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Abbreviation

3'-UTR 3'-Untranslated region

AML Acute lymphocytic leukemia
CLL Chronic lymphocytic leukemia
EMT Epithelial-mesenchymal transition
HCC Hepatocellular carcinoma

MM Multiple myeloma

Pol IT Polymerase I1

Pre-miR Precursor miRNA molecule
Pre-mRNA  Precursor mRNA molecule
Pri-miR Primary miRNA transcript

Definition and Biogenesis

After the initial discovery in 1993, when a small
RNA encoded by the lin-4 locus was associated to
the developmental timing of the nematode
Caenorhabditis elegans by modulating the pro-
tein lin-14 [1], microRNAs have undergone a
long period of silence. It took indeed several more
years to realize that these small (19-22 nucle-
otides) RNA molecules are actually expressed in
several organisms, including Homo sapiens,
highly conserved across different species, highly
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specific for tissue and developmental stage, and
playing crucial functions in the regulation of
important processes, such as development, prolif-
eration, differentiation, apoptosis, and stress
response. In the last few years, microRNAs have
indeed taken their place in the complex circuitry
of cell biology, revealing a key role as regulators
of gene expression.

MicroRNA genes represent approximately 1%
of the genome of different species, and each of
them has hundreds of different conserved or non-
conserved targets: it has been estimated that
about 30% of the genes are regulated by at least
one microRNA [2].

MicroRNAs are transcribed for the most part
by RNA polymerase II as long primary transcripts
(pri-microRNAs) characterized by hairpin struc-
tures and containing typical eukaryotic mRNA
features such as cap structures and poly(A) tail.

Most microRNAs localize in intergenic
regions; however, some of them are located in
intronic regions of known genes, in sense or anti-
sense orientation. This finding supports the notion
that at least a part of them is transcribed as distinct
transcriptional units. Fifty percent of known
microRNA genes are located nearby other microR-
NAs, supporting the hypothesis that clustered
microRNAs can be transcribed from their own
promoters as polycistronic pri-microRNAs [3].

MicroRNAs are mostly transcribed by RNA
polymerase II (Pol II), although the possibility
that a small number of miRNA genes might be
transcribed by other RNA polymerases cannot be
excluded. Pol II produces mRNAs and some of
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the noncoding RNAs, such as small nucleolar
RNAs and some of the small nuclear RNAs pres-
ent in the spliceosoma, the complex of special-
ized RNA and protein subunits that removes
introns from a transcribed pre-mRNA.

Many microRNAs are differentially expressed
during the development, as frequently observed
with genes transcribed by Pol II.

According to their genomic localization,
microRNAs can be classified in (a) exonic
microRNAs located in noncoding transcripts, (b)
intronic microRNAs located in noncoding tran-
scripts, and (c) intronic microRNA located in
protein-coding transcripts. Mixed miRNA genes
can be assigned to one of the above groups
depending on the given splicing pattern. Intronic
microRNAs are transcribed within the mRNA of
the host gene generating a hairpin structure, rec-
ognized and cleaved by the spliceosome machin-
ery [4]. Exonic microRNAs are transcribed
within the pri-miR (up to 1 kb long) containing
both the 5’'-cap and the 3'-poly(A) tail.

Processing of a microRNA consists of two
phases, one taking place into the nucleus and
operated by RNAse III Drosha and the second
one in the cytoplasm, by RNAse III Dicer. Drosha
is a highly conserved 160 kDa protein containing
two RNAse III domains and one double-strand
RNA-binding domain. Drosha forms a huge com-
plex, 500 kDa in D. melanogaster and 650 kDa in
H. sapiens, called microprocessor and containing
the cofactor DiGeorge syndrome critical region 8
(DGCRS), also known as Pasha in D. melano-
gaster and C. elegans.

The hairpin structure present in the pri-miRNA
(primary transcript) is recognized and cleaved by
RNAse III Drosha into 70-nts-long pre-microR-
NAs (precursor molecule).

These precursor molecules are actively
exported by a Ran-GTP and exportin 5-mediated
mechanism to the cytoplasm, where an additional
step is mediated by the RNAse III Dicer, which
acts in complex with the transactivating response
RNA-binding protein (TRBP) generating a
dsRNA of approximately 22 nucleotides, named
miRNA/miRNA*. Dicer is an extremely con-
served protein through eukaryotes, first identified
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for its involvement in siRNA (small interfering
RNAs) generation.

Dicer is a very large enzyme (~200 kDa) con-
served among the species and containing differ-
ent domains: a double-strand RNA-binding
domain (dsRBD), two RNAse III catalytic
domains, one PAZ domain, which binds the 3'-
end of small RNAs, and other domains with
ATPasic and RNA-helicasic activity. Dicer rec-
ognizes the double-strand region of the pre-miR
in association with different proteins: RDE-4
(RNAI defective 4) in C. elegans, R2D2 e FMR1
(fragile X mental retardation syndrome 1
homolog) in D. melanogaster, and members of
the Argonaute family in other species. In particu-
lar, these proteins are not needed for the endonu-
cleasic activity of Dicer, but they play a role in
stabilizing the complex Dicer-miR [5]. In mam-
malians, the Argonaute 2 (AGO2) protein com-
plex, characterized by RNAse H activity,
cooperates in the Dicer-mediated processing of
some pre-miRs, yielding to another intermediate
processing product, called AGO2-cleaved pre-
cursor miR (ac-pre-miR) [4].

The mature single-stranded microRNA prod-
uct is then incorporated in the complex known as
miRNA-containing ribonucleoprotein complex
(miRNP), miRgonaute, or miRNA-containing
RNA-induced silencing complex (miRISC), which
generally selects one of the two strands as guide
strand (mature miR) according to thermodynamic
properties, whereas the other strand is likely sub-
jected to degradation. miRISC is a ribonucleo-
proteic complex containing Argonaute proteins,
the mature miR, the star miR, and several addi-
tional factors, some of them necessary for the
enzymatic activity. Argonaute proteins are con-
served among species and containing the PAZ
and PIWI domains. The PAZ domain is involved
in the recognition of the microRNA [6], whereas
the PIWI domain seems to be involved in releas-
ing the mature microRNA through an interaction
with Dicer [7]. In H. sapiens, miRISC complex is
formed by the Argonaute homologue eIF2C2 pro-
tein, the glycine—tryptophan protein of 182 kDa
(GW182), and the helicases Gemin3 and Gemin4
[8]. The choice of the pre-miR strand that will



19 Current and Future Developments in Cancer Thera

py Research... 519

-~

Transcription

Nucleﬁ

AT AT (TN AT

FUF WP FUTUIVLTUIT

TULU

MBI TL W

Cleavage

e L

Target
mRNA degradation

Translation
inhibition

Fig. 19.1 Biogenesis, processing, and maturation of
miRNAs. miRNAs are transcribed mainly by RNA poly-
merase II as long primary transcripts characterized by hair-
pin structures (pri-miRNAs) and processed in the nucleus
by RNAse III Drosha in a 70-nucleotide-long pre-miRNA.
This precursor molecule is exported by the exportin 5 to
the cytoplasm, where RNAse III Dicer generates a dsSRNA
of approximately 22 nucleotides, named miRNA/miRNA*.

generate the active complex resides in the relative
thermodynamic stability of the two strands form-
ing the duplex: the strand with a more unstable
5'-end is included in the miRISC complex.

As part of this complex, the mature microRNA
is able to regulate gene expression at posttran-
scriptional level, binding through partial comple-
mentarity to the 3'-UTR of target mRNAs, and
leading to some degree of mRNA degradation
and translation inhibition (Fig. 19.1).

MicroRNAs exert their function mostly bind-
ing a specific sequence within the 3'-UTR of tar-
get mMRNAs. The 5'-end of microRNAs (seed site)
is important in the target recognition mechanism
[2]: nucleotides 2—8 (seed sites) of many miRNAs
present a perfect match with the 3'-UTR seed
regions involved in translational block and are
also well conserved in homologue microRNAs.

Helicase

The mature miRNA product is then incorporated in the
complex known as miRISC, whereas the other strand is
usually subjected to degradation. As part of this complex,
the mature miRNA is able to regulate gene expression
binding through partial homology the 3'-UTR of target
mRNAs and leading to mRNA degradation in case of per-
fect matching or translation inhibition when there is partial
complementarity. RISC RNA-induced silencing complex

MicroRNAs can regulate gene expression
through the degradation of target mRNAs, con-
cordantly with the evidence that mRNA levels
can be reduced in presence of elevated levels of
miRNAs. It has been demonstrated that a high
complementary match between the microRNA
and the target mRNA can lead to an Ago
2-mediated mRNA degradation. Recent studies
suggested that also other processes are involved,
like deadenylation, 5'-uncapping, and exonu-
clease activity. Indeed, mRNA degradation
mechanism requires Ago 2 complex, GW182,
and deadenylating and decapping enzymes [9].

Furthermore, the cleavage site does not depend
on the match between miR and its target, but it is
due to microRNA sequence only: the cleavage takes
place between the corresponding mRNA residues of
the 10th and the 11th nucleotide of the microRNA.
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After the cleavage process, the microRNA
remains intact and can drive the functioning of
another miRISC complex [10]. However, the
mechanisms underlying the mRNA target selec-
tion remain still unclear.

MicroRNAs can also inhibit gene expression
blocking the translation of mRNAs target. The
first evidence of this mechanism is the observa-
tion that many miR-targeted mRNAs maintain
their level in presence of an abundance of the
respective microRNAs, whereas the levels of the
encoded protein are decreased [9]. The exact
mechanism underlying the miRISC-mediated
translational blockade remains still unknown: it is
unclear whether the block overcomes at the begin-
ning or in the next phases of the translational pro-
cess. However, current models see the involvement
of elF4F, formed by elF4A, elF4E, and elF4G.
This proteic complex binds the 5'-cap of mRNAs
and starts the translation initiation process. The
translation initiation factor elF3, interacting with
elF4G, contributes to the assembly of the ribo-
somal subunit 40S at the 5'-end of mRNAs and
leads to the formation of the preinitiation com-
plex. The elongation phase takes place when the
ribosomal subunit 60S is assembled at the preini-
tiation complex in correspondence to the start
codon AUG. elF4G and elF3 interact with the
poly(A)-binding protein (PAPB1) resulting in
mRNA circularization, phenomenon that leads to
a higher translation efficiency [9]. A controversial
body of evidence shows that microRNAs are able
to inhibit both the preinitiation and the elongation
phase. In 2006, Petersen et al. proposed a model
in which miRISC acts as a repressor of the elon-
gation phase, suggesting that miRISC can pro-
mote an early dissociation of the ribosome from
the mRNA [11].

Controversially, three different models have
been proposed to explain the initiation phase
inhibition operated by miRISC:

In the first model, miRISC competes with
elF4E for the binding to the 5'-cap of the target
mRNA, thus leading to the inhibition of the trans-
lational start; in the second model, miRISC
blocks the mRNA circularization through the
inhibition of the assembly of the 60S subunit
with the 40S subunit, located on the target mRNA
at the preinitiation complex.
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The synergic action of multiple miRISC
complexes leads to an efficient block of the trans-
lation process [12] explaining the presence of
multiple seed regions within the same target.

MicroRNAs can also act through a different
mechanism mediated by miRISC: the target
mRNAs are seized into cytoplasmic foci called
processing bodies (P-bodies), formed by mRNA
and proteins [13]; since P-bodies lack of the
translational machinery, this mechanism leads to
a translational blockade of the sequestered
mRNAs. In some instance, a deadenylation pro-
cess coupled with the translational inhibition has
been reported [9]. The deadenylation process is
mediated by GW 182 and Ago proteins. Whereas
GW182 interacts with Ago through its glycine-
and tryptophan-rich domains, it is also able to
recruit through his C-terminus PAPB and the
deadenylating enzymes CCR4 and CAF1 [4].
Furthermore, it has been observed that the num-
ber, the position, and the kind of nucleotide mis-
matches between the microRNA and the mRNA
can play a role in the repression mechanism
selection, deciding if the target mRNA would be
degraded or translationally repressed.

MicroRNAs in Human Cancer: From
Profiling Studies to Definition

of a Functional Role as Oncogenes
and Tumor Suppressors

Profiling of different cell types and tissues indi-
cated that the pattern of miRNA expression is cell
type and tissue specific, suggesting that the pro-
gram regulating expression of miRNAs is exqui-
sitely cell type dependent and tightly associated
with cellular differentiation and development.
Some of the most important miRNAs which are
aberrantly expressed in tumors are listed in
Table 19.1.

The first evidence of the involvement of
microRNAs in human cancer derived from stud-
ies on chronic lymphocytic leukemia (CLL), the
most common human leukemia in the Western
world, particularly in an attempt to identify tumor
suppressors at chromosome 13q14. Cytogenetic
studies indicate deletions at chr.13q14 in approx-
imately 50% of CLLs and loss of heterozygosity
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Table 19.1 MicroRNAs aberrantly expressed in tumors

Tumor type Upregulated miRNA Downregulated miRNA Target
CLL miR-29, miR-181 TCL1
miR-155
miR-15a, miR-16-1 BCL2
AML miR-29 MCLI
DNMT
Lymphoma miR-155
miR-17-92 PTEN, BIM,E2F1
miR-106b-25 E2F1
MM miR-21
miR-19a, miR-19b SOCSI1
Breast cancer miR-21 PTEN, PDCD4, TPM1
miR-125b HER2, HER3
miR-205 HER3
miR-10b (associated with metastasis) HOXD10
miR-373
miR-200 ZEB
Lung cancer let-7 RAS, HMGA2, C-MYC
miR-155
HCC miR-122a Cyclin G1
miR-221 p27
miR-34a MET

(LOH) in approximately 70% of CLLs. By tak-
ing advantage of chromosome translocations and
small deletions, Dr. Croce’s group found that the
critical region of 13q14 does not contain a pro-
tein-coding tumor suppressor gene but two
microRNA genes, miR-15a and miR-16-1, that
are expressed in the same polycistronic RNA.
This result indicated that the deletion of chromo-
some 13q14 caused the loss of these two microR-
NAs, first evidence that microRNAs could be
involved in the pathogenesis of human cancer
[14]. Study of a large collection of CLLs showed
knock down or knock out of miR-15a and miR-
16-1 in approximately 69% of CLLs. Since such
alteration is present in most indolent CLLs, they
speculated that loss of miR-15a and miR-16-1
could be the initiating event or a very early event
in the pathogenesis of this disease [14].
Immediately after these initial observations, they
mapped all the known microRNA genes and
found that many of them are located in regions of
the genome involved in chromosomal altera-
tions, such as deletion or amplification, in many
different human tumors, in which the presumed

tumor suppressor genes Or oncogenes, respec-
tively, failed to be discovered after many years of
investigation [15]. Indeed, in cancer develop-
ment chromosomal regions that encompass
microRNAs involved in the negative regulation
of a transcript encoding a known tumor suppres-
sor may be amplified. This amplification would
result in the increased expression of the
microRNA and the consequent silencing of the
tumor suppressor gene. Vice versa, microRNAs
able to inhibit oncogenes are often located in
fragile regions of the genome, where deletions or
mutations can be responsible for their reduced
levels and the resulting overexpression of the tar-
get oncogene (Fig. 19.2).

We can certainly affirm that alterations in
microRNAs expression are not isolated, but the
rule in human cancer. After these early studies
indicating the role of microRNA genes in the
pathogenesis of human cancer, Dr. Croce’s group
and others have developed platforms to assess the
global expression of microRNA genes in normal
and diseased tissues, and have carried out profil-
ing studies to assess microRNA dysregulation in
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Fig. 19.2 miRNAs as oncogenes or tumor suppressor
genes. miRNAs can have oncogenic effects (oncomiRNA)
when they target tumor suppressor genes. When an
oncomiRNA is overexpressed, for example, because the
encoding gene is located in an amplified region of the
genome, this will lead to downregulation of the targets
and to tumor formation (upper panel). Conversely, a
miRNA can be characterized by tumor suppressor proper-

human cancer. This was an attempt to establish
whether microRNA profiling could be used for
tumor classification, diagnosis, and prognosis
[16].

Indeed, the predictive values of such
microRNA signature have been validated for sev-
eral types of tumors. Furthermore, the small size
of miRNAs certainly contributes to a higher sta-
bility in comparison with mRNAs, allowing the
study of their expression in fixed tissues or other
biological material, and thus supporting their
possible use as novel, minimally invasive, and
robust biomarkers: indeed, it has been recently
described how miRNAs can be reliably extracted
and detected from paraffin-embedded tissues,
from blood (either total blood, plasma, or serum)
[17] and from circulating exosomes [18].
Moreover, it has been reported that the profile of
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ties if the main target in that specific cellular context is an
oncogene; in this case, if the miRNA expression is lost,
for example, because the encoding gene is located in a
deleted region of the genome, the resulting effect will be
tumorigenic (lower panel). In summary, what usually
happens in a tumor is the overexpression of an oncogenic
miRNA and/or the loss of a miRNA with oncosuppressive
properties

circulating miRNA of individuals affected by dif-
ferent neoplasias can reflect the pattern observed
in the tumor tissues, evidence suggesting the fas-
cinating possibility of using circulating miRNAs
as easily detectable tumor biomarkers [19], espe-
cially for early diagnosis: very recently, Sozzi’s
group [20] has identified microRNA-expression
signatures with strong predictive, diagnostic, and
prognostic potential, analyzing plasma samples
of lung cancer patients collected 1-2 years before
the onset of disease.

Concerning breast cancer, for example, a pilot
study performed by Roth et al. [21] provided
the first evidence that tumor-associated circulat-
ing microRNAs are elevated in the blood of breast
cancer patients and associated with tumor pro-
gression. In particular, the authors evaluated the
relative concentrations of breast cancer-associated
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miR-10b, miR-34a, miR-141, and miR-155 in the
blood serum of 89 patients with primary breast
cancer and metastatic disease and 29 healthy
women, finding that miR-10b, miR-34a, and miR-
155 discriminated Ml-patients from healthy
controls.

Heneghan et al. [22] surveyed a panel of seven
candidate miRNAs in whole blood RNAs from
148 breast cancer patients and 44 age-matched
and disease-free controls. They found that the
expression of miR-195 was significantly elevated
in breast cancer patients and reduced in postop-
erative whole blood compared to the preopera-
tive samples of the same patients. Zhao et al. [23]
performed a microarray-based microRNA profil-
ing in plasma samples from 20 women with early
stage breast cancer (10 Caucasian American (CA)
and 10 African American (AA) and 20 matched
healthy controls (10 CAs and 10 AAs), demon-
strating that the altered levels of circulating miR-
NAs might have great potential to serve as novel,
noninvasive biomarkers for early detection of
breast cancer.

Switching then from profiling studies to the
definition of a functional role of microRNAs, it
has been demonstrated that their aberrant expres-
sion in cancer is not just a random association,
but the indication of a causal role exerted by these
small RNA molecules in the tumorigenic process.
Indeed, due to the role of microRNAs in regulat-
ing the expression of signaling molecules, such
as cytokine, growth factors, proapoptotic and
antiapoptotic genes, it has been demonstrated
that miRNAs can act either as oncogenes or
tumor suppressor, and more recently, it has been
demonstrated that a microRNA can exploit both
functions according to the cellular context of its
target genes. Another important issue concerns
the role of miRNAs in regulating the interaction
between cancer cells and the microenvironment,
particularly concerning neo-angiogenesis or tis-
sue invasion and metastasis.

Leukemia/Lymphoma
Chronic Lymphocytic Leukemia

As mentioned, the first evidence of alterations of
microRNA genes in human cancer came from
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studies of CLL. In a large study of indolent versus
aggressive CLL, Calin et al. discovered a signa-
ture of 13 microRNAs capable of distinguishing
between indolent and aggressive CLL [24].
Interestingly, it was found that miR-155, overex-
pressed in different lymphomas including the
ABC type of diffuse large B-cell lymphoma, is
also upregulated in aggressive CLLs (where it is
induced by MYB, [25], whereas members of the
miR-29 family and miR-181 were found to be
underexpressed and later demonstrated to directly
regulate the TCL1 oncogene, overexpressed in
the aggressive form of CLL [26].

More recently, a prognostic signature has been
identified in CLL patients with chromosome 17p
deletions (who develop a more aggressive dis-
ease), revealing that miR-15a, miR-21, miR-34a,
miR-155, and miR-181b are differentially
expressed in comparison with normal 17p and
normal karyotype. Moreover, miR-21 expression
levels were significantly higher in patients with
poor prognosis and predicted overall survival
(OS), and miR-181b expression levels signifi-
cantly predicted treatment-free survival [27].

Because of the “wait and watch” approach to
the treatment of CLL, a signature able to distin-
guish between CLL with good and bad prognosis
was also found. Sequencing of many microRNAs,
including those in the signature, allowed the iden-
tification of germ line and somatic mutations of
microRNA genes, including miR-15 and miR-
16-1 and miR-29 family members. Interestingly,
mutations in the miR-15/16 precursor were also
identified, affecting the processing of the pri-miR
into the pre-miR. In two cases, the mutant was in
homozygosity in the leukemic cells, while normal
cells of the two patients were heterozygous for
this abnormality, indicating a loss of the normal
miR-15/16 allele in the leukemic cell [24]. Thus
miR-15a and miR-16-1 behave like typical tumor
suppressors in CLL. Interestingly, Raveche et al.
[28] mapped a gene responsible for an indolent
form of CLL in the New Zealand Black (NZB)
mouse strain on chromosome 14, in a region
homologous to 13q14 in humans. Sequence anal-
ysis of this region showed a mutation in the pre-
cursor of miR-15/16 in the NZB mouse strain
6 nts 3' to miR-16-1 (in the human cases, the
mutation was 7 nts 3’ to miR-16-1), that also
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affected the processing of the miR-15/16 precursor.
Thus, germline mutation of miR-15/16 can cause
the indolent form of CLL both in human and
mouse. By using different algorithms to iden-
tify targets of miR-15a and miR-16-1, it was
found that BCL2, an oncogene protecting cells
from apoptosis, was a putative target of both miR-
15a and miR-16-1. Knock-down experiments
showed this to be the case [29]. Thus, loss of miR-
15a and miR-16-1 leads to high constitutive level
of the oncogene BCL2, contributing to the devel-
opment of an indolent B-cell leukemia. In follicu-
lar lymphoma, another common indolent B-cell
malignancy, BCL2 gene becomes dysregulated as
result of a t(14; 18) chromosome translocation,
because of its juxtaposition to immunoglobulin
enhancers, indicating that constitutive overex-
pression of BCL2 causes an indolent B-cell tumor.
Moreover, it was also found that loss of miR-15a
and miR-16-1 causes, although indirectly, overex-
pression of MCL1, another oncogene of the BCL2
family of inhibitors of apoptosis [30]. Interestingly,
a recent clinical trial of CLL patients with
ABT737, an inhibitor of BCL2 developed by
Abbott, showed partial resistance of the leukemic
cells to the drug, because ABT737 is specific for
BCL2 but not for MCL1. Thus, treatment with
either miR-15a or miR-16-1 may abrogate the
resistance to the drug and improve the responsive-
ness. Additional experiments in vitro and in vivo
also showed that miR-15a or miR-16-1 can be
exploited to cause death of leukemic cells, sug-
gesting the possibility of a microRNA-based ther-
apeutic intervention [30].

To further demonstrate a causal role of miR-
15a and miR-16-1 loss in the occurrence of CLL,
Klein et al. [31] have applied a genetic approach
generating sophisticated mouse models that have
either deletion of DLEU2 (a noncoding RNA
gene including the miR-15a and miR-16-1 clus-
ter in its intron 4) together with both miRNA
genes (MDR deleted) or deletion of the two
miRNA genes only. After 15-18 months, about
5% of the animals displayed monoclonal B-cell
lymphocytosis, which is a possible precursor to
CLL. More importantly, 1/5 of the MDR-deleted
and 1/8 of the miR-15a/16-1-deleted mice devel-
oped CLL or the related small cell lymphocytic
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leukemia. In addition, 9% of the MDR-deleted
and 2% of the miR-15a/16-1-deleted animals
developed a phenotype reminiscent of human
diffuse large B-cell lymphoma, a disease known
to progress from CLL at low frequency. Thus, the
deletion of the MDR caused B-cell lymphoprolif-
erative disorders, nicely recapitulating the spec-
trum of human CLL phenotypes.

More recently, Fabbri et al. [32] have shed
more light into the molecular mechanisms behind
the involvement of miR-15a and miR-16-1 in the
biology of CLL, describing a feedback regulatory
loop connecting miR-15a and miR-16-1, p53 and
miR-34b/34c cluster, which critically influences
the pathogenesis of CLL. The oncosuppressor
p53 is indeed at the same time directly targeted
by miR-15a and miR-16-1 and able to induce the
expression of these microRNAs and of miR-
34b/34c, which in turn directly regulate ZAP70.
In this model, the loss of miR-15a/miR-16-1
expression, represented by CLLs with 13q dele-
tions, not only shifts the balance toward higher
levels of the antiapoptotic proteins BCL2 and
myeloid cell leukemia sequence 1 (BCL2-related)
(MCL1), as previously demonstrated, but also
toward higher levels of the tumor suppressor pro-
tein TP53. Consequently, in patients with CLLs
with 13q deletions, while the number of apop-
totic cells may decrease because of the increased
levels of antiapoptotic proteins, the TP53 tumor
suppressor pathway remains intact, thus keeping
the increase in tumor burden relatively low. This
novel finding explains how 13q deletions are
associated with the indolent form of CLL.
Moreover, increased TP53 levels, as found in
patients with CLLs with 13q deletions, are asso-
ciated with transactivation of miR-34b/miR-34c
and reduced levels of ZAP70, a tyrosine kinase
relevant in the initial step of T-cell receptor-
mediated signal transduction. Low expression
levels of ZAP70 have been found to be positively
correlated with survival in patients with CLL,
further explaining the indolent course of CLL
carrying 13q deletions.

Acute Myelocytic Leukemia
Acute myelocytic leukemia (AML) is a heteroge-
neous disease that includes several entities with
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different genetic abnormalities and clinical fea-
tures. Garzon et al. have reported unique
microRNA profiles in the main molecular and
cytogenetic subgroups of AML. In addition, a
subset of these microRNAs was associated with
overall and disease-free survival [33]. Another
study identified a microRNA-expression signa-
ture with prognostic significance in patients with
AML belonging to the molecular high-risk group,
including 12 microRNAs associated with event-
free survival [34]. Five probes represented miR-
181a and miR-181b; their increased expression
was associated with a decreased risk of an event
(failure to achieve CR, relapse, or death). This
result was confirmed by a subsequent study
showing that upregulated miR-181a predicted
favorable outcome in CN-AML (AML with nor-
mal cytogenetics) [35].

Members of the miR-29 family are located in
two clusters on two human chromosomes: miR-
29b1/29a is located on chromosome 7q32, while
miR-29b2/c is located on chromosome 1q23.
Importantly, chromosome 7q is the region fre-
quently deleted in myelodysplastic syndrome
(MDS) and therapy-related AML [36]. Members
of the miR-29 family have been shown to be
downregulated in aggressive CLL [24], invasive
breast cancer [37], lung cancer [38], and cholan-
giocarcinoma [39]. Transfection of miR-29b
induces apoptosis in cholangiocarcinoma cell
lines and reduces the tumorigenicity of lung can-
cer cells in nude mice. Moreover, it was shown
that rhabdomyosarcoma looses miR-29 expres-
sion because of an elevation of NFkB and YY1
levels, and introduction of miR-29s into the
tumor delays rhabdomyosarcoma progression in
mice [40]. MiR-29s were also found to directly
target MCL1 [39], an oncogene overexpressed in
AMLs, and the de novo DNA methyltransferases
DNMT-3A and -3B, while indirectly, through
regulation of the transactivator Spl, the mainte-
nance DNA methyltransferase DNMT1 [35, 38].
Thus loss of miR-29 family members results in
the constitutive overexpression of MCL1 and of
DNMT, causing epigenetic changes characteris-
tic of AML. These recent results suggest that loss
of miR-29s may be important, perhaps critical,
for the pathogenesis of a major group of MDSs
and AMLs (Fig. 19.3).
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Lymphoma

Early studies have shown that miR-155 is upreg-
ulated in a subgroup of Burkitt’s lymphoma, dif-
fuse large B-cell lymphoma (DLBCL), primary
mediastinal B-cell lymphoma (PMBL), and
Hodgkin’s lymphoma [41, 42]. This microRNA
is encoded by the terminal portion of the BIC
(B-cell integration cluster) gene, which was orig-
inally identified as a common retroviral integra-
tion site in avian-leukosis-virus-induced B-cell
lymphomas [43]. Dr. Croce’s group demonstrated
that mice overexpressing miR-155 in B lympho-
cytes develop polyclonal preleukemic pre-B-cell
proliferation followed by full-blown B-cell
malignancy [44]. Moreover, two knock-out mice
models have demonstrated a critical role of miR-
155 in immunity by showing that BIC/miR-1557~
have defective dendritic cell functions, impaired
cytokine secretion, and T, cells intrinsically
biased toward T 2 differentiation [45, 46].
Moreover, miR-155 could represent the connec-
tion between inflammation, immunity, and can-
cer since its expression can be induced by
mediators of inflammation and is involved in
response to endotoxic shock [47].

He et al. [48] reported that miR-17-92 poly-
cistron was upregulated in 65% of B-cell lym-
phoma patients and demonstrated in a mouse
model that this miR cluster cooperates with the
oncogene MYC in accelerating tumor develop-
ment. More recently, a different group observed
that the overexpression of miR-17-92 in lympho-
cytes caused a lymphoproliferative disease, auto-
immunity, and premature death [49]. The
enhanced proliferation of the transgenic lympho-
cytes was mediated by direct regulation of
proapoptotic PTEN and Bim. O’Donnell et al.
[50] investigated the regulation of miR-17-92 in
lymphoma, demonstrating that the expression of
this cluster is directly activated by the oncogene
c-Myc. Moreover, miR-17-92 cluster, as well as
its paralog, miR-106b-25 [51], establishes with
the transcription factor E2F1, a downstream tar-
get of c-Myc, a negative feedback loop: E2F1
represents indeed a direct target of the two
microRNA clusters, but it also induces their
expression. Thus, MYC simultaneously activates
E2F1 transcription and limits its expression,
allowing a tightly controlled proliferative signal.
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Fig.19.3 Molecular alterations in CLL and AML. Deletion
or downregulation of miR-15a/miR-16-1 cluster, located at
chromosome 13q14.3 and directly involved in the regula-
tion of BCL2 and MCLI expression, represents an early
event in the pathogenesis of CLL. During the evolution of
malignant clones, other miRNAs (miRs) can be deleted
(such as miR-29) or overexpressed (such as miR-155), con-
tributing to the aggressiveness of B-CLL. Such abnormali-
ties can influence the expression of other protein-coding
genes (PCGs), such as the TCLI oncogene, directly regu-
lated by miR-29 and miR-181, or affect other noncoding

Multiple Myeloma

Few recent reports have linked microRNAs to
this plasma cell malignancy, as the aberrant
expression of miR-335, miR-342-3p, and miR-
561 in comparison to normal plasma cells [52] or
the Stat3-mediated activation of the oncogenic
miR-21 in response to IL-6 [53]. Mir-15a and
miR-16-1 have been described as oncosuppressor
microRNAs also in this tumor subtype [54-56].
Pichiorri et al. [57] described a microRNA signa-
ture characteristic of this neoplasia. They evalu-
ated by both microarray analysis and real-time
PCR the expression of microRNAs in MM-derived
cell lines, CD138+ bone marrow PCs from sub-
jects with MM or monoclonal gammopathy of
undetermined significance (MGUS), and normal
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RNAs (ncRNAs). The consequences of this steady accumu-
lation of abnormalities are represented by the reduction of
apoptosis and the induction of survival and proliferation of
malignant B cells, leading to the evolution of more aggres-
sive clones. Members of the miR-29 family, lost in AML and
in other tumor types as lung cancer, have also been shown to
directly target MCLI and DNMT3A and B (adapted from
Torio MV, Croce CM. MicroRNAs in cancer: small mole-
cules with a huge impact. J Clin Oncol. 2009;27(34):5848—
56. Reprinted with permission. © 2008 American Society of
Clinical Oncology. All rights reserved)

donors, identifying the oncogenic miR-21 and
miR-181 among the microRNAs aberrantly
expressed. Two miRNAs, miR-19a and 19b, part
of the miR-17-92 cluster, were also shown to
downregulate expression of SOCS-1, a gene fre-
quently silenced in MM that plays a critical role
inhibiting IL-6 growth signaling. Moreover,
xenograft studies using human MM cell lines
treated with miR-19a and b precursors or miR-
181a and b antagonists resulted in significant sup-
pression of tumor growth in nude mice, confirming
the involvement of these microRNAs in the
development of multiple myeloma (MM). More
recently, the same group [58] have demonstrated
that miR-192, 194, and 215, which are downregu-
lated in a subset of newly diagnosed MMs, can be
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Fig. 19.4 Cluster analysis and PAM prediction in breast
cancer and normal breast tissues. (a) Tree generated by a
cluster analysis showing the separation of breast cancer
from normal tissues on the basis of miRNA differentially
expressed (P<0.05) between breast cancer and normal tis-
sue. The bar at the bottom indicates the group of cancer

transcriptionally activated by p53 and modulate
MDM2 expression. In addition, miR-192 and 215
target the IGF pathway, preventing enhanced
migration of plasma cells into bone marrow.

MicroRNAs in Solid Malignancies
MicroRNAs in Breast Cancer

One of the first solid tumors to be profiled for
microRNAs expression was, in 2005, breast

samples (red) or the group of normal breast tissues (yellow).
(b) PAM analysis displaying the graphical representation of
the probabilities (0.0-1.0) of each sample for being a can-
cerous or a normal tissue (adapted from Iorio MV, Ferracin
M, Liu CG, et al. MicroRNA gene expression deregulation
in human breast cancer. Cancer Res. 2005;65:7065-70)

cancer. lorio et al. [37] described indeed the first
microRNA signature characteristic of breast car-
cinoma, identifying 13 microRNAs able to dis-
criminate tumors and normal tissues with an
accuracy of 100% (Fig. 19.4). Among the most
significant microRNAs differentially expressed,
some were extensively studied since their initial
discovery and revealed an important role on the
biology of breast cancer: miR-21, overexpressed
in breast carcinoma, has been demonstrated to
mediate cell survival and proliferation directly
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targeting the oncosuppressor genes PTEN,
PDCD4, and TPM1, and it has been associated
with advanced clinical stage, lymph node metas-
tasis, and patient poor prognosis [59, 60] also in
PABC (pregnancy-associated breast cancer) [61].
miR-21 has been also detected as circulating
microRNA, freely present in the circulation [62,
63] or in exosomes, as described in ovarian can-
cer [64]. Very recently, Ota et al. [65] have inter-
estingly demonstrated that increased expression
of miR-21 can be found in bone marrow of breast
cancer patients, and that the level of this
microRNA and its target PDCD4 have a prognos-
tic value.

Moreover, miR-21, one of the first cancer
microRNAs described, has been found overex-
pressed in a variety of other malignancies: glio-
blastoma [66, 67], ovary [68], lung [69, 70], and
more [71]. In colorectal cancer and pancreas
endocrine and exocrine tumor, miR-21 overex-
pression is also associated with poor survival and
poor therapeutic outcome [72-74].

Conversely, downregulated microRNAs, as
miR-125a and b and miR-205, regulate onco-
genes as tyrosine kinase receptors HER2 and
HER3, respectively [75, 76].

Let-7, tumor suppressor miR initially discov-
ered in C. elegans, where it induces cell cycle
exit and terminal differentiation, has been
described as a new regulator of self-renewal and
tumorigenicity of breast cancer cells [77], target-
ing molecules originally described in lung can-
cer: RAS [78] as well as the oncogene HMGA2
[79], and even MYC itself [80]. Overexpression
of let-7 miRNA family can suppress tumor devel-
opment in mouse models of breast and lung can-
cer [77, 81].

In the signature published in 2005, we could
also identify miRNAs differentially expressed
according to specific biopathological features,
such as grade and stage of the disease, vascular
invasion, proliferation index, and expression
of hormone receptors [37]. In particular, we
could identify a panel of miRNAs differentially
expressed in estrogen receptor (ER)+ versus ER—
breast carcinoma patients, being miR-191 and
miR-26, the most significantly overexpressed, and
miR-206, the most significantly downmodulated.

M.V. lorio et al.

miR-206 has been lately demonstrated by another
group to directly target ERo [82]. Moreover,
Foekens et al. described a subset of miRNAs sig-
nificantly associated with ER +luminal signature,
identifying in particular four miRNAs associated
with breast cancer aggressiveness [83]. Among
them, miR-128a has also been implicated in the
resistance to Al (aromatase inhibitor) letrozole
[84]. In a recent study performed in Dr. Croce’s
laboratory, we demonstrated [85] that miR-221
and miR-222 are involved in a negative feedback
regulation with ERalpha, been able to directly
target the receptor (as demonstrated also by
Zhao et al. [86], which in turn represses the
transcription of the two miRNAs through direct
binding to responsive elements on their pro-
moter sequences. Moreover, other groups have
demonstrated that overexpression of miR-221 and
miR-222 is responsible for resistance to antiestro-
genic therapies, such as tamoxifen [86, 87] and
fulvestrant [88].

Our group particularly focused on the study of
miR-205 involvement in breast cancer biology.
Previous studies showed that miR-205 expres-
sion is significantly underexpressed in human
breast cancer [89, 90] and associated with absence
of vascular invasion [37], although it has also
been shown to be upregulated in other tumors
types, as ovarian cancer [68]. We recently dem-
onstrated [89] that miR-205 is able to interfere
with the HER receptor family-mediated survival
pathway by directly targeting HER3 receptor and
thus inhibiting its downstream mediator Akt. In
addition, other studies indicated that miR-205 is
a negative regulator of the epithelial-mesenchy-
mal transition (EMT), an early phase of the pro-
cess of metastasis, targeting the transcription
factors ZEB1 and ZEB2, and that expression of
miR-205 is lost in mesenchymal breast cancer
cell lines [91] and triple-negative breast cancer
[92]. Moreover, miR-205 also targets VEGF-A, a
factor which plays a key role in the process of
invasion and metastasis [90]. Finally, in a very
recent study, silencing of miR-200 family and
miR-205 has been associated with EMT and
acquisition of stem-like properties in carcinogen-
induced transformation of human lung epithelial
cells [93].
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Table 19.2 miRNAs in human breast cancer

Name Localization Expression and role Targets

miR-21 17q23.2 Overexpressed BCL2
Amplified TPM1
Oncogenic role PDCD4

miR-155 21p21.3 Overexpressed

miR-206 6pl2.2 Overexpressed ERx

miR-125a 19q13.41 Downmodulated ERBB2, ERBB3
Oncosuppressor
Downmodulated

miR-125b 11g24.1 Deleted ERBB2, ERBB3
Oncosuppressor

miR-145 5q32 Downmodulated
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miR-10b 2q31.1

Downmodulated but associated with

Homeobox D10

metastatic potential

miR-9-1 1q22 Downmodulated, hypermethylated

miR-27a 19p13.12 Oncogenic role in MDA-MB-231 cells ZBTBI10

miR-17-5p 13q31.3 Oncosuppressor in breast cells lines AIBI

Let-7 a Downmodulated RAS
Reduced in BT-ICs HMGA2

Modified from Iorio MV, Casalini P, Tagliabue E, et al. MicroRNA profiling as a tool to under-
stand prognosis, therapy response and resistance in breast cancer. Eur J Cancer. 44(18):2753-9.

©2008. With permission from Elsevier

“Members of Lez-7 family have different chromosomal localization

Table 19.2 summarizes the information avail-
able to date about some of the most important
miRNAs involved in human breast cancer, and the
cartoon reported in Fig. 19.5 illustrates the involve-
ment of microRNAs in the complicated network
of molecules regulating breast cancer biology.

Lung Cancer

One of the first oncosuppressor microRNAs iden-
tified is let-7a, which regulates RAS [78] as well
as the oncogene HMGAZ2 [78, 79], and even MYC
itself [80]. Overexpression of let-7 microRNA
family can suppress tumor development in mouse
models of breast and lung cancer [77, 81]. In the
two most common forms of non-small cell lung
cancers (adenocarcinomas and squamous cell
carcinomas), high expression of miR-155 and
low expression of oncosuppressor let-7 correlate
with poor prognosis [69]. The association of let-
7a with survival was also confirmed by an inde-
pendent study performed by Yu et al. [94], who
identified a miR signature as independent predic-
tor of cancer relapse and survival of NSCLC
(non-small cell lung cancers) patients.

As in other tumor types, also in lung cancer,
microRNAs can represent accurate diagnostic
markers. However, data are not always consistent:
whereas in 2009, it has been described that
squamous and nonsquamous NSCLCs can be dis-
tinguished according to the expression of miR-205
[95]; more recently, another group [96] underlines
how, despite the relative quantification of miR-205
and miR-21 seems to be a promising diagnostic
tool to discriminate adenocarcinomas (ADCs)
compared with squamous cell carcinomas
(SQCCs), the molecular approach is still not com-
pletely satisfactory as it may misclassify a nonneg-
ligible percentage of cases. Therefore, the authors
state that it cannot represent a substitute of accu-
rate morphologic and immunophenotypical char-
acterization of tumors, but it could be used as an
adjunctive diagnostic criterion in selected cases.

MicroRNAs have also been found in the cir-
culation in lung cancer patients, either free or
associated with exosomes: Rabinowits et al. [97]
found a similarity between the circulating exo-
somal miRNA and the tumor-derived miRNA
patterns; in addition Hu et al. [98] found that
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Fig. 19.5 miRNAs take their place in breast cancer biol-
ogy. Summary of the interconnections between miRNAs
and tumor suppressor genes and oncogenes in breast can-
cer (adapted from lorio MV, Casalini P, Tagliabue E, et al.

levels of four miRNAs (i.e., miR-486, miR-30d,
miR-1, and miR-499) present in the serum of
lung cancer patients were significantly associated
with overall survival. More recently, Sozzi’s
group [20] has identified microRNA-expression
signatures with strong predictive, diagnostic, and
prognostic potential analyzing plasma samples of
lung cancer patients collected 1-2 years before
the onset of disease, thus suggesting their possi-
ble use as noninvasive biomarkers for early
diagnosis.

Notably, microRNAs are also stably present in
sputum and can be used as highly sensitive and
specific markers for early detection of lung ade-
nocarcinoma, in particular, a panel of four
microRNAs (miR-21, miR-486, miR-375, and
miR-200b) [99].

miR-200c, demonstrated to inhibit the EMT
process in breast cancer [91], is lost in more

MicroRNA profiling as a tool to understand prognosis,
therapy response and resistance in breast cancer. Eur J
Cancer. 44(18):2753-9. ©2008. With permission from
Elsevier)

aggressive and invasive NSCLC (non-small cell
lung cancer) cell lines and associated with
chemoresistance [100].

MiR-21, known onco-microRNA in several
human tumors, seems to play an important role
also in lung carcinogenesis, both in smokers and
in never-smokers, being overexpressed and fur-
ther enhanced by the activated EGFR signaling
pathway [101]. Moreover, it has been associated
with disease progression and survival [102], also
in stage I lung tumors, as recently reported [103].

Among the microRNAs acting as oncogenes,
Garofalo et al. [104] have shown that miR-221
and 222 are overexpressed in aggressive non-
small cell lung cancer and hepatocarcinoma cells,
and that they induce TRAIL resistance and
enhanced cellular migration by targeting PTEN
and TIMP3 tumor suppressors and activation of
AKT pathway and metallopeptidases. Moreover,
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they demonstrated that the MET oncogene is
involved in miR-221 and 222 activation through
the c-Jun transcription factor.

Focusing on (c) hepatocellular carcinoma
(HCC), Murakami et al. [105] reported that miR-
222, miR-106a, and miR-17-92 clusters are asso-
ciated with the degree of tumor differentiation,
while high levels of the oncosuppressor miR-125b
correlate with good survival [106]. MiR-125b has
also been shown to induce growth inhibition
in vitro in a model of human thyroid anaplastic
carcinoma [107]. Other studies focused on the
identification of molecules targeted by microR-
NAs deregulated in HCC: miR-122a, downmodu-
lated in HCC, directly regulates Cyclin G1 [108],
and miR-221, upregulated in this neoplasia,
directly targets p27 [109], as also shown in thy-
roid cancer [107], and contributes to liver tumori-
genesis [110], glioblastoma [111], prostate cancer
[112], and melanoma [113]. One of the first evi-
dences proving miR alteration in human mela-
noma is a genomic study performed by Zhang
et al. [114], who reported DNA copy abnormali-
ties in microRNA genes also in two other epithe-
lial tumors, breast, and ovary. Interestingly, the
results obtained by this genomic analysis were
largely overlapping with the expression profiles
on the same tumor types [37, 68].

Interestingly, the downregulation of miR-26
has been associated to poor prognosis but better
response to interferon therapy [115].

Ovarian Cancer
The first report of a putative involvement of miR-
NAs in the biology of human ovarian cancer was
the genomic study performed by Zhang et al.,
who used an array comparative genomic hybrid-
ization (aCGH) approach to identify miRNA loci
gained/lost in ovarian cancer, breast cancer, and
melanoma [114]. Many of the miRNAs resulting
from this study were later confirmed to be dif-
ferentially expressed in the miRNA expression
profiling performed by our group in 2007 [68].
After this initial evidence, several groups have
investigated the role of miRNAs in the pathogen-
esis of ovarian cancer, either as biomarkers,
potential research tools, or targets for specific
therapies. miRNA let-7i was recently found to be

a tumor suppressor significantly downregulated
in platinum-resistant ovarian tumors, and let-7i
gain of function restored drug sensitivity of
chemoresistant ovarian cancer cells, thus repre-
senting a candidate biomarker and therapeutic
target [116]. An oncosuppressive role for miR-
15/16 has been described also in ovarian cancer,
where these two miRNAs regulate the expression
of the oncogenic protein Bmil [117].

In another study, 27 miRNAs significantly
associated with chemotherapy response, showing
that (similar to DNA methylation) miRNAs repre-
sent possible prognostic and diagnostic biomark-
ers for ovarian cancer [118]. miR-214 has been
reported to target PTEN, thus contributing to cis-
platin resistance [119]. Interestingly, levels of
Dicer and Drosha mRNA in ovarian cancer cells
have been associated with clinical outcome [120].

Circulating microRNAs have been found in
sera of ovarian cancer patients: levels of eight
microRNAs (miR-21, miR-141, miR-200a, miR-
200c, miR-200b, miR-203, miR-205, and miR-
214), previously demonstrated as diagnostic,
were compared in exosomes isolated from sera
specimens of women with benign disease and
various stages of ovarian cancer, and the expres-
sion profile resulted similar between tumor cells
and tumor-derived exosomes in comparison with
respective controls [120].

Interestingly, miR-200c, downregulated in
breast cancer, where it inhibits the EMT process
[121], is overexpressed in ovarian cancer [68],
where the targeting of ZEB1 and 2 mediates the
opposite phenomenon, the mesenchymal to epi-
thelial transition (MET) [122].

MicroRNAs in Invasion,
Angiogenesis, and Metastasis

MicroRNAs have been demonstrated to exert a
crucial role not only in controlling the primary
tumor growth by regulating pathways involved in
cell cycle and proliferation, but also to be deter-
minant in modulating migration, invasion, and
the interaction with the microenvironment, mech-
anisms related to the acquisition of a more aggres-
sive phenotype, and promoting the onset of the
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metastatic process: the scientific world has coined
the definition “metastomiRs.”

One of the first studies reporting a prometa-
static role for a miRNA was published by Ma
et al. [123]. They observed that miR-10b was
downmodulated in all the breast carcinomas from
metastasis-free patients, as previously reported
[37], but surprisingly, 50% of metastasis-positive
patients had elevated miR-10b levels in their
primary tumors. Induced by transcription factor
Twist, miR-10b inhibits the translation of mRNA
encoding homeobox D10 (HOXD10), releasing
the expression of the prometastatic gene RHOC
and, thus, leading to tumor cell invasion and
metastasis.

The same group has later identified miR-9 as a
new “metastomiR”: activated by MYC and
MYCN and correlated with tumor grade and met-
astatic status, miR-9 directly targets CDH1, the
E-cadherin-encoding messenger RNA, leading to
increased cell motility and invasiveness, activa-
tion of beta-catenin signaling, and upregulation
of VEGF. Moreover, overexpression of miR-9 in
otherwise nonmetastatic breast tumor cells
enables these cells to form pulmonary microme-
tastases in mice. Conversely, inhibiting miR-9 by
using a “miRNA sponge” in highly malignant
cells inhibits metastasis formation [124].

Through a functional screen aimed to discover
miRNAs promoting cell migration in vitro,
Huang et al. [125] identified miR-373 and vali-
dated its metastatic potential in tumor transplan-
tation experiments using breast cancer cells.

MiR-34a, which is lost in several tumor types
and involved into the network mediated by the
well-known “genome guardian” p53 [126], inhib-
its migration and invasion by downregulation of
MET expression in human HCC cells [127].
Oncosuppressive  miR-145 inhibits not only
tumor growth but also cell invasion and metasta-
sis by direct targeting of mucin 1 [128].

EMT is thought to promote malignant tumor
progression, and several groups have recently
investigated whether miRNAs are involved in
this process, and there are data to support this
hypothesis. Indeed, members of the miR-200
family of miRNAs and miR-205 have been
shown to reduce cell migration and invasiveness

M.V. lorio et al.

targeting ZEB transcription factors, known induc-
ers of EMT [91, 129], and PKCg, as demonstrated
in prostate cancer [130]. In addition ZEB1, which
promotes not only tumor cell dissemination but
also the tumor-initiating capacity, has been shown
to repress expression of miR-200 family [131,
132] and stemness-inhibiting miR-203 [133].

The oncogenic miR-21 stimulates intravasa-
tion, extravasation, and metastasis in different
tumor types, included colorectal cancer [134] and
breast cancer [135], whereas oncosuppressor
miR-205 has the opposite effects, reducing inva-
sion in vitro and suppressing lung metastasis
in vivo [90]. With the same aim of searching for
regulators of breast cancer metastasis, Tavazoie
et al. [136] identified miR-126 and miR-335 as
metastasis suppressors: reduced levels of the two
miRNAs are associated with poor metastasis-free
survival of breast cancer patients, while their
reexpression inhibits metastasis in a cell trans-
plantation model.

Interestingly, it has been recently observed
that primary tumors and metastases from the
same tissue show a similar pattern of miRNAs
expression [137]. Being a more accurate classi-
fier than mRINA expression studies, miRNA pro-
filing has thus revealed the potential to solve one
of the most demanding issues in cancer diagnos-
tics: the origin of metastasis of unknown primary
tumors.

In the metastatic process, neo-angiogenesis is
the crucial step allowing cells to reach and dis-
seminate through the systemic circulation. miR-
NAs can control tumor progression also at this
level, either promoting or inhibiting the prolifera-
tion of endothelial cells. miR-221 and miR-222
repress the proliferative and angiogenic proper-
ties of ¢c-Kit in endothelial cells [138], and miR-
221 downregulation has been recently linked to
tumor progression and recurrence in a high-risk
prostate cancer [116], whereas hypoxic reduction
of miR-16, miR-15b, miR-20a, and miR-20b
expression directly targets VEGF, supporting the
angiogenic process [139]. On the other hand,
VEGEF levels can be indirectly increased by miR-
27b, through reduction of the zinc finger protein
ZBTBI10 and the consequent activation of Sp
transcription factor [140], and by miR-126,
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through repression of Sprouty-related protein
SPREDI and phosphoinositol 3-kinase regula-
tory subunit 2 (PIK3R?2) [141]. Angiogenesis can
be also promoted by miR-210, activated by
hypoxia and directly represses endothelial ligand
ephrin A3 [142], and by the miR-17-92 cluster,
which sustains MYC angiogenic properties
through repression of connective tissue growth
factor (CTGF) and the antiangiogenic adhesive
glycoprotein thrombospondin 1 (TSP1) [143],
also targeted by miR-27b and let-7f [144].

Interestingly, Dicer expression seems to be
associated with metastatic properties: amicroRNA
family, miR-103/107, which attenuates miRNA
biosynthesis by targeting Dicer, a key component
of the miRNA processing machinery, is associ-
ated with metastasis and poor outcome in human
breast cancer. Functionally, miR-103/107 confers
migratory capacities in vitro and empowers met-
astatic dissemination of otherwise nonaggressive
cells in vivo. Inhibition of miR-103/107 opposes
migration and metastasis of malignant cells. At
the cellular level, a key event fostered by miR-
103/107 is induction of epithelial-to-mesenchy-
mal transition (EMT), attained by downregulating
miR-200 levels [145]. Metastasis suppression is
also mediated by TAp63, a p53 family member,
which coordinately regulates Dicer and miR-
130b [146].

MicroRNA Expression Regulation

General Principles of miRNA Genomic
Organization

miRNAs are frequently expressed as polycistronic
transcripts. To date, 1,048 human miRNA precur-
sor sequences have been deposited in miRBase
[147]. Approximately one-third (390) of these
miRNAs are located in 113 clusters, each measur-
ing <51 kb in the human genome (51 kb being the
longest distance between miRNAs belonging to
the same cluster). These miRNA clusters are
coexpressed based on evidence from miRNA pro-
filing data from a variety of tissues and cell lines
[148, 149]. Presentation of miRNA profiles in the
form of expression clusters provides a readily
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interpretable summary of expression data and
stresses the importance of cistronic expression
regulation; dysregulation of one member of the
cluster should be accompanied by similar dysreg-
ulation of other cluster members. Since miRNA
genes are frequently multicopy, determining the
relative contribution of each genomic location to
mature miRNA expression is challenging.

miRNA Expression Regulation: Genomic
and Epigenetic Mechanisms

miRNA expression can be altered by several
mechanisms in human cancer: chromosomal
abnormalities, as suggested by the evidence that
microRNAs are frequently located in regions of
the genome involved in alterations in cancer [15],
and recently confirmed by a genetic study in
ovarian carcinoma, breast cancer, and melanoma
[114]; mutations, as the inherited mutations in the
primary transcripts of miR-15a and miR-16-1
responsible for reduced expression of the two
microRNAs in vitro and in vivo in CLL [28];
polymorphisms (SNPs), as described in lung can-
cer [98]; defects in the miRNA biogenesis
machinery, as supported by the changes in
microRNA expression as a consequence of an
altered Drosha or Dicer activity [120, 150-152],
and epigenetic changes, as altered DNA methyla-
tion (Fig. 19.6).

Moreover, aberrant expression of Drosha or
Dicer enzymes has been correlated with disease
progression and outcome in different human
tumors, even though results are still controver-
sial: strong expression of the central microRNA
biosynthesis enzyme Dicer predicts poor progno-
sis in patients with colorectal cancer [153] and
prostate cancer, whereas in breast, lung, and
ovarian cancer [120] and neuroblastoma [154],
Dicer has been shown to be a marker of good
prognosis. Thus further studies on the cellular
functions of Dicer need to address these issues.

An extensive analysis of genomic sequences
of miRNA genes have shown that approximately
half of them are associated with CpG islands,
suggesting that they could be subjected to this
mechanism of regulation [155]. Several evidences



534 M.V. lorio et al.
Genomic changes:
deletions, amplifications,
translocations
Transcription
Factors
romoter miR gene Drosha ; .
P 9 ‘ . Pr-miR 5 Pre-miR
3
tT T 5
[ Epigenetic changes ” SNPs, mutations ‘ Altered expression or
function
Exportin 5
Pre-miR

Mature MR — ¢

Fig. 19.6 Mechanisms of miRNA regulation. The dereg-
ulated miRNA expression observed in cancer can be
caused by chromosomal abnormalities, mutations, poly-
morphisms (SNPs), transcriptional deregulation, defects
in the miRNA biogenesis machinery, and epigenetic

have indeed proved that an altered methylation
status can be responsible for the deregulated expres-
sion of microRNAs in cancer, as the silencing of
putative tumor suppressor microRNAs: treating
T24 bladder cancer cells and human fibroblasts
with DNA methyltransferase (DNMT) inhibitor
5-Aza-2'-deoxycytidine, Saito et al. [156] observed
a strong upregulation of miR-127, microRNA char-
acterized by a CpG island promoter, able to target
the proto-oncogene BCL-6, and silenced in several
cancer cells. With the same approach of unmask
epigenetically silenced microRNAs inducing chro-
matin remodeling by drug treatment, it has been
demonstrated that miR-9-1 is hypermethylated
and consequently downmodulated in breast cancer
[157], as well as the clustered miR-34b and miR-
34c¢ in colon cancer [158].

Conversely, the upmodulation of putative
oncogenic microRNAs in cancer can be due to
DNA hypomethylation, as shown in lung adeno-
carcinoma for let-7a-3 [159] or in epithelial ovar-
ian cancer for miR-21 [68].

A different approach to identify epigenetically
regulated microRNAs was represented by the miR
profiling of DNMT1- and DNMT3b-deficient

changes (adapted from Iorio MV, Croce CM. MicroRNAs
in cancer: small molecules with a huge impact. J Clin
Oncol. 2009;27(34):5848-56. Reprinted with permission.
©2008 American Society of Clinical Oncology. All rights
reserved)

colorectal cancer cells: among the 18 microRNAs
upmodulated in comparison to WT cells, the only
one resulting unmethylated in normal tissue but
hypermethylated, and thus silenced, in tumor
was miR-124a, embedded in a large CpG island
and able to target cyclin D kinase 6, which medi-
ates the phosphorylation of RB tumor suppressor
gene [160].

Methylation is not the only epigenetic mecha-
nism that can affect microRNAs expression:
Scott et al. [161] showed that in SKBR3 breast
carcinoma cells histone deacetylase inhibition is
followed by the extensive and rapid alteration of
microRNAs levels.

The existence of epigenetic drugs, such as
DNA demethylating agents and histone deacety-
lase inhibitors, able to reverse an aberrant methy-
lation or acetylation status, raises the intriguing
possibility to regulate microRNA levels, for exam-
ple, to restore the expression of tumor suppressor
microRNAs, thus reverting a tumoral phenotype.

To complicate the scenario connecting microR-
NAs and epigenetics, microRNAs themselves can
regulate the expression of components of the epi-
genetic machinery, creating a highly controlled
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feedback mechanism: miR-29 family directly tar-
gets the de novo DNA methyltransferases
DNMT-3A and -3B, while indirectly, through
regulation of the transactivator Spl, the mainte-
nance DNA methyltransferase DNMTI1. Inter-
estingly, introduction of miR-29s into lung
cancers and AMLs results in reactivation of
silenced tumor suppressors and inhibition of tum-
origenesis [35, 38]. Loss of miR-290 cluster in
Dicer-deficient mouse ES cells leads to the down-
regulation of DNMT3a, DNMT3b, and DNMT1
through upmodulation of their repressor, RBL-2,
proven target of miR-290 [162, 163]; miR-1,
involved in myogenesis and related diseases,
directly targets HDAC4 [164].

Alterations in miRNA Transcriptional
Regulation

Some autonomously expressed miRNA genes
have promoter regions that allow miRNAs to be
highly expressed in a cell-type-specific manner
and can even drive high levels of oncogenes in
cases of chromosomal translocation. The miR-
142 gene, a marker of hematopoietic cells, is
located on chromosome 17 and was found at the
breakpoint junction of a t(8;17) translocation,
which causes an aggressive B-cell leukemia due
to strong upregulation of a translocated MYC
gene. The translocated MYC gene, which was
also truncated at the first exon, was located only
four nucleotides from the 3'-end of the miR-142
precursor, placing the translocated MYC under
the control of the upstream miR-142 promoter. In
an animal model for HCC, a similar event placed
MYC downstream the miR-122a promoter active
only in hepatocytes.

Many transcription factors regulate miRNA
expression in a tissue-specific and disease state-
specific fashion, and some miRNAs are regulated
by well-established tumor suppressor or onco-
gene pathways, such as TP53, MYC, and RAS.
The miRNA and its transcriptional regulators can
participate in complex feedback regulation loops.
Examples include the TP53-regulated miR-34a
[165, 166], the RAS-regulated miR-21 [167], and
the MYC-regulated miR-17-92 cluster [143].
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MicroRNAs/Anti-microRNAs
in Cancer Treatment

An increasing body of evidence collected up to
date demonstrates how microRNAs could repre-
sent valid diagnostic, prognostic, and predictive
markers in cancer. Indeed, the aberrant microRNA
expression correlates with specific biopathologi-
cal features, disease outcome, and response to
specific therapies in different tumor types.
Moreover, several indications in preclinical mod-
els underline the feasibility and the efficacy of a
microRNA-based therapy in cancer, using these
small molecules as both targets and tools
(Fig. 19.7 and Table 19.3).

Reintroduction of miR-15a/16-1, for example,
induces apoptosis in leukemic MEGO1 cells
and inhibits tumor growth in vivo in a xeno-
graft model [30], whereas the inhibition of onco-
genic miR-21 with antisense oligonucleotides
generates a proapoptotic and antiproliferative
response in vitro in different cellular models and
reduces tumor development and metastatic poten-
tial in vivo [168].

Moreover, microRNAs involved in specific
networks, as the apoptotic, proliferation, or
receptor-driven pathways, could likely influence
the response to targeted therapies or to chemo-
therapy: inhibition of miR-21 and miR-200b
enhances sensitivity to gemcitabine in cholangi-
ocytes, probably by modulation of CLOCK,
PTEN, and PTPN12 [169], whereas reintroduc-
tion of miR-205 in breast cancer cells can improve
the responsiveness to tyrosine kinase inhibitors
through HER3 silencing [89], and enforced
expression of miR-15b or miR-16 could sensitize
multidrug-resistant gastric cells to vincristine-
induced apoptosis [170].

Nevertheless, effective delivery into target tis-
sues remains a major hurdle for microRNA-based
therapy, including the applications of antagomirs
and synthetic miRNA duplexes.

In the case of reduction in the levels of the
mature microRNA (due to deletion present in the
microRNA gene or to other mechanisms as
defects in the processing machinery and aberrant
transcription), the therapeutic approach could be
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(miR-21, miR-155, miR-17-82._.)
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(miR-15/186, let-7, miR-125, miR-205..)

MIGRATION and METASTASIS

Fig. 19.7 miRNAs as therapeutic tools. The reintroduc-
tion by transfection of synthetic miRNAs lost during can-
cer development or progression or the inhibition of
oncogenic miRs by using anti-miRNA oligonucleotides
could help counteract tumor proliferation, extended sur-
vival, and the acquisition of a metastatic potential, thus

the exogenous delivery of synthetic double-
stranded hairpin by complexing with lipids or
delivery proteins. As reported by Tazawa et al.
[171], miR-34a transiently inhibits human colon
cancer tumor progression when administered
subcutaneously in complexes with atelocollagen,
recently shown to be a very useful system to effi-
ciently deliver small interfering RNA molecules
into tumors in vivo. Chen et al. have developed a
liposome-polycation-hyaluronic acid (LPH)
nanoparticle formulation modified with tumor-
targeting single chain antibody fragment (scFv)
for systemic delivery of miR-34a to lung metas-
tasis of murine melanoma cells [172].

However, the vulnerability of unmodified
dsRNAs to nucleases in vivo limits the use of this
class of compound to privileged local environ-
ments where locally administration is feasible.

S
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representing potential therapeutic tools (adapted from Iorio
MYV, Croce CM. MicroRNAs in cancer: small molecules
with a huge impact. J Clin Oncol. 2009;27(34):5848-56.
Reprinted with permission. © 2008 American Society of
Clinical Oncology. All rights reserved)

Using a conditional mouse lung cancer model, in
which the expression of oncogenic K-ras could
be conditionally activated, Esquela-Kerscher
et al. showed that the intranasal administration of
an adenovirus expressing let-7a RNA hairpin
reduced tumor formation in vivo [173]. In 2009,
Kota et al. [174] presented a study on therapeutic
microRNA delivery suppressing tumor formation
in a murine liver cancer model. The authors
demonstrated that systemic administration of
miR-26a in a mouse model of HCC using adeno-
associated virus (AVYV) resulted in inhibition of
cancer cell proliferation, in the induction of
tumor-specific apoptosis. These results are con-
sistent with previous findings made by that same
group, which demonstrated that MYC-induced
liver tumors result in concomitant downregula-
tion of various microRNAs [175].
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In short-term experiments of cardiac hypertro-
phy, conducted by Care et al., [176], overexpres-
sion of miR-133 by adenovirus delivery resulted
in a significant reduction in the size of left ven-
tricular cardiac myocytes and a significant
decrease in the expression of fetal genes. To
achieve stable miRNA reintroduction, the expres-
sion can be enforced by a viral vector with Pol III
promoter upstream an artificial short hairpin
RNA (shRNA) that bypasses Drosha processing,
yet is cleaved and loaded into miRISC by Dicer.
Most constructs have used Pol III promoters,
including U6, H1, and tRNA [177-179]; how-
ever, these promoters have no cell specificity.
Moreover, exceedingly, high levels of shRNA
expression increase the probability of off-target
silencing and elicit nonspecific effects such as
interferon response, and they can also saturate
exportin 5 pathway of endogenous miRNAs with
fatal consequences [180]. Alternatively, the entire
pri-miRNA can be expressed from an RNA Pol II
promoter, leaving open the possibility for tissue-
specific or induced ectopic miRNA expression.
Furthermore, most miRNAs are known to be
downstream Pol II promoters, within known pro-
tein-coding genes and expressed by Pol II activ-
ity [181]. Therefore, strategies using Pol
II-directed synthesis of shRNA that mimic the
natural miRNA synthesis could be an efficient
therapeutic approach.

To achieve miRNA loss of function, chemi-
cally modified anti-miR oligonucleotides (AMOs)
have been developed [182]. The most important
property of such oligonucleotides is the specific-
ity and high binding affinity to RNA, and a num-
ber of them have been pursued in clinical trials.
miRNA downregulation has been achieved by
using 2-O-methyl oligonucleotides [75, 76]. miR-
122 inhibition was obtained by treating mice with
AMOs containing 2-O-methoxyethyl groups
resulted in reduced plasma cholesterol [183].
Intravenous administration of cholesterol-conju-
gated AMOs against miR-16, miR-122, miR-192,
and miR-194 resulted in a marked reduction of
corresponding miRNA levels in liver, lung, kid-
ney, heart, intestine, fat, skin, bone marrow, mus-
cle, ovaries, and adrenals [182, 184].

M.V. lorio et al.

Very interestingly, Ma et al., after the demonstra-
tion of the crucial role of miR-10b as metastomiR in
breast cancer, have exploited a possible therapeutic
application, reporting that systemic treatment of
tumor-bearing mice with miR-10b antagomirs sup-
presses breast cancer metastasis [124].

Other modified AMOs are represented by
locked nucleic acid (LNA) oligonucleotides, able
to inhibit exogenously introduced miRNAs with
high specificity [185].

The first clinical trial in human of LNA-anti-
miR (a placebo-controlled, double-blind, ran-
domized, single-dose, dose-escalating safety
study of SPC3649 in a total of 64 healthy male
volunteers) has been conducted by Denmark’s
Santaris to study SPC3649 (LNA-anti-miR-122)
(ClinicalTrials.gov Identifier: NCTO00688012).
miR-122 is an abundant miRNA in the liver. The
hepatitis C virus (HCV) genome harbors two
closely spaced miR-122 target sites in the 5’ non-
coding region required for HCV replication.
Kauppinen et al. showed that administration of
LNA-anti-miR into mice resulted in a dose-
dependent depletion of mature miR-122 [186].
An efficacy study was later conducted by Elmen
et al. on nonhuman primates [187], where they
observed a dose-dependent sequestration of
mature miR-122 and a long-lasting decrease of
total plasma cholesterol. The same group has
very recently developed tiny (8-mer) LNAs to
obtain the simultaneous inhibition of miRNAs
within families sharing the same seed, with con-
comitant upregulation of direct targets [188].

However, the same limitations encountered
with the application of synthetic miRNA duplexes
are encountered in the applications of antago-
mirs, namely, their effective delivery into target
tissues.

An interesting approach to overcome these
problems is to target miRNA by saturating them
with target mRNAs. Ebert et al. [189] developed
miRNA inhibitory transgenes, called “microRNA
sponges,” expressing an mRNA containing mul-
tiple tandem binding sites for an endogenous
miRNA and thus able to stably interact with the
corresponding miRNA and prevent its associa-
tion with its endogenous targets. Both designed
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polymerase Pol II- and Pol III-driven miRNA
sponges showed more efficiency for miRNA
inhibition compared to standard 2'-O-Me
antagomirs.

Lentiviral vectors have proven to be effective
tool to ectopically express miRNAs using suit-
able transcriptional control units. It has been
reported by Gentner et al. [179, 190] that stable
miRNA-223 knockdown can be achieved in vivo
by transducing bone marrow stem and progenitor
cells with multiple target sequences from strong
promoters and transplanting them into lethally
irradiated congenic recipients. They demonstrated
that overexpressing miR-targets specifically
affects the targeted miRNA rather than saturating
the effector pathway. However, the need for strong
promoters and multiple vector integrations to
obtain a high miR-target expression could increase
the risk of insertional mutagenesis in target cells,
potentially confounding the identification of
miRNA knockdown phenotypes, and thus repre-
senting a potential limitation of this strategy.

Su et al. [191] have applied a nanotechnologic
approach to the use of anti-miRNAs: systemic
delivery of a chemically stabilized anti-miR-122
complexed with interfering nanoparticles (iNOPs)
effectively silences the liver-expressed miR-122
in mice, thus resulting in lowering of plasma
cholesterol.

Beside targeted therapies and chemotherapy,
microRNAs could also alter the sensitivity to
radiotherapy, as recently reported by Slack’s
group [192]: a potential therapeutic use for anti-
miR-34 as a radiosensitizing agent in p53-mutant
breast cancer could be considered; in lung cancer
cells, let-7 family can suppress the resistance to
anticancer radiation therapy, probably through
RAS regulation.

Evidences described up to date provide the
experimental bases for the use of microRNAs as
both targets and tools in anticancer therapy, but
there are at least two primary issues to address to
translate these fundamental research advances
into medical practice: the development of engi-
neered animal models to study cancer-associated
microRNAs and the improvement of the effi-
ciency of miRNAs/anti-miRs delivery in vivo.
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Concluding Remarks and Future
Perspectives

Fifteen years ago, when microRNAs seemed just
a peculiar discovery in C. elegans, the scientific
world did not probably even imagine that those
small noncoding molecules would have a large
impact on our understanding of cellular biology
and gene regulation.

MicroRNAs contribute to maintain the bal-
ance among genes regulating cells’ fate, and their
deregulation, a frequent hallmark in different
human malignancies, can destabilize this equilib-
rium, thus contributing to cancer development
and/or progression, from initiation to metastatic
disease. However, despite the increasing and
encouraging body of evidence linking microR-
NAs to cancer biology, many important questions
remain to be addressed: in fact, although the
identification and validation of microRNA targets
greatly improved in the last few years, we still
know very little about the cellular and molecular
circuits where they are involved. The scenario is
surely complicated by the ability of microRNAs
to target multiple molecules, sometimes belong-
ing to related pathways, and at the same time by
the redundancy existing among microRNAs. This
gives rise to a complex regulatory network where
biological effects and properties of a particular
microRNA do not always allow a linear
explanation.

Improvement of computation programs of
microRNA targets prediction and experimental
methods of validation will certainly contribute to
elucidate their mechanisms of action, and geneti-
cally modified murine models will likely help in
determining the oncogenic and tumor suppressor
potential of individual microRNAs.

Data available to date clearly support the
involvement of microRNA in cancer etiology and
strongly suggest a possible use of these molecules
as markers of diagnosis and prognosis, and even-
tually, as new targets or tools for a specific ther-
apy (Fig. 19.8): stepping from the bench to
clinical applications would be the next great chal-
lenge in cancer research.
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