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There is widespread aberrant expression of mature and/or precursor microRNAs in cancer cells, as microRNAs are
deregulated consequent to chromosomal alterations and other genomic abnormalities. The identification of such
abnormalities has a clear diagnostic and prognostic significance, and there are ever increasing examples of links
between certain human cancers and modifications at microRNA loci.

The cancer-microRNA link: an old disease

and a newly described mechanism

Currently, one in four deaths in the United States is due to cancer
(1). Therefore, every major pathogenetic, diagnostic or therapeutic
advance has the potential to save many lives. With the recent discovery
of thousands of members of the class of noncoding RNAs (ncRNAs,
which are genes without a significant open reading frame [ORF]), it
has become evident that the genomic complexity of the cancer cell
is far greater than expected. At present, cancer is considered a com-
plex genetic disease involving structural and expression abnormali-
ties of both coding (2-4) and noncoding oncogenes (OG) and tumor
suppressor genes (TSG) (5, 6). Data accumulated in the last six years
clearly show that alterations in microRNA (miRNA) genes play a criti-
cal role in cancer initiation and progression (Figure 1).

The genetic identification of hot spots for chromosomal abnor-
malities showed that miRNAs, a small ncRNA class of genes, fre-
quently reside in such genomic regions (7, 8). ncRNAs range in size
from 19-24 nt for the large family of miRNAs that modulate devel-
opment in several organisms including mammals, up to more than
10,000 nt for RNAs involved in gene silencing in higher eukaryotes
(9). In 1993 came the first descriptions of miRNAs in Caenorhabdi-
tis elegans (10, 11). Over 4,500 miRNAs have been identified in the
last six years in vertebrates, flies, worms, plants, and viruses (12-14).
Naturally occurring miRNAs are 19-24 nt in length cleaved from
60- to 110-nt hairpin precursors that are produced from large pri-
mary transcripts. Many miRNAs are conserved in sequence between
distantly related organisms, suggesting that these molecules par-
ticipate in essential processes. The functions of miRNAs are highly
varied, ranging from the control of leaf and flower development in
plants to the modulation of hematopoietic lineage differentiation in
mammals (15). Several groups have uncovered roles for miRNAs in
the coordination of cell proliferation and cell death during develop-
ment as well as in stress resistance and fat metabolism (12, 13, 16).
Functionally, it was shown that miRNAs reduce the levels of many
of their target transcripts and of their target translation (17).

Variations in the chromosomal numbers and structural aberra-
tions have been systematically reported over the past five decades
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(18). The plethora of non-random chromosomal abnormalities
consistently reported in malignant cells of hematopoietic and
solid tumors (19-22) facilitates the identification of cancer-asso-
ciated protein-coding OGs and TSGs (2, 23, 24). One classic para-
digm is represented by the translocation t(9;22), which is identi-
fied in nearly every patient with chronic myelogenous leukemia,
in which a large portion of chromosome 22 is moved to the long
arm of chromosome 9 and a very tiny portion of the latter chromo-
some sticks to chromosome 22. This was the first-described chro-
mosomal abnormality in human cancers (19, 25), and it results
in the production of a fusion protein tyrosine kinase known as
BCR-ABL (26). The findings that imatinib mesylate (Gleevec), a
drug that inhibits this kinase and others, is highly effective in the
treatment of chronic myelogenous leukemia clearly proved the
therapeutic significance of the molecular dissection of the karyo-
type abnormalities in human cancers (27). Among the BCR-ABL
expression-dependent genes is miR-17-92, an oncogenic miRNA
polycistron; in BCR-ABL-positive cells, the expression of the six
miRNAs contained in the cluster are specifically downregulated
several fold by both imatinib and RNA interference against the
fusion protein (28). This example further proves that there is an
interplay between ncRNAs and protein-coding genes (PCGs) in the
pathogenesis of human cancers (5, 8, 29).

Causes of disturbed miRNA expression:

a mix of chromosomal abnormalities,

epigenomics, and processing

A substantial body of evidence supports the proposal that at least
some common chromosomal fragile sites (FRAs) predispose to
DNA instability in cancer cells (30, 31). Indeed, FRAs are prefer-
ential sites of sister chromatid exchange, translocation, deletion,
amplification, or integration of plasmid DNA and tumor-associ-
ated viruses such as human papilloma virus. More than half of
miRNA genes are located in cancer-associated genomic regions
(CAGRs), including minimal regions of loss of heterozygosity
(LOH) and minimal regions of amplification, described in a vari-
ety of tumors including lung, breast, ovarian, colon, gastric, and
hepatocellular carcinoma as well as leukemias and lymphomas (7).
In addition, looking at 113 FRAs scattered in human karyotypes,
61 miRNAs were found to be located in the same cytogenetic posi-
tions within FRAs (7).

If the location of miRNAs is relevant to tumorigenesis, then
structural or functional alterations of miRNAs should be identi-
fied in various types of cancers. A growing number of reports are
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miRNA involvement in cancer initiation and progression. Alterations in miRNA genes play a

critical role in the pathophysiology of many, perhaps all, human cancers.

of miRNA genes has been reported in a variety of cancers, and altered patterns of miRNA
expression may affect cell cycle and survival programs. Downregulation of suppressor miRNA
is accompanied by the hyperexpression of the oncogenic PCG targets (marked in blue), while
overexpression of oncogenic miRNA is followed by downregulation of suppressor PCG targets
(marked in red). The two paradigms presented in this Review, miR-15a/miR-16-1 cluster and

miR-21, are shown in correlation with their main identified targets.

providing such evidence and suggest that abnormal expression
of miRNAs is central to cancer pathogenesis (6, 29, 32-41). The
combination of non-random chromosomal abnormalities and
other types of genetic or epigenetic events could contribute to the
downregulation or overexpression of miRNAs (Figure 1). It is logi-
cal to ask why this association between CAGR and miRNAs is of
significant importance for tumorigenesis. The answer could be
that genomic aberrations in primary tumors preferentially involve
the genomic loci where miRNAs reside (7, 42). As a consequence,
the clones that host genomic aberrations within miRNA loci could
have biological advantages.

Several arguments suggest that the highly significant associa-
tion between the location of miRNAs and chromosomal or molec-
ular genomic aberrations is not without consequences. Expres-
sion profiles of 241 human miRNAs in normal tissues and in the
NCI-60 panel of human tumor-derived cell lines showed that
certain miRNAs identified as potential TSGs or OGs are located
in CAGRs known to be important in various malignancies (43).
Furthermore, an extensive study of high-resolution array-based
comparative genomic hybridization on 227 human ovarian can-
cer, breast cancer, and melanoma specimens clearly proved that
regions hosting miRNAs exhibit high-frequency genomic altera-
tions in human cancer (42). Strengthening the importance of
these findings is the fact that miRNA copy changes correlate with
miRNA expression. The analyses of the same histotype, breast
ductal carcinoma, performed by two independent groups using
distinct techniques revealed overlapping sets of miRNAs differen-
tially expressed (44) and of DNA copy number gains or losses (42)
compared with those found in normal breast tissue.

Recent data proved the existence of epigenetic regulation of
miRNA expression. DNA hypomethylation, CpG island hypermeth-
ylation, and histone modifications represent epigenetic markers
of malignant transformation (45). It has been demonstrated that
miR-127, which is embedded in a CpG island exhibiting imprinting
2060
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in mice, is physiologically expressed in nor-
mal fibroblasts but strongly silenced and/or
downregulated in cancer cells. It was further
shown that this silencing was mediated by
hypermethylation of the putative miRNA
promoter region and could be reversed only
by the combination of a DNA demethylat-
ing agent (S-aza-2'-deoxycytidine) and a
histone deacetylase inhibitor (4-phenylbu-
tyric acid) (46). A recent study determined
the miRNA expression profiling in cancer
cells genetically deficient for the DNA meth-
yltransferase enzymes (DNMTs) and for de
novo (DNMT3B) and maintenance (DNMT1)
gene-promoter methylation and identified
miR-124a as being silenced by hypermethyl-
ation of the promoter. The epigenetic loss of
this miRNA was functionally linked to the
activation of cyclin D kinase 6 (Cdk6), a bona
fide oncogenic factor, and to the phosphor-
ylation of the TSG retinoblastoma (47).
miRNA processing involves a large num-
ber of genes and proteins, and only some
of them have been identified. The long pri-
mary transcripts transcribed by the RNA
polymerase II are processed by two ribo-
nuclease IIIs. One is located in the nucleus and called “Drosha”
and the other, called “Dicer,” is located in the cytoplasm. The final
miRNA duplex is incorporated into a large protein complex called
“RNA-induced silencing complex”, the core of which includes com-
ponents of the argonaute protein family (48). Recently it was found
that the impaired miRNA processing enhances cellular transforma-
tion and tumorigenesis (49). In accordance with this, conditional
deletion of Dicerl enhances tumor development in a K-Ras-induced
mouse model of lung cancer (49). A large study of non-small cell
lung cancer patients found that Dicer, but not Drosha, expression
levels were reduced in a fraction of lung cancers and correlated
with shortened postoperative survival and tumoral undifferenti-
ated state, which is a mark of poor prognosis (50, 51). As a possible
explanation of these results, Dicer expression is limited to prognos-
tically favorable, noninvasive bronchioloalveolar carcinoma (52).

Cancer initiation
and progression

Loss or amplification

Chromosomal translocations target miRNA loci

The first report linking a chromosomal breakpoint with the
genomic location of miRNAs was published a couple of decades
ago (53) (Table 1). A masked t(8;17) translocation resulted in a
high activation of the MYC OG: MYC from chromosome 8 was
truncated at the end of the first exon (which is noncoding), and
the coding region joined the regulatory elements of a gene locat-
ed on chromosome 17, called BCL3 (B cell leukemia/lymphoma
3). Despite extensive genomic search, BCL3 remained an elusive
entity until the identification of the human miRNAs. Fifteen
years after the initial discovery, the miR-142 gene was found to be
located 50 nt from the t(8;17) break involving chromosome 17
and MYC, meaning that the regulatory elements of this miRNA
are likely involved in the overexpression of MYC (32). The clinical
consequences were dramatic for the patient, leading to aggressive
acute prolymphocytic leukemia (53). Apart from the involvement
in the t(8;17) breakpoint of B cell acute leukemia, miR-142-3p and
miR-142-5p are also within the 1723 minimal amplicon described
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Table 1
Examples of translocations involving miRNAs loci in human cancers

Disease miRNA Translocation
Indolent CLL miR-15a, miR-16-1 1(2;13)(032;q14)
Aggressive APL miR-142 1(8;17)(q24;922)
Primary CNS lymphomas miR-28 327 translocations
Benign tumors, carcinomas, let-7 12q15 translocations

leukemias

review series

Possible mechanism Ref.
Genomic breakpoint between promoter and cluster 32
of miRNAs, with downregulation and consequent

BCL-2 target overexpression

The regulatory elements of miR-142 are likely involved 53
in the overexpression of c-MYC
A deletion in 3q, leading to loss of an 837-kb fragment, 65

that brings the BCL-6 gene under the control of the

regulatory element of miR-28 (or of the LPP gene)

These translocations generated HMGA2 mRNA 62
lacking the let-7 complementary sites and consequent

oncogenic transformation

APL, acute prolymphocytic leukemia; LPP, lipoma preferred partner. Benign tumors include lipomas, myomas, adenomas, hamartomas, and sarcomas.

in breast cancer (54) and near the FRA17B site, a target for HPV16
integration in cervical tumors (7).

Despite careful examination of the genome, some chromosom-
al abnormalities had unknown targets, and the mechanisms by
which these changes affected certain specific disorders remained
unrevealed. For example, overexpression of BCL-2 protein was
reported in many types of human cancers including leukemias,
lymphomas, and carcinomas (55). In follicular lymphomas and in
a fraction of diffuse B cell lymphomas, the mechanism of BCL2
activation was found to be the translocation t(14;18)(q32;q21),
which places BCL2 gene under the control of immunoglobulin
heavy-chain enhancers, resulting in deregulated expression of the
gene (56, 57). In the most frequent adult leukemia in the West-
ern world, the B cell chronic lymphocytic leukemia (CLL) (58), the
malignant, mostly nondividing B cells of CLL overexpress BCL-2
protein (59). However, with the exception of less than 5% of cases
in which BCL2 is juxtaposed to immunoglobulin loci (60), no
mechanism was discovered to explain BCL-2 deregulation in CLL.
The answer to this unsolved puzzle came from a decade of studies
of the most frequent deleted genomic region in CLL at chromo-
somal band 13q14.3. Among these chromosomal aberrations, a
t(2;13)(q32;q14) translocation in a CLL patient and a small dele-
tion in a patient with CLL, bilateral retinoblastoma, and ulcerative
colitis pinpointed the location of the genes involved in CLL (32)
(Figure 2 and Table 1). By analyzing these patients, a 30-kb region
of deletion between exons 2 and 5 of the LEUZ2 gene was identified
and a cluster of two noncoding miRNA genes, miR-15a and miR-16-1,
was found to be located precisely in this region (Figure 2) (32).
Thus the miR-15/miR-16 family was proven to negatively regulate
BCL-2 expression and promote apoptosis contributing to malig-
nant transformation by upregulating BCL-2 in CLL cells (61).

Mechanisms of miRNA alterations by translocations

Chromosomal translocations alter PCG loci through two main
mechanisms (23). The first is the juxtaposition of promoter/
enhancer elements from one gene to the intact coding region of
another gene, while the second is the recombination of the cod-
ing regions of two different genes. The former is more frequently
found in B and T cell lymphomas and leukemias and the latter in
human myeloid leukemias and soft-tissue sarcomas. The translo-
cations that alter miRNA loci can be classified by analogy with
these mechanisms (Figure 3). At least five different situations can
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be postulated, the last three of which have yet to be identified in
human cancers: (a) juxtaposition of promoter/enhancer elements
from miRNA genes to a PCG ORF with overexpression of the pro-
tein [e.g., t(8;17)(q24;q22)]; (b) disruption of the region of interac-
tion between the target PCG and the interactor miRNA with the
disruption of the repression and the overexpression of the protein
(e.g., 12q15 translocations involving HMGA2 gene); (c) juxtaposi-
tion of promoter/enhancer elements from PCG to a miRNA gene
with overexpression of the noncoding gene; (d) juxtaposition of
promoter/enhancer elements from miRNA to another miRNA
gene with overexpression of the noncoding gene (termed “pro-
moter swapping”); and (e) miRNA gene-to-miRNA gene fusion
with the consequent production of a “new” cluster of coexpressed
or independently expressed miRNAs.

One interesting mechanism of oncogenic transformation was
recently proved in the cases of chromosomal translocations
involving HMGA2 (62, 63). It was reported that the TSG let-7
represses the HMGA2 OG, a high mobility group protein with
oncogenic properties in benign mesenchymal tumors and lung
cancers. The effect was dependent on multiple target sites in
the 3" untranslated region (3'UTR), and the growth-suppressive
effect of let-7 on lung cancer cells was rescued by overexpression of
HMGA2 ORF without a 3'UTR (63). Another group showed that
disruption of the pairing between let-7 and HMGA?2 by translo-
cations enhanced oncogenic transformation (62). Chromosomal
translocations previously shown to generate a truncated version
of HMGA2 mRNA lacking the let-7 complementary sites of the
wild-type mRNA were described in benign tumors, carcinomas,
and leukemias. This disrupted repression of HMGA2 promoted
anchorage-independent growth, conferring support for a new
mechanism of oncogenesis by translocations: the loss of miRNA-
directed repression of a protein-coding OG (Figure 3).

Other miRNA genes are located near breakpoint regions.
miR-180 is only 1 kb from the MNI gene involved in a t(4;22) chro-
mosomal translocation in meningioma that inactivates MN1 and
possibly the miRNA gene located in the same position. Also, in
a patient with precursor B cell acute lymphoblastic leukemia, an
insertion of miR-125b-1 into a rearranged immunoglobulin heavy-
chain locus was described, possibly as an early step in leukemogen-
esis (64). Chromosomal translocations fusing the BCL-6 OG to the
regulatory elements of miR-28 or to the lipoma preferred partner
were described in primary central nervous system lymphomas and
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may be associated with aberrant somatic hypermutation or defec-
tive class switch recombination (65).

The cluster miR-15a/miR-16-1 as a paradigm

for suppressor miRNAs

Several groups have used positional cloning in order to identify the
gene or genes targeted by the 13q14.3 deletions in CLL. A region
of more than 1 Mb has been fully sequenced and characterized in
detail (66) and various and relatively large (between 130 and 550
kb) minimal regions of LOH have been described (Figure 2). Until
2001, a total of 11 genes had been identified and screened for alter-
ations at the DNA and/or RNA level in sporadic and familial cases
of CLL. However, detailed genetic analysis including extensive
LOH, mutation, and expression studies failed to demonstrate the
consistent involvement of any of the genes located in the deleted
region (32, 67). Further detailed investigation of the 13q14.3 dele-
tions showed that both members of an miRNA cluster, miR-15a
and miR-16-1, are deleted or downregulated in approximately 68%
of CLL cases as compared with healthy donors (32). Furthermore,
arare mutation lowering the expression of these genes was identi-
fied in two CLL patients including one from a family with individ-
uals having CLL and breast cancer, and was found to be associated
with the loss of the normal allele in the leukemic cells (68). It was
shown that the levels of both miR-15 and miR-16 inversely correlate
with the BCL-2 protein expression and that BCL-2 repression by
these miRNAs induces apoptosis in leukemia cells (61). Strongly
supporting the involvement of miR-16 mutations in cancer pre-
disposition, a recent study showed that in NZB mice (a model
for human CLL), the region of synteny with mouse D14mit160 is
the human 13q14 region, which contains miR-15a/miR-16-1. DNA
2062
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sequencing of multiple NZB tissues identified a point mutation in
the same 3’ flanking sequence of miR-16-1 as identified in human
CLLs that was not present in other strains, including the nearest
neighbor, NZW. Levels of miR-16 were decreased in NZB lymphoid
tissue, and exogenous miR-16 delivered to an NZB malignant B-1
cell line resulted in cell cycle alterations and increased apoptosis.
Linkage of the miR-15a/miR-16-1 complex to the development of
CLL in this spontaneous mouse model suggests that the altered
expression of these genes is the molecular lesion in CLL (69).

Expanding the spectrum of tumors in which these genes act as
TSGs, the same cluster of genes was found to be downregulated in
breast cancer (70). Functional studies performed in solid cancer
cell lines showed that miR-16 negatively regulated cellular growth
and cell cycle progression. miR-16-downregulated transcripts were
enriched with genes whose silencing by small interfering RNAs
causes an accumulation of cells in GO/G1. Simultaneous silencing
of these genes was more effective at blocking cell cycle progression
than was disruption of the individual genes. Thus, miR-16 coordi-
nately regulates targets that may act in concert to control cell cycle
progression (71) (Figure 1).

miR-21 and miR-155 as paradigms

for oncogenic miRNAs

The only miRNA found to be overexpressed in any type of solid
tumor analyzed (breast, colon, lung, prostate, stomach, and endo-
crine pancreas tumors, glioblastomas, and uterine leiomyomas) is
miR-21 (70, 72-74). This gene is located in the 3'UTR of the vacu-
ole membrane protein 1 (VMPI) gene at chromosome 17q23.2,a
region frequently found amplified in neuroblastomas and breast,
colon, and lung cancers. Knockdown of miR-21 in glioblastoma cell
Volume 117

Number8  August 2007



miRNA miRMNA

review series

/ /O ~
Normal — -1 |---| |---  Protein ‘ NH,)\ (¢COOH
Promoter miR Enhancer miR Enhancer  Normal PCG expression
(-*‘n‘J
|—' ~ N NH\ (FCOOH
Juxtaposition _D_ _4 I_ __| I___ PCG NH, COOH
Promoter/enhancer miR to PCG overexpression

7

Juxtaposition

NH,)\ (zCooH

Promoter/enhancer PCG to miR

Juxtaposition

. _.I >_ _6 Target PCG ‘
downregulation
~o

Target PCG °

bt

Promoter/fenhancer miR to miR

Fusion

downregulation ¢ 2"

Target PCG

miR gene to miR gene

Disruption
miR::PCG interaction

Figure 3

NH,)\ (zCooH
NH, )\ (7COOH

variation

NH,
Target PCG  ~NH.)\(¢COCH
overexpression

NH

2,

COOH

COOH

miRNA deregulation by chromosomal translocations. The main mechanisms (some identified in patient samples [refs. 32, 53, 62, 64, 65], oth-
ers only shown in the case of PCGs altered by translocations) of miRNA deregulation are schematically presented. On the left side, the primary
genomic alteration is presented, while on the right side, the correspondent consequence at proteomic levels is shown. miR, miRNA gene.

lines induces a caspase-mediated apoptosis, further supporting the
oncogenic role of this miRNA (75). miR-21 exerts its carcinogenetic
function at least in part by targeting a phosphatase and tensin
homolog (PTEN; mutated in multiple advanced cancers), a TSG
that normally inhibits the survival and growth promoting activity
of PI3K signaling (76) (Figure 1).

To better evaluate the role of miR-21 in tumorigenesis, studies in
MCEF-7 breast cancer cells transfected with anti-miR-21 oligonu-
cleotides showed that both cell growth in vitro and tumor growth
in the xenograft mouse model were suppressed. Furthermore, this
anti-miR-21-mediated cell growth inhibition is associated with
increased apoptosis and decreased cell proliferation, which could
be in part due to downregulation of the antiapoptotic BCL-2 in
anti-miR-21-treated tumor cells (77). Further strengthening the
oncogenic role of this miRNA in breast cancer, miR-21 was shown
to target the TSG tropomyosin 1 (TPM1I), and overexpression of
TPM]I in breast cancer MCF-7 cells suppressed the anchorage-inde-
pendent growth. All these data taken together suggest that down-
regulation of TPM1I by miR-21 may explain, at least in part, why
suppression of miR-21 can inhibit tumor growth (78).

Clear proof that deregulation of a single miRNA gene can lead
to cancer was provided with the identification of pre-B cell prolif-
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eration and lymphoblastic leukemia/high-grade lymphoma in miR-
155 transgenic mice (79). This miRNA is frequently overexpressed
in several hematopoietic and solid cancers (70, 80-82). This wide-
spread cancer deregulation suggests a critical role for this miRNA
in mammalian cells, and in fact, by generating knockout mice,
miR-155 was shown to be essential for normal immune function
(83) and for the regulation of the germinal center response (84).

miRNAs and cancer predisposition: the missed link?

Cancer predisposition has been studied by thousands of scientific
groups, but we remain ignorant about the genetic basis in the
majority of familial cases. miRNAs represent ideal candidates for
cancer predisposition genes, since they work in a very particular
way: a small variation in expression of a specific miRNA has effects
on tens or hundreds of target mRNAs, with possible functional
consequences. Therefore, inherited variations in miRNA expression
could represent the basis for the predisposition in various types of
familial cancers with unknown pathogenesis, such as familial CLL
or familial prostate cancers (5). Few hints in favor of this hypothesis
have been found in the short time since the link between miRNAs
and cancers was discovered (32). For example, a mutation in the
primary transcript of miR-16 was found in a patient with familial
Volume 117 2063
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CLL and familial breast cancer and was shown to induce a lower
expression of the gene (68). Linkage of the miR-154/miR-16-1 muta-
tions and the development of a CLL-like disease in a spontane-
ous mouse model suggest that the altered expression of miR-15a4/
miR-16-1 is the likely the main molecular lesion in CLL (69).

Recent data further support the role of miRNAs as candidate
genes for cancer risk and suggest that miRNAs could be respon-
sible for susceptibility to solid tumors (85). By comparing the
genome positions of mouse tumor susceptibility loci with those
of mouse miRNAs, a statistically significant association was
found between the chromosomal location of miRNA and that of
the mouse cancer susceptibility loci that influence the develop-
ment of solid tumors. Furthermore, distinct patterns of flanking
DNA sequences for several miRNAs located at or near suscepti-
bility loci were identified in inbred strains with different tumor
susceptibilities exist (85). Certainly, further cloning of ncRNAs
located at chromosomal breakpoints will identify new ncRNA
genes involved in cancers, while linkage analyses in large families
affected by cancer will offer the final proof of miRNA involve-
ment as cancer-predisposing genes.
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Abnormal miRNA expression in cancer

can be clinically exploited

The identification of chromosomal translocations and other
genomic abnormalities has a clear diagnostic and prognostic sig-
nificance (5, 8). In the near future more examples of links between
certain human cancers and alterations at miRNA loci are likely to
be described. The identification of alterations that possibly affect
miRNA loci by various cytogenetic techniques could be of help for
diagnosis or prognosis. For example, deletions or translocations
involving the miR-15a/miR-16-1 locus at 13q14.3 in CLL patients
(easily detected by cytogenetics) could signal a good prognosis, as
13q14 deletions are associated with the longest treatment-free inter-
val (86). On the other hand, profiling of CLL samples could identify
down-regulation of the members of miR-29 and miR-181 families,
recently shown to target the TCL1 OG whose overexpression is
associated with a poor prognosis (87). In this way, miRNA profil-
ing could represent a good indicator of discrimination between
patients with a promising prognosis versus those with a poor prog-
nosis. Further strengthening this point, a common signature of
only 13 miRNAs out of about two hundred could discriminate the
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two distinct types of CLL (68). The development of new miRNA
markers in the near future will represent one of the main goals in
molecular medicine as miRNA expression profiles better classify
poorly differentiated tumors as compared with the mRNA-based
(expressed sequence tag-based) classifiers (88). Furthermore, can-
cer-specific miRNA fingerprints were identified in every type of
analyzed tumor, benign or malign, including breast carcinoma (44),
primary glioblastoma (72), hepatocellular carcinoma (89), papillary
thyroid carcinoma (90, 91), lung cancer (70, 92, 93), gastric carci-
noma, colon carcinoma (94, 95), endocrine pancreatic tumors (70),
pituitary adenomas (96), and uterine leiomyomas (74).

miRNAs as new targets of gene therapy

The potential for using miRNAs and/or their antisense inhibitors
in cancer treatment has only recently been envisioned; no clini-
cal trials have begun or even have been scheduled. Patient-spe-
cific therapeutic “drugs” could be designed in the future in indi-
viduals who harbor abnormalities in the miRNA genes in their
tumors. miRNAs might be targets for therapy, as knocking down
overexpressed miRNAs or expressing silenced miRNAs in cancer
cells might contribute to tumor killing.

Several new therapeutic agents are under investigation at pres-
ent (Figure 4). Among these are the nucleic acids that are antisense
to the miRNA sequence named as anti-mRNA oligonucleotides
(AMOs). By base pairing with the miRNA, these agents impaired
the interaction between an overexpressed miRNA and the tar-
get mRNAs (97). Different modifications of the RNA backbone
into 2'-O-methyl group or 2'-O-methoxyethyl group prevented
nuclease degradation in the culture media and, importantly, also
prevented endonucleolytic cleavage by the RNA-induced silenc-
ing complex nuclease, leading to irreversible inhibition of the
miRNA. Locked nucleic acids (LNAs) represent nucleic acid ana-
logs containing one or more LNA nucleotide monomers with a
bicyclic furanose unit locked in an RNA-mimicking sugar con-

1.Jemal, A., et al. 2007. Cancer statistics, 2007. CA 113:673-676.
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formation (98). LNA is thought to increase the functional half-
life of miRNAs in vivo by enhancing the resistance to degrada-
tion and by stabilizing the miRNA-target duplex structure that
is crucial for silencing activity (99). Finally, efficient specific and
effective silencers of miRNA expression in mice were recently
developed (100). The chemically engineered oligonucleotides,
named “antagomirs,” represent single-stranded 23-nucleo-
tide RNA molecules complementary to the targeted miRNAs
modified to increase the stability of the RNA and protect it from
degradation (101). Development of antagomirs against onco-
genic miRNAs such as miR-17-92, miR-21, or miR-155 and future
in vivo experiments of miRNA transgenics and knockout mice
will offer valuable information regarding safety and efficiency.
Although exciting, the use of miRNAs/anti-miRNAs in human
cancer therapy should still meet the most difficult criteria: high
efficiency of target inhibition with a significant increase in patient
survival and reduced toxic effects.
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