activate ex-
pression of miRNAs acting as tumor suppressors.

Using the second experimental model, other investigators
have confirmed the effect of methylation on the expression
of tumor related miRNAs. As an example, using DNMT1
and DNMT3b knockout HCT116 colorectal cancer cells,
some authors performed microarray profiling of 320 human
miRNAs and found that 18 miRNAs are upregulated by >3-
fold in the DNMTI1/DNMT3b double knockout HCT116
cells [54]. In that study, one of the main targets resulted mir-
124a, which undergoes transcriptional inactivation by CpG
island hypermethylation in human tumors from different cell
types. Interestingly, the same investigators also functionally
linked the epigenetic loss of mir-124a with the activation of
cyclin D kinase 6 (CDK6), a bona fide oncogenic factor that
phosphorylates and thus inhibits the retinoblastoma protein
(pRB), a tumor suppressor factor: accordingly, CpG island
hypermethylation of tumor suppressor miRNAs has been
proposed as an important mechanism in tumorigenesis [54].

Following the demonstration that tumor suppressor
miRNAs can be epigenetically silenced [73], the use of chro-
matin remodeling drugs to interfere with miRNA expression
in a therapeutic perspective is just beginning. For instance,
analysis of patient's primary leukemia blasts revealed that
those carrying the t(8;21) generating AML1/ETO, the most
common acute myeloid leukemia-associated fusion protein,
display low levels of mir-223, a regulator of myelopoiesis
[94]. In the same study, mir-223 was found to be a direct
transcriptional target of AMLI/ETO: in particular, by re-
cruiting chromatin remodeling enzymes at an AML1-binding
site on the pre-mir-223 gene, AMLI/ETO induces hetero-
chromatic silencing of mir-223. Importantly, demethylating
treatment enhances mir-223 levels and restores cell differen-
tiation [94], which represents a key therapeutic objective in
acute leukemia.

As a further example in the field of hematological malig-
nancies, it is well known that ABL1 is specifically activated
in chronic myeloid leukemia as a BCR-ABLI1 fusion protein
(Philadelphia chromosome): mir-203 has been recently dem-
onstrated to target the ABL1 gene and is downmodulated in
this type of tumor [95]. In line with the oncogenic activity of
ABLI1, re-expression of mir-203 by a combination of epige-
netic drugs (i.e. 5'-azacytidine plus 4-phenylbutyrate) re-
duces both ABL1 and BCR-ABLI1 fusion protein levels and
ultimately inhibits tumor cell proliferation in an ABLI-
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dependent manner: thus, mir-203 functions as a tumor sup-
pressor, and re-expression of this microRNA might have
therapeutic benefits in specific hematopoietic malignancies
[95].

FUTURE CHALLENGES

Although the therapeutic potential of cancer related
miRNAs is only beginning to be explored, enough preclini-
cal evidence has already accumulated to reasonably foresee
that in the next few years it will be possible to test the anti-
cancer activity of this molecularly targeted approach in the
clinical setting [60, 62, 71, 74, 96]. In this regard, the an-
nouncement of the first clinical trial of SPC3649 (a LNA-
based antisense molecule against miR-122) for the treatment
of hepatitis-C [97] is a tangible sign of the rapid progresses
being made in the field of miRNA-based therapeutics devel-
opment. Nevertheless, we must remember that this promising
research avenue is constellated by numerous biological and
technical challenges.

As regards the former type of challenges, the complex
biology of microRNA must be better elucidated before clini-
cal trials can be safely carried out to demonstrate the thera-
peutic potential of the miRNA-based approach in humans. In
fact, the ever growing knowledge on the physiological roles
played by miRNAs warrants great caution in interfering with
their activity; in addition, as above mentioned, some tumor
related miRNAs appear to function as both tumor suppressor
gene and oncogenes, which highlights our incomplete know-
ledge of the network these molecules belong to. Moreover,
the theoretical advantage of tumor suppressor miRNAs (i.e.
the ability of each miRNA to target tens of oncogenes, as
compared to the single gene specificity of other antisense
strategies), is counterbalanced by safety issues raised by the
so called "off target" effects, a phenomenon first recognized
as a relatively infrequent lack of specificity of small interfer-
ing RNA (siRNA) molecules [98, 99]. In addition, for each
miRNA multiple targets (tens to hundreds) are usually ex-
pected, which makes highly challenging to predict the side
effects of therapeutic interference with the activity of tumor
related miRNAs. These simple observations warrant the
creation of systematic, comprehensive and continuously up-
dated biomaps depicting the upstream and downstream regu-
latory circuits oncomirs belong to, a recently started online
project to which any researcher can contribute [16].

As regards the latter type of challenges, the delivery of
miRNA-targeting therapeutics represents the major technical
obstacle to their implementation in the clinical setting [59,
100, 101]. In fact both molecules inhibiting oncogenic miR-
NAs (e.g. AMO) and tumor suppressor miRNAs are instable
in the serum and their delivery across the cell membrane is
highly inefficient (as above mentioned). The delivery of
AMO within human cells depends upon the combination
with lipophilic compounds, which are characterized by an
intrinsic toxicity: to solve this problem new carriers are be-
ing developed [102], but they are still under preclinical test-
ing and their clinical safety is to be demonstrated. On the
other hand, tumor suppressor miRNAs are mainly delivered
by means of viral vectors that bring the mutagenic risk
linked to gene therapy in general [103]. In addition, some
investigators have recently shown that overexpression of
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miRNA mimics from adeno-associated viral vectors in mice
could saturate the miRNA pathway and cause an otherwise
unexpected severe liver toxicity [104].

Finally, the "redundancy" of miRNAs might make the

task even more difficult: for instance, would targeting mir-17
be sufficient or would all miRNAs of the mir-17-92 cluster
have to be targeted? Although this issue can be at least in
part addressed by functional studies performed in the pre-
clinical setting, the effects observed in vivo in humans might
be quite different, as recently underscored for genetic inter-
actions [105]; as a consequence, it might be necessary to test
multiple combinations before the therapeutic effect of the
miRNA-based anticancer approach is demonstrated in the
clinical setting.

REFERENCES

[10]

[11]
[12]
[13]
[14]
[15]
[16]

[17]

(18]

[19]

Wu, L.; Belasco, J.G. Let me count the ways: mechanisms of gene
regulation by miRNAs and siRNAs. Mol. Cell, 2008, 29, 1-7.
Bartel, D.P. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell, 2004, 116, 281-97.

Wellcome_Trust_Sanger Institute. mirBase. In; http:/microrna.
sanger.ac.uk/.

Bushati, N.; Cohen, S.M. microRNA functions. Annu. Rev. Cell
Dev. Biol., 2007, 23, 175-205.

Nilsen, T.W. Mechanisms of microRNA-mediated gene regulation
in animal cells. Trends Genet., 2007, 23, 243-9.

Borchert, G.M.; Lanier, W.; Davidson, B.L. RNA polymerase III
transcribes human microRNAs. Nat. Struct. Mol. Biol., 2006, 13,
1097-101.

Lee, Y.; Kim, M.; Han, J.; Yeom, K.H.; Lee, S.; Baek, S.H.; Kim,
V.N. MicroRNA genes are transcribed by RNA polymerase II.
EMBO J., 2004, 23, 4051-60.

van den Berg, A.; Mols, J.; Han, J. RISC-target interaction: Cleav-
age and translational suppression. Biochim. Biophys. Acta, 2008
[Epub ahead of print].

Wakiyama, M.; Takimoto, K.; Ohara, O.; Yokoyama, S. Let-7
microRNA-mediated mRNA deadenylation and translational re-
pression in a mammalian cell-free system. Genes Dev., 2007, 21,
1857-62.

Kiriakidou, M.; Tan, G.S.; Lamprinaki, S.; De Planell-Saguer, M.;
Nelson, P.T.; Mourelatos, Z. An mRNA m7G cap binding-like mo-
tif within human Ago2 represses translation. Cell, 2007, 129, 1141-
51.

Croce, C.M. Oncogenes and cancer. N. Engl. J. Med., 2008, 358,
502-11.

Zhang, B.; Pan, X.; Cobb, G.P.; Anderson, T.A. microRNAs as
oncogenes and tumor suppressors. Dev. Biol., 2007, 302, 1-12.
Gartel, A.L.; Kandel, E.S. miRNAs: Little known mediators of
oncogenesis. Semin. Cancer Biol., 2008, 18, 103-10.

Cho, W.C. OncomiRs: the discovery and progress of microRNAs
in cancers. Mol. Cancer, 2007, 6, 60.

Esquela-Kerscher, A.; Slack, F.J. Oncomirs - microRNAs with a
role in cancer. Nat. Rev. Cancer, 2006, 6, 259-69.

MMMP_Team. Melanoma Molecular Map Project (MMMP). In;
WWW.mmmp.org.

Calin, G.A.; Dumitru, C.D.; Shimizu, M.; Bichi, R.; Zupo, S.;
Noch, E.; Aldler, H.; Rattan, S.; Keating, M.; Rai, K.; Rassenti, L.;
Kipps, T.; Negrini, M.; Bullrich, F.; Croce, C.M. Frequent dele-
tions and down-regulation of micro- RNA genes miR15 and miR16
at 13q14 in chronic lymphocytic leukemia. Proc. Natl. Acad. Sci.
US4, 2002, 99, 15524-9.

Cimmino, A.; Calin, G.A.; Fabbri, M.; Iorio, M.V.; Ferracin, M.;
Shimizu, M.; Wojcik, S.E.; Aqgeilan, R.I.; Zupo, S.; Dono, M.; Ras-
senti, L.; Alder, H.; Volinia, S.; Liu, C.G.; Kipps, T.J.; Negrini, M.;
Croce, C.M. miR-15 and miR-16 induce apoptosis by targeting
BCL2. Proc. Natl. Acad. Sci. USA, 2005, 102, 13944-9.

Dahiya, N.; Sherman-Baust, C.A.; Wang, T.L.; Davidson, B.; Shih
Ie, M.; Zhang, Y.; Wood, W., 3rd; Becker, K.G.; Morin, P.J. Mi-
croRNA expression and identification of putative miRNA targets in
ovarian cancer. PLoS ONE, 2008, 3, ¢2436.

[29]

[30]

[31]

[32]

[34]

[37]

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 1 77

Takamizawa, J.; Konishi, H.; Yanagisawa, K.; Tomida, S.; Osada,
H.; Endoh, H.; Harano, T.; Yatabe, Y.; Nagino, M.; Nimura, Y.;
Mitsudomi, T.; Takahashi, T. Reduced expression of the let-7 mi-
croRNAs in human lung cancers in association with shortened
postoperative survival. Cancer Res., 2004, 64, 3753-6.

Yu, F.; Yao, H.; Zhu, P.; Zhang, X.; Pan, Q.; Gong, C.; Huang, Y.;
Hu, X.; Su, F.; Lieberman, J.; Song, E. let-7 regulates self renewal
and tumorigenicity of breast cancer cells. Cell, 2007, 131, 1109-23.
Johnson, S.M.; Grosshans, H.; Shingara, J.; Byrom, M.; Jarvis, R.;
Cheng, A.; Labourier, E.; Reinert, K.L.; Brown, D.; Slack, F.J.
RAS is regulated by the let-7 microRNA family. Cell, 2005, 120,
635-47.

Boyerinas, B.; Park, S.M.; Shomron, N.; Hedegaard, M.M.; Vin-
ther, J.; Andersen, J.S.; Feig, C.; Xu, J.; Burge, C.B.; Peter, M.E.
Identification of let-7-regulated oncofetal genes. Cancer Res.,
2008, 68, 2587-91.

Lee, Y.S.; Dutta, A. The tumor suppressor microRNA let-7 re-
presses the HMGA?2 oncogene. Genes Dev., 2007, 21, 1025-30.
Michael, M.Z.; SM, O.C.; van Holst Pellekaan, N.G.; Young, G.P.;
James, R.J. Reduced accumulation of specific microRNAs in colo-
rectal neoplasia. Mol. Cancer Res., 2003, 1, 882-91.

Lui, W.O.; Pourmand, N.; Patterson, B.K.; Fire, A. Patterns of
known and novel small RNAs in human cervical cancer. Cancer
Res., 2007, 67, 6031-43.

Akao, Y.; Nakagawa, Y.; Kitade, Y.; Kinoshita, T.; Naoe, T.
Downregulation of microRNAs-143 and -145 in B-cell malignan-
cies. Cancer Sci., 2007, 98, 1914-20.

Wang, X.; Tang, S.; Le, S.Y.; Lu, R.; Rader, J.S.; Meyers, C.;
Zheng, ZM. Aberrant expression of oncogenic and tumor-
suppressive microRNAs in cervical cancer is required for cancer
cell growth. PLoS ONE, 2008, 3, €2557.

Nakagawa, Y.; linuma, M.; Naoe, T.; Nozawa, Y.; Akao, Y. Char-
acterized mechanism of alpha-mangostin-induced cell death:
caspase-independent apoptosis with release of endonuclease-G
from mitochondria and increased miR-143 expression in human co-
lorectal cancer DLD-1 cells. Bioorg. Med. Chem., 2007, 15, 5620-
8.

Lu, L.; Katsaros, D.; de la Longrais, I.A.; Sochirca, O.; Yu, H.
Hypermethylation of let-7a-3 in epithelial ovarian cancer is associ-
ated with low insulin-like growth factor-II expression and favorable
prognosis. Cancer Res., 2007, 67,10117-22.

Brueckner, B.; Stresemann, C.; Kuner, R.; Mund, C.; Musch, T.;
Meister, M.; Sultmann, H.; Lyko, F. The human let-7a-3 locus con-
tains an epigenetically regulated microRNA gene with oncogenic
function. Cancer Res., 2007, 67, 1419-23.

van den Berg, A.; Kroesen, B.J.; Kooistra, K.; de Jong, D.; Briggs,
J.; Blokzijl, T.; Jacobs, S.; Kluiver, J.; Diepstra, A.; Maggio, E.;
Poppema, S. High expression of B-cell receptor inducible gene BIC
in all subtypes of Hodgkin lymphoma. Genes Chromosomes Can-
cer, 2003, 37,20-8.

Metzler, M.; Wilda, M.; Busch, K.; Viehmann, S.; Borkhardt, A.
High expression of precursor microRNA-155/BIC RNA in children
with Burkitt lymphoma. Genes Chromosomes Cancer, 2004, 39,
167-9.

Kluiver, J.; Poppema, S.; de Jong, D.; Blokzijl, T.; Harms, G.;
Jacobs, S.; Kroesen, B.J.; van den Berg, A. BIC and miR-155 are
highly expressed in Hodgkin, primary mediastinal and diffuse large
B cell lymphomas. J. Pathol., 2005, 207, 243-9.

Eis, P.S.; Tam, W.; Sun, L.; Chadburn, A.; Li, Z.; Gomez, M.F.;
Lund, E.; Dahlberg, J.E. Accumulation of miR-155 and BIC RNA
in human B cell lymphomas. Proc. Natl. Acad. Sci. USA, 2005,
102,3627-32.

Torio, M.V.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.;
Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.; Campiglio, M.;
Menard, S.; Palazzo, J.P.; Rosenberg, A.; Musiani, P.; Volinia, S.;
Nenci, I.; Calin, G.A.; Querzoli, P.; Negrini, M.; Croce, C.M. Mi-
croRNA gene expression deregulation in human breast cancer.
Cancer Res., 2005, 65, 7065-70.

Voorhoeve, P.M.; le Sage, C.; Schrier, M.; Gillis, A.J.; Stoop, H.;
Nagel, R.; Liu, Y.P.; van Duijse, J.; Drost, J.; Griekspoor, A.; Zlo-
torynski, E.; Yabuta, N.; De Vita, G.; Nojima, H.; Looijenga, L.H.;
Agami, R. A genetic screen implicates miRNA-372 and miRNA-
373 as oncogenes in testicular germ cell tumors. Cell, 2006, 124,
1169-81.



78 Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 1

[38]

[39]

[40]

[50]

[53]

Chan, J.A.; Krichevsky, A.M.; Kosik, K.S. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer Res.,
2005, 65, 6029-33.

Si, M.L.; Zhu, S.; Wu, H.; Lu, Z.; Wu, F.; Mo, Y.Y. miR-21-
mediated tumor growth. Oncogene, 2007, 26, 2799-803.

Zhu, S.; Si, M.L.; Wu, H.; Mo, Y.Y. MicroRNA-21 targets the
tumor suppressor gene tropomyosin 1 (TPML). J. Biol. Chem.,
2007, 282, 14328-36.

Meng, F.; Henson, R.; Wehbe-Janek, H.; Ghoshal, K.; Jacob, S.T.;
Patel, T. MicroRNA-21 regulates expression of the PTEN tumor
suppressor gene in human hepatocellular cancer. Gastroenterology,
2007, 133, 647-58.

He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu,
D.; Goodson, S.; Powers, S.; Cordon-Cardo, C.; Lowe, S.W.; Han-
non, G.J.; Hammond, S.M. A microRNA polycistron as a potential
human oncogene. Nature, 2005, 435, 828-33.

Dews, M.; Homayouni, A.; Yu, D.; Murphy, D.; Sevignani, C.;
Wentzel, E.; Furth, E.E.; Lee, W.M.; Enders, G.H.; Mendell, J.T.;
Thomas-Tikhonenko, A. Augmentation of tumor angiogenesis by a
Myc-activated microRNA cluster. Nat. Genet., 2006, 38, 1060-5.
O'Donnell, K.A.; Wentzel, E.A.; Zeller, K.I.; Dang, C.V.; Mendell,
J.T. c-Myc-regulated microRNAs modulate E2F1 expression. Na-
ture, 2005, 435, 839-43.

Trimarchi, J.M.; Lees, J.A. Sibling rivalry in the E2F family. Nat.
Rev. Mol. Cell Biol., 2002, 3, 11-20.

Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.;
Yendamuri, S.; Shimizu, M.; Rattan, S.; Bullrich, F.; Negrini, M.;
Croce, C.M. Human microRNA genes are frequently located at
fragile sites and genomic regions involved in cancers. Proc. Natl.
Acad. Sci. USA, 2004, 101,2999-3004.

Durkin, S.G.; Glover, T.W. Chromosome fragile sites. Annu. Rev.
Genet., 2007, 41, 169-92.

Zhang, L.; Huang, J.; Yang, N.; Greshock, J.; Megraw, M.S;
Giannakakis, A.; Liang, S.; Naylor, T.L.; Barchetti, A.; Ward,
M.R.; Yao, G.; Medina, A.; O'Brien-Jenkins, A.; Katsaros, D.;
Hatzigeorgiou, A.; Gimotty, P.A.; Weber, B.L.; Coukos, G. mi-
croRNAs exhibit high frequency genomic alterations in human
cancer. Proc. Natl. Acad. Sci. USA, 2006, 103,9136-41.

Karube, Y.; Tanaka, H.; Osada, H.; Tomida, S.; Tatematsu, Y.;
Yanagisawa, K.; Yatabe, Y.; Takamizawa, J.; Miyoshi, S.; Mitsu-
domi, T.; Takahashi, T. Reduced expression of Dicer associated
with poor prognosis in lung cancer patients. Cancer Sci., 2005, 96,
111-5.

Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.;
Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.; Ferrando,
A.A.; Downing, J.R.; Jacks, T.; Horvitz, H.R.; Golub, T.R. Mi-
croRNA expression profiles classify human cancers. Nature, 2005,
435, 834-8.

Viswanathan, S.R.; Daley, G.Q.; Gregory, R.I. Selective blockade
of microRNA processing by Lin28. Science, 2008, 320, 97-100.
Calin, G.A.; Ferracin, M.; Cimmino, A.; Di Leva, G.; Shimizu, M.;
Wojcik, S.E.; Torio, M.V.; Visone, R.; Sever, N.I.; Fabbri, M.;
Tuliano, R.; Palumbo, T.; Pichiorri, F.; Roldo, C.; Garzon, R.;
Sevignani, C.; Rassenti, L.; Alder, H.; Volinia, S.; Liu, C.G.;
Kipps, T.J.; Negrini, M.; Croce, C.M. A MicroRNA signature as-
sociated with prognosis and progression in chronic lymphocytic
leukemia. N. Engl. J. Med., 2005, 353, 1793-801.

Hu, Z.; Chen, J.; Tian, T.; Zhou, X.; Gu, H.; Xu, L.; Zeng, Y.;
Miao, R.; Jin, G.; Ma, H.; Chen, Y.; Shen, H. Genetic variants of
miRNA sequences and non-small cell lung cancer survival. J. Clin.
Invest., 2008, 118, 2600-8.

Lujambio, A.; Esteller, M. CpG island hypermethylation of tumor
suppressor microRNAs in human cancer. Cell Cycle, 2007, 6,
1455-9.

Han, L.; Witmer, P.D.; Casey, E.; Valle, D.; Sukumar, S. DNA
methylation regulates MicroRNA expression. Cancer Biol. Ther.,
2007, 6, 1284-8.

Scott, G.K.; Mattie, M.D.; Berger, C.E.; Benz, S.C.; Benz, C.C.
Rapid alteration of microRNA levels by histone deacetylase inhibi-
tion. Cancer Res., 2006, 66, 1277-81.

Kim, D.H.; Rossi, J.J. Strategies for silencing human disease using
RNA interference. Nat. Rev. Genet., 2007, 8, 173-84.

Mocellin, S.; Costa, R.; Nitti, D. RNA interference: ready to silence
cancer? J. Mol. Med., 2006, 84, 4-15.

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Mocellin et al.

Tong, A.W.; Nemunaitis, J. Modulation of miRNA activity in hu-
man cancer: a new paradigm for cancer gene therapy? Cancer Gene
Ther., 2008, 15,341-55.

Dykxhoorn, D.M.; Chowdhury, D.; Lieberman, J. RNA interfer-
ence and cancer: endogenous pathways and therapeutic approaches.
Adv. Exp. Med. Biol., 2008, 615,299-329.

Stenvang, J.; Kauppinen, S. MicroRNAs as targets for antisense-
based therapeutics. Expert Opin. Biol. Ther., 2008, 8, 59-81.
Blenkiron, C.; Miska, E.A. miRNAs in cancer: approaches, aetiol-
ogy, diagnostics and therapy. Hum. Mol. Genet., 2007, 16 Spec No
1,R106-13.

Ebert, M.S.; Neilson, J.R.; Sharp, P.A. MicroRNA sponges: com-
petitive inhibitors of small RNAs in mammalian cells. Nat. Meth-
ods, 2007, 4,721-6.

Lee, Y.S.; Kim, H.K.; Chung, S.; Kim, K.S.; Dutta, A. Depletion of
human micro-RNA miR-125b reveals that it is critical for the pro-
liferation of differentiated cells but not for the down-regulation of
putative targets during differentiation. J. Biol. Chem., 2005, 280,
16635-41.

Weiler, J.; Hunziker, J.; Hall, J. Anti-miRNA oligonucleotides
(AMOs): ammunition to target miRNAs implicated in human dis-
ease? Gene Ther., 2006, 13,496-502.

Esau, C.C. Inhibition of microRNA with antisense oligonucleo-
tides. Methods, 2008, 44, 55-60.

Hutvagner, G.; Simard, M.J.; Mello, C.C.; Zamore, P.D. Sequence-
specific inhibition of small RNA function. PLoS Biol., 2004, 2,
E98.

Orom, U.A.; Kauppinen, S.; Lund, A.H. LNA-modified oligonu-
cleotides mediate specific inhibition of microRNA function. Gene,
2006, 372, 137-41.

Meister, G.; Landthaler, M.; Dorsett, Y.; Tuschl, T. Sequence-
specific inhibition of microRNA- and siRNA-induced RNA silenc-
ing. RNA, 2004, 10, 544-50.

Krutzfeldt, J.; Rajewsky, N.; Braich, R.; Rajeev, K.G.; Tuschl, T.;
Manoharan, M.; Stoffel, M. Silencing of microRNAs in vivo with
'antagomirs'. Nature, 2005, 438, 685-9.

Zhang, L.; Yang, N.; Coukos, G. MicroRNA in human cancer: one
step forward in diagnosis and treatment. Adv. Exp. Med. Biol.,
2008, 622, 69-78.

Lowery, A.J.; Miller, N.; McNeill, R.E.; Kerin, M.J. MicroRNAs
as prognostic indicators and therapeutic targets: potential effect on
breast cancer management. Clin. Cancer Res., 2008, 14, 360-5.
Yang, N.; Coukos, G.; Zhang, L. MicroRNA epigenetic alterations
in human cancer: one step forward in diagnosis and treatment. /nt.
J. Cancer, 2008, 122, 963-8.

Stenvang, J.; Silahtaroglu, A.N.; Lindow, M.; Elmen, J.; Kaup-
pinen, S. The utility of LNA in microRNA-based cancer diagnos-
tics and therapeutics. Semin. Cancer Biol., 2008, 18, 89-102.
Jeyaseelan, K.; Herath, W.B.; Armugam, A. MicroRNAs as thera-
peutic targets in human diseases. Expert Opin. Ther. Targets, 2007,
11,1119-29.

Matsubara, H.; Takeuchi, T.; Nishikawa, E.; Yanagisawa, K.; Ha-
yashita, Y.; Ebi, H.; Yamada, H.; Suzuki, M.; Nagino, M.; Nimura,
Y.; Osada, H.; Takahashi, T. Apoptosis induction by antisense oli-
gonucleotides against miR-17-5p and miR-20a in lung cancers
overexpressing miR-17-92. Oncogene, 2007, 26, 6099-105.

Meng, F.; Henson, R.; Lang, M.; Wehbe, H.; Maheshwari, S.;
Mendell, J.T.; Jiang, J.; Schmittgen, T.D.; Patel, T. Involvement of
human micro-RNA in growth and response to chemotherapy in
human cholangiocarcinoma cell lines. Gastroenterology, 2006,
130,2113-29.

Corsten, M.F.; Miranda, R.; Kasmieh, R.; Krichevsky, A.M.;
Weissleder, R.; Shah, K. MicroRNA-21 knockdown disrupts
glioma growth in vivo and displays synergistic cytotoxicity with
neural precursor cell delivered S-TRAIL in human gliomas. Cancer
Res., 2007, 67, 8994-9000.

Felicetti, F.; Errico, M.C.; Bottero, L.; Segnalini, P.; Stoppacciaro,
A.; Biffoni, M.; Felli, N.; Mattia, G.; Petrini, M.; Colombo, M.P.;
Peschle, C.; Care, A. The promyelocytic leukemia zinc finger-
microRNA-221/-222 pathway controls melanoma progression
through multiple oncogenic mechanisms. Cancer Res., 2008, 68,
2745-54.

Cross, D.; Burmester, J.K. Gene therapy for cancer treatment: past,
present and future. Clin. Med. Res., 2006, 4,218-27.



Oncomirs and Anticancer Therapeutics

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

Johnson, C.D.; Esquela-Kerscher, A.; Stefani, G.; Byrom, M.;
Kelnar, K.; Ovcharenko, D.; Wilson, M.; Wang, X.; Shelton, J.;
Shingara, J.; Chin, L.; Brown, D.; Slack, F.J. The let-7 microRNA
represses cell proliferation pathways in human cells. Cancer Res.,
2007, 67,7713-22.

Sampson, V.B.; Rong, N.H.; Han, J.; Yang, Q.; Aris, V.; Sotero-
poulos, P.; Petrelli, N.J.; Dunn, S.P.; Krueger, L.J. MicroRNA let-
7a down-regulates MYC and reverts MYC-induced growth in
Burkitt lymphoma cells. Cancer Res., 2007, 67, 9762-70.

Schultz, J.; Lorenz, P.; Gross, G.; Ibrahim, S.; Kunz, M. Mi-
croRNA let-7b targets important cell cycle molecules in malignant
melanoma cells and interferes with anchorage-independent growth.
Cell Res., 2008, 18, 549-57.

Kumar, M.S.; Erkeland, S.J.; Pester, R.E.; Chen, C.Y.; Ebert, M.S.;
Sharp, P.A.; Jacks, T. Suppression of non-small cell lung tumor
development by the let-7 microRNA family. Proc. Natl. Acad. Sci.
USA4,2008, 105,3903-8.

Crawford, M.; Brawner, E.; Batte, K.; Yu, L.; Hunter, M.G.; Otter-
son, G.A.; Nuovo, G.; Marsh, C.B.; Nana-Sinkam, S.P. Mi-
croRNA-126 inhibits invasion in non-small cell lung carcinoma
cell lines. Biochem. Biophys Res. Commun., 2008, 373(4), 607-12.
Cole, K.A.; Attiyeh, E.F.; Mosse, Y.P.; Laquaglia, M.J.; Diskin,
S.J.; Brodeur, G.M.; Maris, J.M. A functional screen identifies
miR-34a as a candidate neuroblastoma tumor suppressor gene. Mol.
Cancer Res., 2008, 6, 735-42.

Wei, J.S.; Song, Y.K.; Durinck, S.; Chen, Q.R.; Cheuk, A.T;
Tsang, P.; Zhang, Q.; Thiele, C.J.; Slack, A.; Shohet, J.; Khan, J.
The MYCN oncogene is a direct target of miR-34a. Oncogene,
2008, 27(39), 5204-12.

Bhaumik, D.; Scott, G.K.; Schokrpur, S.; Patil, C.K.; Campisi, J.;
Benz, C.C. Expression of microRNA-146 suppresses NF-kappaB
activity with reduction of metastatic potential in breast cancer cells.
Oncogene, 2008 [epub ahead of print].

Kovalchuk, O.; Filkowski, J.; Meservy, J.; Ilnytskyy, Y.; Tryndyak,
V.P.; Chekhun, V.F.; Pogribny, I.P. Involvement of microRNA-
451 in resistance of the MCF-7 breast cancer cells to chemothera-
peutic drug doxorubicin. Mol. Cancer Ther., 2008, 7,2152-9.
Esteller, M. Epigenetics in cancer. N. Engl. J. Med., 2008, 358,
1148-59.

Stresemann, C.; Lyko, F. Modes of action of the DNA methyltrans-
ferase inhibitors azacytidine and decitabine. Int. J. Cancer, 2008,
123,8-13.

Mottet, D.; Castronovo, V. Histone deacetylases: target enzymes
for cancer therapy. Clin. Exp. Metastasis, 2008, 25, 183-9.

Saito, Y.; Liang, G.; Egger, G.; Friedman, J.M.; Chuang, J.C.;
Coetzee, G.A.; Jones, P.A. Specific activation of microRNA-127
with downregulation of the proto-oncogene BCL6 by chromatin-
modifying drugs in human cancer cells. Cancer Cell, 2006, 9, 435-
43,

Fazi, F.; Racanicchi, S.; Zardo, G.; Starnes, L.M.; Mancini, M.;
Travaglini, L.; Diverio, D.; Ammatuna, E.; Cimino, G.; Lo-Coco,
F.; Grignani, F.; Nervi, C. Epigenetic silencing of the myelopoiesis
regulator microRNA-223 by the AMLI/ETO oncoprotein. Cancer
Cell, 2007, 12,457-66.

Bueno, M.J.; Perez de Castro, 1.; Gomez de Cedron, M.; Santos, J.;
Calin, G.A.; Cigudosa, J.C.; Croce, C.M.; Fernandez-Piqueras, J.;
Malumbres, M. Genetic and epigenetic silencing of microRNA-203
enhances ABL1 and BCR-ABLI oncogene expression. Cancer
Cell, 2008, 13,496-506.

Tili, E.; Michaille, J.J.; Gandhi, V.; Plunkett, W.; Sampath, D.;
Calin, G.A. miRNAs and their potential for use against cancer and
other diseases. Future Oncol., 2007, 3, 521-37.
http://clinicaltrials.gov/ct2/show/NCT00688012?intr=%22SPC364
9%?22&rank=1. ClinicalTrials.gov (National Institutes of Health,
USA).

Jackson, A.L.; Bartz, S.R.; Schelter, J.; Kobayashi, S.V.; Burchard,
J.; Mao, M.; Li, B.; Cavet, G.; Linsley, P.S. Expression profiling
reveals off-target gene regulation by RNAI. Nat. Biotechnol., 2003,
21,635-7.

Anderson, E.; Boese, Q.; Khvorova, A.; Karpilow, J. Identifying
siRNA-induced off-targets by microarray analysis. Methods Mol.
Biol., 2008, 442, 45-63.

Grimm, D.; Kay, M.A. RNAi and Gene Therapy: A Mutual Attrac-
tion. Hematol. Am. Soc. Hematol. Educ. Program, 2007, 2007,
473-81.

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 1 79

Nguyen, T.; Menocal, EMM.; Harborth, J.; Fruehauf, J.H. RNAi
therapeutics: an update on delivery. Curr. Opin. Mol. Ther., 2008,
10, 158-67.

Akinc, A.; Zumbuehl, A.; Goldberg, M.; Leshchiner, E.S.; Busini,
V.; Hossain, N.; Bacallado, S.A.; Nguyen, D.N.; Fuller, J.; Alvarez,
R.; Borodovsky, A.; Borland, T.; Constien, R.; de Fougerolles, A.;
Dorkin, J.R.; Narayanannair Jayaprakash, K.; Jayaraman, M.; John,
M.; Koteliansky, V.; Manoharan, M.; Nechev, L.; Qin, J.; Racie,
T.; Raitcheva, D.; Rajeev, K.G.; Sah, D.W.; Soutschek, J.; Toudjar-
ska, I.; Vornlocher, H.P.; Zimmermann, T.S.; Langer, R.; Ander-
son, D.G. A combinatorial library of lipid-like materials for deliv-
ery of RNAI therapeutics. Nat. Biotechnol., 2008, 26, 561-9.
Woods, N.B.; Bottero, V.; Schmidt, M.; von Kalle, C.; Verma, .M.
Gene therapy: therapeutic gene causing lymphoma. Nature, 2006,
440, 1123,

Grimm, D.; Streetz, K.L.; Jopling, C.L.; Storm, T.A.; Pandey, K.;
Davis, C.R.; Marion, P.; Salazar, F.; Kay, M.A. Fatality in mice
due to oversaturation of cellular microRNA/short hairpin RNA
pathways. Nature, 2006, 441, 537-41.

Tischler, J.; Lehner, B.; Fraser, A.G. Evolutionary plasticity of
genetic interaction networks. Nat. Genet., 2008, 40, 390-1.

Akao, Y.; Nakagawa, Y.; Naoe, T. let-7 microRNA functions as a
potential growth suppressor in human colon cancer cells. Biol.
Pharm. Bull, 2006, 29, 903-6.

Muller, D.W.; Bosserhoff, A.K. Integrin beta(3) expression is regu-
lated by let-7a miRNA in malignant melanoma. Oncogene, 2008,
27(52), 6698-706.

Kefas, B.; Godlewski, J.; Comeau, L.; Li, Y.; Abounader, R.;
Hawkinson, M.; Lee, J.; Fine, H.; Chiocca, E.A.; Lawler, S.;
Purow, B. microRNA-7 inhibits the epidermal growth factor recep-
tor and the Akt pathway and is down-regulated in glioblastoma.
Cancer Res., 2008, 68,3566-72.

Ma, L.; Teruya-Feldstein, J.; Weinberg, R.A. Tumour invasion and
metastasis initiated by microRNA-10b in breast cancer. Nature,
2007, 449, 682-8.

Calin, G.A.; Cimmino, A.; Fabbri, M.; Ferracin, M.; Wojcik, S.E.;
Shimizu, M.; Taccioli, C.; Zanesi, N.; Garzon, R.; Aqgeilan, R.L;
Alder, H.; Volinia, S.; Rassenti, L.; Liu, X.; Liu, C.G.; Kipps, T.J.;
Negrini, M.; Croce, C.M. MiR-15a and miR-16-1 cluster functions
in human leukemia. Proc. Natl. Acad. Sci. USA, 2008, 105, 5166-
71.

Frankel, L.B.; Christoffersen, N.R.; Jacobsen, A.; Lindow, M.;
Krogh, A.; Lund, A.H. Programmed cell death 4 (PDCD4) is an
important functional target of the microRNA miR-21 in breast can-
cer cells. J. Biol. Chem., 2008, 283, 1026-33.

Zhu, S.; Wu, H.; Wu, F.; Nie, D.; Sheng, S.; Mo, Y.Y. MicroRNA-
21 targets tumor suppressor genes in invasion and metastasis. Cell
Res., 2008, 18,350-9.

Fujita, S.; Tto, T.; Mizutani, T.; Minoguchi, S.; Yamamichi, N.;
Sakurai, K.; Iba, H. miR-21 Gene expression triggered by AP-1 is
sustained through a double-negative feedback mechanism. J. Mol.
Biol., 2008, 378, 492-504.

Gabriely, G.; Wurdinger, T.; Kesari, S.; Esau, C.C.; Burchard, J.;
Linsley, P.S.; Krichevsky, A.M. MiR-21 Promotes Glioma Inva-
sion by Targeting MMP Regulators. Mol. Cell Biol., 2008, 28(17),
5369-80.

Petrocca, F.; Visone, R.; Onelli, M.R.; Shah, M.H.; Nicoloso, M.S.;
de Martino, I.; Iliopoulos, D.; Pilozzi, E.; Liu, C.G.; Negrini, M.;
Cavazzini, L.; Volinia, S.; Alder, H.; Ruco, L.P.; Baldassarre, G.;
Croce, C.M.; Vecchione, A. E2F1-regulated microRNAs impair
TGFbeta-dependent cell-cycle arrest and apoptosis in gastric can-
cer. Cancer Cell, 2008, 13, 272-86.

Mertens-Talcott, S.U.; Chintharlapalli, S.; Li, X.; Safe, S. The
oncogenic microRNA-27a targets genes that regulate specificity
protein transcription factors and the G2-M checkpoint in MDA-
MB-231 breast cancer cells. Cancer Res., 2007, 67, 11001-11.
Fabbri, M.; Garzon, R.; Cimmino, A.; Liu, Z.; Zanesi, N.; Calle-
gari, E.; Liu, S.; Alder, H.; Costinean, S.; Fernandez-Cymering, C.;
Volinia, S.; Guler, G.; Morrison, C.D.; Chan, K.K.; Marcucci, G.;
Calin, G.A.; Huebner, K.; Croce, C.M. MicroRNA-29 family re-
verts aberrant methylation in lung cancer by targeting DNA meth-
yltransferases 3A and 3B. Proc. Natl. Acad. Sci. USA, 2007, 104,
15805-10.



80 Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 1

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Mott, J.L.; Kobayashi, S.; Bronk, S.F.; Gores, G.J. mir-29 regulates
Mcl-1 protein expression and apoptosis. Oncogene, 2007, 26, 6133-
40.

Welch, C.; Chen, Y.; Stallings, R.L. MicroRNA-34a functions as a
potential tumor suppressor by inducing apoptosis in neuroblastoma
cells. Oncogene, 2007, 26, 5017-22.

Ivanovska, 1.; Ball, A.S.; Diaz, R.L.; Magnus, J.F.; Kibukawa, M.;
Schelter, J.M.; Kobayashi, S.V.; Lim, L.; Burchard, J.; Jackson,
A.L.; Linsley, P.S.; Cleary, M.A. MicroRNAs in the miR-106b
family regulate p21/CDKNIA and promote cell cycle progression.
Mol. Cell Biol., 2008, 28,2167-74.

Gramantieri, L.; Ferracin, M.; Fornari, F.; Veronese, A.; Sabbioni,
S.; Liu, C.G.; Calin, G.A.; Giovannini, C.; Ferrazzi, E.; Grazi,
G.L.; Croce, C.M.; Bolondi, L.; Negrini, M. Cyclin G1 is a target
of miR-122a, a microRNA frequently down-regulated in human
hepatocellular carcinoma. Cancer Res., 2007, 67, 6092-9.

Scott, G.K.; Goga, A.; Bhaumik, D.; Berger, C.E.; Sullivan, C.S.;
Benz, C.C. Coordinate suppression of ERBB2 and ERBB3 by en-
forced expression of micro-RNA miR-125a or miR-125b. J. Biol.
Chem., 2007, 282, 1479-86.

Shi, X.B.; Xue, L.; Yang, J.; Ma, A.H.; Zhao, J.; Xu, M.; Tepper,
C.G.; Evans, C.P.; Kung, H.J.; deVere White, R.-W. An androgen-
regulated miRNA suppresses Bakl expression and induces andro-
gen-independent growth of prostate cancer cells. Proc. Natl. Acad.
Sci. US4, 2007, 104, 19983-8.

Li, W.; Xie, L.; He, X.; Li, J.; Tu, K.; Wei, L.; Wu, J.; Guo, Y.;
Ma, X.; Zhang, P.; Pan, Z.; Hu, X.; Zhao, Y.; Xie, H.; Jiang, G.;
Chen, T.; Wang, J.; Zheng, S.; Cheng, J.; Wan, D.; Yang, S.; Li,
Y.; Gu, J. Diagnostic and prognostic implications of microRNAs in
human hepatocellular carcinoma. Int. J. Cancer, 2008, 123, 1616-
22.

Bemis, L.T.; Chen, R.; Amato, C.M.; Classen, E.H.; Robinson,
S.E.; Coffey, D.G.; Erickson, P.F.; Shellman, Y.G.; Robinson,
W.A. MicroRNA-137 targets microphthalmia-associated transcrip-
tion factor in melanoma cell lines. Cancer Res., 2008, 68, 1362-8.
Gironella, M.; Seux, M.; Xie, M.J.; Cano, C.; Tomasini, R.; Gom-
meaux, J.; Garcia, S.; Nowak, J.; Yeung, M.L.; Jeang, K.T.; Chaix,
A.; Fazli, L.; Motoo, Y.; Wang, Q.; Rocchi, P.; Russo, A.; Gleave,
M.; Dagorn, J.C.; Iovanna, J.L.; Carrier, A.; Pebusque, M.J.;
Dusetti, N.J. Tumor protein 53-induced nuclear protein 1 expres-
sion is repressed by miR-155, and its restoration inhibits pancreatic
tumor development. Proc. Natl. Acad. Sci. USA, 2007, 104, 16170-
5.

Received: 15 August, 2008

Revised: 12 Sep ber, 2008 A d: 19 Sep ber, 2008

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Mocellin et al.

Burk, U.; Schubert, J.; Wellner, U.; Schmalhofer, O.; Vincan, E.;
Spaderna, S.; Brabletz, T. A reciprocal repression between ZEB1
and members of the miR-200 family promotes EMT and invasion
in cancer cells. EMBO Rep., 2008, 9, 582-9.

Giannakakis, A.; Sandaltzopoulos, R.; Greshock, J.; Liang, S.;
Huang, J.; Hasegawa, K.; Li, C.; O'Brien-Jenkins, A.; Katsaros, D.;
Weber, B.L.; Simon, C.; Coukos, G.; Zhang, L. miR-210 links hy-
poxia with cell cycle regulation and is deleted in human epithelial
ovarian cancer. Cancer Biol. Ther., 2008, 7,255-64.

Yang, H.; Kong, W.; He, L.; Zhao, J.J.; O'Donnell, J.D.; Wang, J.;
Wenham, R.M.; Coppola, D.; Kruk, P.A.; Nicosia, S.V.; Cheng,
J.Q. MicroRNA expression profiling in human ovarian cancer:
miR-214 induces cell survival and cisplatin resistance by targeting
PTEN. Cancer Res., 2008, 68, 425-33.

Fornari, F.; Gramantieri, L.; Ferracin, M.; Veronese, A.; Sabbioni,
S.; Calin, G.A.; Grazi, G.L.; Giovannini, C.; Croce, C.M.; Bolondi,
L; Negrinii, M. MiR-221 controls CDKNIC/p57 and
CDKNI1B/p27 expression in human hepatocellular carcinoma. On-
cogene, 2008, 27(43), 5651-61.

Visone, R.; Russo, L.; Pallante, P.; De Martino, I.; Ferraro, A.;
Leone, V.; Borbone, E.; Petrocca, F.; Alder, H.; Croce, C.M.;
Fusco, A. MicroRNAs (miR)-221 and miR-222, both overex-
pressed in human thyroid papillary carcinomas, regulate p27Kipl
protein levels and cell cycle. Endocr. Relat. Cancer, 2007, 14, 791-
8.

le Sage, C.; Nagel, R.; Egan, D.A.; Schrier, M.; Mesman, E.; Man-
giola, A.; Anile, C.; Maira, G.; Mercatelli, N.; Ciafre, S.A.; Farace,
M.G.; Agami, R. Regulation of the p27(Kipl) tumor suppressor by
miR-221 and miR-222 promotes cancer cell proliferation. EMBO
J.,2007, 26, 3699-708.

Galardi, S.; Mercatelli, N.; Giorda, E.; Massalini, S.; Frajese, G.V.;
Ciafre, S.A.; Farace, M.G. miR-221 and miR-222 expression af-
fects the proliferation potential of human prostate carcinoma cell
lines by targeting p27Kipl. J. Biol. Chem., 2007, 282,23716-24.
Lee, D.Y.; Deng, Z.; Wang, C.H.; Yang, B.B. MicroRNA-378
promotes cell survival, tumor growth, and angiogenesis by target-
ing SuFu and Fus-1 expression. Proc. Natl. Acad. Sci. USA, 2007,
104,20350-5.

Huang, Q.; Gumireddy, K.; Schrier, M.; le Sage, C.; Nagel, R.;
Nair, S.; Egan, D.A.; Li, A.; Huang, G.; Klein-Szanto, A.J.; Gi-
motty, P.A.; Katsaros, D.; Coukos, G.; Zhang, L.; Pure, E.; Agami,
R. The microRNAs miR-373 and miR-520c promote tumour inva-
sion and metastasis. Nat. Cell. Biol., 2008, 10, 202-10.



Copyright of Mini Reviews in Medicinal Chemistry is the property of Bentham Science Publishers
Ltd. and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or email
articles for individual use.





