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Tumor formation is a complex process that occurs in different steps and involves many cell
types, including tumor cells, endothelial cells, and inflammatory cells, which interact to pro-
mote growth of the tumor mass and metastasization. Epigenetic alterations occurring in
transformed cells result in de-regulation of MiRNA expression (a class of small non-coding
RNA that regulates multiple functions), which contributes to tumorigenesis. The specific
miRNAs, which have an aberrant expression in tumors, are defined as oncomiRNAs, and
may be either over or underexpressed, but down-regulation is most commonly observed.
Renal cell carcinoma (RCC) is a frequent form of urologic tumor, associated with an alter
ation of multiple signaling pathways. Many molecules involved in the progression of RCCs,
such as HIF, VEGF, or mammalian target of rapamycin, are possible targets of de-regulated
miRNAs. Within tumor mass, the cancer stem cell (CSC) population is a fundamental com-
ponent that promotes tumor growth. The CSC hypothesis postulates that CSCs have the
unigue ability to self-renew and to maintain tumor growth and metastasis. CSCs present in
RCC were shown to express the mesenchymal stem cell marker CD105 and to exhibit self-
renewal and clonogenic properties, as well as the ability to generate serially transplantable
tumors. The phenotype of CSC has been related to the potential to undergo the epithelial-
mesenchymal transition, which has been linked to the expression pattern of tumorigenic
miRNAs or down-regulation of anti-tumor miRNAs. In addition, the pattern of circulating
miRNAs may allow discrimination between healthy and tumor patients. Therefore, a miRNA
signature may be used as a tumor biomarker for cancer diagnosis, as well as to classify

the risk of relapse and metastasis, and for a guide for therapy.
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OncomiRNAs
miRNAs are a class of small non-coding RNAs involved in multiple
biological processes. Generation of mature miRNAs requires sev-
eral steps. Pri-miRNA is the first inactive form produced within the
nucleus. Pri-miRNA forms a stem-loop structure recognized by a
protein complex, composed of DGCR8 and Drosha enzyme. This
protein complex processes the pri-miRNA into a double-stranded
hairpin structure of approximately 70 nucleotides, which is called
precursor miRNA (pre-miRNA) (1, 2). These initial steps all take
place in the nucleus, followed by exportation of the pre-miRNA to
the cytoplasm in a GTP-dependent manner, mediated by another
protein complex, Exportin-5 bound to Ran (3). In the cytoplasm,
the pre-miRNA is further processed to generate a dsRNA by the
RNase III enzyme, Dicer. One of the two strands that are gen-
erated, known as passenger miRNA or miRNA¥, is degraded. The
remaining mature single-stranded (ss) miRNA, associates with the
RNA-induced silencing complex (RISC). The resulting complex
is then able to bind the 3’-untranslated region (3’-UTR) on the
target mRNA.

miRNAs interact with the region recognized in the mRNA
sequence, by two to eight nucleotides present at the 5 end of
the miRNA. This region is called the seed sequence and deter-
mines the specificity of the interaction with the mRNA at its
3’-UTR (4).If the miRNA/mRNA interaction is precise, the mRNA
is immediately degraded by Ago2, a protein of the argonaute

family. Conversely, if there is no precise interaction, a translational
repression of the mRNA occurs (4).

Abnormally expressed miRNAs in cancer are called oncomiR-
NAs. Numerous evidence correlates miRNA de-regulation with
tumor stages, types, and progression. The epigenetic alterations
that usually take place in a transformed cell, are probably respon-
sible for the miRNA de-regulation observed in cancer (5). miRNA
expression and cancer progression are usually inversely correlated.
Indeed, an overall down-regulation of miRNAs is usually observed
in tumor cells, although there may also be a small group of pro-
oncogenic miRNAs that is up-regulated. Recently, the possible
therapeutic use of miRNAs has been evaluated. This may include
miRNA replacement therapies for tumor-suppressor-miRNAs,
and inhibition strategies for oncogenic miRNAs (5).

CANCER STEM CELLS AND OncomiRNAs

The cancer stem cell (CSC) hypothesis postulates that there is
a rare subpopulation of cancer cells that possesses the ability to
self-renew and sustain tumor growth and metastasis. CSCs divide
asymmetrically, generating one identical daughter cell and one cell
that starts to differentiate and divide (6). The presence of CSCs was
first described in 1997 by Bonnet and colleagues (7), who identi-
fied CSCs in acute myeloid leukemia. Subsequently, in 2003, CSCs
were also isolated in breast cancer by Al-Hajj et al. (8), using the
specific cell surface markers, CD44 and CD24. Thereafter, CD133,
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CD166, and EpCAM, along with other surface markers, were also
used to isolate CSCs in many tumors (9). During the last decade,
CSCs were identified in numerous solid tumors, such as ovary,
brain, pancreatic, prostate, colon, melanomas, and hepatocellu-
lar cancers (6). Functional criteria for CSC identification include
clonogenicity and the ability to generate serially transplantable
tumors, starting from a very low number of cells (10).

miRNAs may regulate the properties of CSCs by acting on sev-
eral different signaling pathways. The progression from a stem
cell to a terminally differentiated cell depends on a temporal bal-
ance between proliferation and differentiation programs. This
balance is altered in tumors, partly as consequence of miRNA
de-regulation, leading to the maintenance of proliferation and self-
renewal of CSCs (11). miRNAs are divided in two categories based
on their effect on stem cell phenotype, namely miRNAs that play a
role in pluripotency, and miRNAs involved in differentiation. The
first group controls the capacity of self-renewal and cell division,
and inhibits the differentiation of stem cells. miR-184, -137, -290,
-302, -200, and -9 all belong to this class (12). On the other hand,
miRNAs that promote differentiation are let-7, miR-134, -122, -
181, -145, -296, and -470 (12). miR-134, -296, and -470 suppress
the self-renewal ability of CSCs by targeting some of the main mol-
ecules involved in the stem cell phenotype, such as Oct-4, Nanog,
and Sox2 (12).

The first evidence that miRNA expression was down-regulated
in CSCs was shown in breast CSCs. Yu et al. demonstrated the
decrease of let-7, miR-16, -107, -128, -20b and of all the members
of the miR-200 family (13). Within this group of miRNAs, the
main miRNA involved in the suppression of CSC self-renewal was
shown to be let-7 (12).

Let-7 is a ubiquitously expressed family that has been highly
conserved through evolution, suggesting a pivotal role for these
miRNAs in the regulation of proliferation and differentiation;
this family was one of the first mammalian groups of miRNAs
ever discovered (14). Let-7 miRNAs are regulators of cell cycle
exit and differentiation, and their targets are cell cycle modula-
tors, such as CDC25A and CDK6 and different early embryonic
genes (14, 15). There is a reduced expression of let-7 miRNAs in
CSCs of different tissues, such as gastric and breast carcinomas
(13, 16). Over-expression of this family in tumor cells was shown
to induce reduction of tumor progression and inhibition of stem-
ness properties (17). Moreover, let-7 members have been classified
as negative regulators of the epithelial-to-mesenchymal transition
(EMT) (17).

Of those miRNAs defined as tumorigenic, miR-21 plays an
important role. An increased expression of miR-21 was observed
in many tumors, including prostate, brain, breast, and pancreatic
cancer, and correlates with a poor patient prognosis (18).

Another family of miRNAs that is often down-regulated during
cancer progression is miR-200 and is composed of five members
(miR-200a, -200b, -200c, -141, and -429). miR-200a, b, and ¢ are
significantly decreased in CSCs derived from human and murine
breast cancer (19).

Despite the huge number of miRNAs that are commonly altered
during tumor development, some of them are considered to be
tumor specific. For example, miR-22 acts as a tumor suppressor
during liver carcinogenesis, and its down-regulation is associated

with a poor clinical outcome. Experimental results have shown
that the over-expression of miR-22 leads to a reduction of tumor
cell invasion and growth affecting p53, p21, and PTEN (17). In
addition, CSCs from hepatocellular carcinoma are characterized
by the up-regulation of miR-92, -93, -181 family, -17, -20a, -25,
and -106b (20).

miR-101, -26, and -34a are additional examples of miRNAs
with tumor suppressor functions, and are down-regulated in many
solid cancers, including hepatic, pancreatic, lung, and prostate
cancers (17).

Recent studies have suggested a connection between CSCs
and the EMT. The EMT is an evolutionary-conserved biological
process whereby epithelial cells acquire mesenchymal characteris-
tics, and is involved in apoptosis resistance, tumor motility, and
invasion. Molecules associated with this process are transcrip-
tion factors, such as ZEB (ZEB1 and 2), Snail, Slug, and Twistl,
which act by repressing E-cadherin and inducing vimentin and
fibronectin expression (21). The EMT process is strongly regu-
lated by miRNAs; for example, the miR-106b-25 cluster has been
shown to induce the EMT and CSC phenotype in human breast
cancer cells, acting downstream of the transcription factor Six1. A
direct target of this miRNA family is the Smad7 protein; reduction
of Smad7 leads to activation of TGFp signaling, which regulates
the EMT (22). Mani et al. (23) recently demonstrated the down-
regulation of miR-203 in CSCs that were undergoing the EMT
(23). Re-expression of miR-203 compromises the cell migratory
and invasive capacity in vitro and tumor initiation and metastasis
in vivo.

ROLE OF miRNAs IN METASTASIS

Metastasization is a tumor-specific mechanism divided into differ-
ent steps. Tumor cells invade the extracellular cell matrix (ECM) in
order to access the blood fluid, after which they extravasate at dis-
tant sites where they form secondary tumors. The role of miRNAs
in the acquisition of metastatic phenotypes has been well estab-
lished. miRNAs involved in metastasization are either classified as
metastasis-suppressive or metastasis-promoting miRNAs (24).

The first event that occurs in metastasization is the enhanced
capability of tumor cells to invade the ECM through destruction
of ECM proteins, and regulation of this process is carried out by
metastasis-promoting miRNAs. The invasive potential of prostate
cancer cells has been shown to be controlled by miR-21, which
targets MARCKS, involved in cell motility (25). Moreover, miR-21
has been associated with tumor cell invasion and metastasization
in colorectal and breast cancers, where it targets tumor suppressor
PDCD4 at a post-transcriptional level (26). In addition, miR-21
has been correlated with the ability of glioma cells to migrate and
invade, as a consequence of modulation of the metalloproteinase
inhibitors, RECK and TIMP3 (27).

Another example of a metastasis-promoting miRNA is miR-
10b, which has been described as a metastatic promoter in breast
cancer cells. miR-10b down-regulates the metastatic suppressive
gene, homeobox D10, which in turn inhibits the metastasis-
promoting gene RHOC (28). miR-373 and -520c, which belong
to the same family as miR-10b, have also been classified as pro-
metastasis miRNAs (29). The target of this particular miRNA
family was found to be CD44, and its down-regulation has been
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associated with the acquisition of an enhanced migratory potential
(29). Similarly, miR-182 over-expression promotes migration and
invasion in melanoma cells (30). miR-30b/30d also correlates with
tumor melanoma progression via down-regulation of GALNT1
and GALNT?7, which are suppressors of cell invasion (31). In addi-
tion, miR-126 and -183 over-expression has been observed to be
involved in the metastasization of lung cancer (32, 33).

Metastasis-suppressive miRNAs (24) were first identified in
breast cancer cells (34). Over-expression of miR-335, -126, and
-206 was shown to block the ability of tumor cells to invade
and generate metastasis in bone and lungs (34). On the contrary,
down-regulation of miR-335 by antagomirs enhances metastasis
formation (34), and miR-335 plays a regulatory role in the expres-
sion of a set of metastatic genes, such as Tenascin-C and SOX4
(35, 36). On the other hand, miR-126 acts principally to inhibit
tumor growth, endothelial activation, and metastatic initiation
(37, 38), whilst miR-31 has been described to inhibit cancer pro-
gression and metastasization in breast tumors (39). The cohort of
pro-metastatic target genes affected by miR-31 expression includes
Integrin-alpha V, RDX, and RHOA, all involved in cell migration
(40). Another metastasis-suppressive miRNA, miR-146b, which
targets the matrix metalloproteinase 16, was shown to reduce the
invasion potential of glioblastoma U373 cells (41). miR-205, has
also been shown to promote E-cadherin expression and reduction
of prostate cancer cell migration and invasion (42).

CIRCULATING TUMOR-DERIVED miRNAs

Circulating RNAs in body fluids were first described in 1972
by Kamm and Smith (43). Circulating miRNAs in body fluids
are present as either vesicle-encapsulated or non-encapsulated.
Extracellular vesicles (EVs) are circular membrane fragments of
different origins that retain characteristics of the cell of origin, and
contain biological materials (lipids, proteins, and genetic infor-
mation) (44). EVs are described as a mechanism for cell-to-cell
communication, capable of influencing the phenotype of target
cells. The EV signaling mechanism can occur by different ways,
for example, direct stimulation via surface-receptors, or transfer
of proteins or genetic materials, such as mRNAs and miRNAs (45).
Many authors have described the presence of miRNAs in biolog-
ical fluids that are contained within EVs, and confer resistance
to RNAse activity and persistence within the circulation (46-48).
Non-encapsulated miRNAs that are present in serum and plasma
are associated with proteins such as lipoproteins and Ago fam-
ily proteins (49-51). It was recently discovered that miRNAs are
present at high levels in the blood stream of cancer patients (47,
52). The detection and characterization of circulating miRNAs
can be a powerful tool for non-invasive diagnosis of different can-
cers (53-55). Lawrie et al. (52) described circulating miRNAs in
the serum of B-cell lymphoma patients, and they were able to
discriminate between healthy controls and patients with tumors
by screening for three tumor-associated miRNAs (miR-155, -210,
and -21).

Further investigations into the presence of circulating miR-
NAs were carried out by Mitchell et al. (47), using a prostate
tumor xenograft mouse model. They observed that human miR-
NAs are detectable in the bloodstream when the tumor is well
established. By screening a list of candidate miRNAs present in the

plasma, the authors proposed miR-141 as a prostate cancer bio-
marker, and by analyzing miR-141 expression, they were able to
distinguish between healthy controls and advanced prostate cancer
patients.

In a recent study, seven miRNAs (miR-10b, -21, -125b, -145, -
155,-191,and -382) were found to be up-regulated in breast cancer
patients, and were validated using receiver operating characteristic
(ROC) curves to determine the specificity and sensitivity. Analysis
showed that only three of these miRNAs were found to be related
to breast cancer progression (56). In addition, miR-210 was found
to be strongly increased in the serum of patients with circulating
tumor cells, in metastatic breast cancer (57). Conversely, another
study demonstrated a reduction in circulating miRNAs in cancer
patients (58). In plasma vesicles of lung cancer patients, Silva et al.
(58) observed a reduction in let-7f, miR-20b, and miR-30e-3p.
Let-7f and miR-30e-3p levels facilitating the distinction between
different lung cancer stages, suggesting that they may be prognostic
biomarkers.

Circulating miRNAs may also discriminate between patients
with and without metastasis. For example, in breast cancer, miR-
10b, -34a, and -155 correlate with the presence of metastases (59).
In addition, in prostate cancer, five miRNAs (miR-375, -9%, -
141, -200b, and -516a-3p) are associated with the incidence of
metastases (60).

miRNA PROFILE IN DIFFERENT RENAL CELL CARCINOMA
SUBTYPES

Renal cell carcinoma (RCC) is a frequent form of urologic tumor,
and represents 3% of total human cancers, with a high index of
relapse and a mortality rate of over 40%. During the last 30 years,
the incidence of RCC has increased globally, and has became
the seventh most common carcinoma in men and the eighth
most common in women in the USA (61). RCC is composed
of many different subtypes such as clear cell, papillary, chromo-
phobe, and collecting duct carcinomas (62), which differ in their
clinical outcome and biological features. The majority (75-80%)
of renal tumors are clear cell RCC (ccRCC). This cancer type is
highly vascularized due to mutation or hypermethylation of the
onco-suppressor gene, Von-Hippel-Lindau (VHL). Alteration of
the VHL protein causes constitutive activation of the angiogenic
process, by means of HIF1/HIF2 gene regulation (63).

The correct diagnosis for each type of RCC is fundamental for
the outcome of the patient because each subtype behaves differ-
ently in terms of prognosis and response to treatment. Traditional
diagnostic approaches, based on the histopathological profiles,
have been improved with innovative techniques. These include
the development of new biomarkers that could discriminate
tumor from normal tissue and identify tumor subtypes. In this
contest, miRNA expression profile may provide new diagnostic
approaches (64, 65).

Lu et al. (66) demonstrated the possibility to use miRNAs for
the identification of human cancers with higher accuracy com-
pared with mRNAs, suggesting miRNAs as good candidates as
biomarkers. Whereas miRNAs allowed classification of poorly dif-
ferentiated tumors, mRNA profile did not (66). Recently Youssef
et al. (67) developed a classification able to discriminate the dif-
ferent RCC subtypes, by comparison of relative expression of
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specific miRNA pairs in a four-step decision tree. They analyzed 94
different cases of freshly frozen tissues by microarray and identified
15 differentially expressed miRNAs (miR-126, -192, -194, -200b,
-221, -222, -182, -548m, -183, -663, -22, -498, -25, -200c, -21).
Hierarchic clustering showed similarity between ccRCC and pap-
illary RCC (pRCC) and difference of ccRCC and pRCC in respect
to oncocytoma and chromophobe RCC (chRCC). This system pro-
vided 97% sensitivity to discriminate normal from RCC and 100%
sensitivity to distinguish different RCC subtypes. Similar results
have been described by other groups (64, 68). In particular, the
increased level of miR-200b in chRCC compared with oncocytoma
was also found by Petillo et al. (68). A similar methodology, using
a miRNA marker algorithm, was used by Fridman et al. (64) to
classify RCC, with an accuracy of 90% compared with traditional
diagnosis. In this study, the authors reported an up-regulation
of miR-221 in chRCC and oncocytoma and not in ¢ccRCC and
PRCC (64).

ALTERATION OF miRNA EXPRESSION LEVELS IN RCC

The comparison of the expression levels of miRNAs in RCC with
those of normal kidneys was evaluated in many studies, leading to
the generation of a list of down-regulated and up-regulated miR-
NAs (Figure 1). Up-regulated miRNAs include miR-210, -155,-21,
-142-3p, -185, -34, and -224, which function by down-regulating
tumor suppressor genes (69). miR-210 and -155 instead are known
to be related to HIF molecules and hypoxia (70). On the other
hand, the list of down-regulated miRNAs includes miR-149, -200c,
and -141, the loss of which leads to activation of oncogenes (69).
In particular, miR-141 and -200c are members of the miR-200
family, which are often switched off in different tumors, and are
associated with the EMT (71).

Hidaka et al. (72) focused the attention on down-regulated
miRNAs in RCC and generated a list of 103 miRNAs. By a func-
tional approach, 14 miRNAs were validated as tumor suppressors
in RCC (miR-1285, -206, -1, -135a, -429, -200c, -1291, -133b,
-508-3p, -362-3p, -509-5p, -218, -335, -1255b, and -141) (72).
Some of them (miR-1-1/-133a-2, miR-1-2/-133a-1,and miR-206/-
133b) were found in specific chromosomal regions of human
genome, known to be often down-regulated in different human
cancers (72).

Many molecules involved in the progression of RCCs, such as
HIF, VHL, VEGEF, or mammalian target of rapamycin (mTOR),
are possible targets for de-regulated miRNAs (73). Therefore, sev-
eral studies have focused on the biological implication of up- or
down-regulated miRNAs in RCC.

miR-21 is a tumorigenic miRNA, involved in the progression
and in metastasization of many solid tumors as we described
above. Recently, a genomic study on ccRCC defined by the Can-
cer Genome Atlas, demonstrated the correlation of miR-21 with a
worst survival and the connection with a shift toward a “Warburg
effect”-like state. In fact, a decreased methylation on the promoter
of miR-21 (that means higher expression) was highlighted being
clearly associated with worst outcome (74). Moreover, miR-21
expression was induced by high glucose levels and was able to
down-regulate PTEN (18). In addition, increased expression of
miR-21 has been shown to alter the expression of many proteins
involved in tumor invasion (18).

Zaman et al. (75) demonstrated that also miR-23-3p is an
oncogenic miRNA targeting PTEN and its expression level was
increased in RCC. Wang et al. showed a correlation of miR-100 up-
regulation with poor prognosis in RCC patients (76). Conversely,
suppression of miR-205 has been described as being associated
with activation of the ERK1/2 pathway and of FAK and STAT3 pro-
teins (77). Of particular interest, miR-1285 has been identified as
a tumor-suppressor-miRNA. When restored in renal tumor cells,
miR-1285 significantly inhibited cell proliferation, invasion, and
migration (72). Hikada and colleagues demonstrated that transg-
lutaminase 2 (TGM2) is one of the targets of miR-1285. Increased
expression of TGM2 has been shown in many tumors and has been
correlated with EMT, drug resistance, and metastasis (72).

Another important example of down-regulation of tumor-
suppressor-miRNAs is miR-138 that targets vimentin (78).
Vimentin participates to cancer cell migration, metastasis, and
invasion and it is overexpressed in human specimens of RCC.
In addition, the positive staining for vimentin in combination
with CD9 has been proposed as a marker to distinguish ccRCC
and chRCC (79). The significant decrease of miR-138 was also
highlighted, by Girgis et al. (80) who performed an integrated
analysis of copy number, gene expression (mnRNAs and miRNAs),
protein expression, and methylation changes in ccRCC. miR-138
is located on the 3p arm, a region that is the most frequently
deleted in ccRCCs. Other important examples of down-regulation
of tumor-suppressor-miRNAs are the reduced expression of miR-
143 and -145, which target hexokinase-2 (81). miR-99a is down-
regulated in several human malignancies. Cui et al. (82) evaluated
its expression and its role in RCC by RT-PCR, demonstrating
that the level of miR-99a was significantly decreased in tumor
samples compared with adjacent tissues. In addition, low expres-
sion level of miR-99a was correlated with poor survival of RCC
patients. The restoration of miR-99a on renal cancer cell lines sup-
pressed tumorigenic properties of cells mainly arresting them in
Gl-phase in vitro. Intra-tumoral delivery of synthetic miRNA,
in an in vivo model of human tumor, was shown to block
tumor progression. The target of miR-99a is the mTOR, a mol-
ecule often activated and altered during cancer progression and
metastasis (82).

METASTASIS IN RCC AND miRNA PROFILE

The presence of metastasis in RCC patients is associated with
a mortality of 90% (83). Analysis of the miRNA signature in
metastatic RCC compared with primary RCC showed a signifi-
cant reduction in miR-192, -194, and -215 (Figure 1). Targets of
these miRNAs are ZEB2 and MDM2, molecules associated with
the EMT (83). In addition, miR-200c, which targets ZEBI, is
markedly decreased in metastatic RCC (84). Wotschofsky et al.
(85), by comparing the miRNA expression profile of primary
ccRCC with metastasis, generated a list of 30 down-regulated
miRNAs in metastatic ccRCC, which have thus been defined as
metastamirs (Figure 1). The aim of this study was to evaluate the
differential expression of miRNAs among normal, primary tumor,
and metastatic tissue using microarray screening and subsequent
validation by RT-PCR (85). A parallel study, demonstrated a corre-
lation between a specific miRNA signature and early tumor relapse
after nephrectomy (65). Sixty-four miRNAs have been found to
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RENAL TUMOR

miR-21

miR-185
miR-34
miR-224

miR-142-3p miR-155

miR-210

miR-23-3p
miR-100

miR-149
miR-200c
miR-141
miR-205
miR-1285

miR-143
miR-145
miR-138
miR-99a

METASTASIS

FIGURE 1 | De-regulated miRNAs in RCCs. Schematic representation of up-
and down-regulated miRNAs in primary and metastatic RCCs and in serum of
RCC patients. miRNA profile has been suggested as a new accurate method
for the identification of human cancer stages and subtypes. Screening of
miRNAs in RCC samples in respect to normal kidney identified groups of
oncogenic miRNAs (in blue), which act via down-regulation of tumor

miR-1233
miR-378 ?
miR-210
miR-221

BLOOD CIRCULATION

miR-192
miR-194 miR-200c
miR-215 30 metastamiRs (78)

suppressor genes and anti-tumor miRNAs (in yellow), which target
onco-proteins. miRNAs have been also correlated to the metastasization
process. miRNA signature in metastatic RCC samples compared with primary
RCC showed a significant reduction of some miRNAs (in yellow), targeting
molecules involved in the EMT transition and invasion. miRNAs have been
detected in serum of RCC patients, supporting their suitability as biomarkers.

be differentially expressed between relapse-free RCC patients and
RCC patients who developed relapse. The expression level of miR-
143, -26a, -145, -10b, -195, and -126 was low in tumors from
patients who developed relapse and in primary metastasis. For
this reason, miR-145, -126, and -127-3p have been proposed as
biomarkers for relapse-free survival (65). Some of these miR-
NAs, such as miR-143, -145, and -26a have been described as
tumor-suppressor-miRNAs in many human tumors (65). The
same approach was used by Wu et al. (86) with the aim to identify a
miRNA signature to predict the risk of metastasis. The expression
level of miR-10b, -139-5p, -130b, and -199b-5p was altered in pri-
mary ccRCC and correlated with the status of ccRCC metastasis.
Thus, these miRNAs have been proposed as prognostic factors for
the development of metastasis (86).

PROFILE OF CIRCULATING miRNAs IN RENAL CELL
CARCINOMA

Only few studies have investigated circulating levels of miRNAs in
RCC (Table 1). In some of these studies, the authors compared
the miRNA expression profile in serum samples with that of tis-
sues (Figure 1). Wulfken et al. (87) observed the up-regulation of
109 miRNAs in serum samples of RCC patients, 36 of which were
present at high levels both in tissue and serum samples. Among
the validated miRNAs, the authors proposed miR-1233 as a RCC
marker that provides 77% sensitivity but only 37.6% specificity.
Redova et al. (88) described 30 miRNAs differentially expressed
in the serum of RCC patients with respect to healthy controls; of
which 19 miRNAs were up-regulated and 11 miRNAs were down-
regulated. Two of these miRNAs have been successfully validated
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Table 1 | Circulating miRNAs in RCC.

miRNAs Sample sources Analysis method Normalization method Reference

miR-1233 RCC serum vs. RCC tissue TagMan low density array cel-miR-39 Wulfken et al. (87)

miR-378 RCC serum vs. healthy control TagMan low density array miR-16 Redova et al. (38)

miR-451

miR-378 RCC serum vs. healthy control TagMan low density array cel-miR-39 Hauser et al. (89)

miR-210 RCC serum vs. RCC tissue gPCR 5s rRNA Zhao et al. (90)

miR-15a Urine gPCR B-actin von Brandenstein et al. (93)

as potential biomarkers, namely miR-378, which is increased, and
miR-451, which is decreased, in the serum of RCC patients. At
variance to these results, in a recent paper, the attempt to validate
miR-378 in the serum of ccRCC patients failed. This particular
study concludes that miR-378 is not able to discriminate between
RCC patients and control subjects (89). Possible explanations for
these differences in study results could be the sample source and
storage as well as the processing and selection of internal controls.

The up-regulation of HIF, due to mutation of VHL, directly
regulates miR-210 expression. Zhao et al. (90) recently proposed
miR-210 as a novel biomarker for RCC. They observed that miR-
210 was expressed at high levels in RCC serum, but decreased
7 days after surgery.

Finally, Teixeira et al. (91) correlated the expression levels
of circulating miR-221/222 and the patients’ overall survival.
High levels of miR-221 have been associated with metastasis and
with a significant reduction of overall survival. Based on these
results, miR-221 has been proposed as potential biomarker of RCC
progression (91).

Urine is another bio-fluid suitable for investigating RCC bio-
markers (92). Only one study describes miRNAs as biomarkers in
urine of RCC patients. von Brandenstein et al. (93) observed an
up-regulation of miR-15a in the urine of RCC patients compared
with healthy subjects. The expression of miR-15a is regulated by
PKC, which blocks the release of the primary miRNA by direct
binding. The expression pattern of PKC isoforms differs between
RCC and benign oncocytoma; in fact, PKC is up-regulated in
benign oncocytoma but down-regulated in RCC. Conversely, miR-
15a is up-regulated in RCC and down-regulated in oncocytoma
suggesting that this miRNA may be a marker of ccRCCs (93).

In RCC, a small population of cells expressing the mesenchymal
stem cell marker CD105 has been identified as CSCs. This popu-
lation grows as spheres, possesses clonogenic ability, and expresses
Nestin, Nanog, and Oct-3/4 stem cell markers (94). CD105" renal
CSCs show the unique ability to generate serially transplantable
tumors in vivo that resemble the tumor of origin (94). We found
that EVs derived from CD105% renal CSCs may modify the tumor
microenvironment. These EVs, at variance to those derived from
differentiated tumor cells, are able to trigger angiogenesis and to
induce the formation of a pre-metastatic niche in the lung (95).
Comparison of RNAs present inside these two different types
of vesicles showed the enrichment of transcripts coding for sev-
eral pro-angiogenic proteins such as VEGE, FGF, angiopoietin 1,
ephrin A3, MMP2, and MMP9 in EVs derived from CSCs. The
miRNA expression profile of EVs released from CSCs and differ-
entiated tumor cells was also compared. This analysis revealed the

presence of 24 significantly up-regulated miRNAs and 33 down-
regulated miRNAs in CSC-derived EVs (95). Prediction for targets
of miRNA that are enriched in CSC-derived EVs by gene ontology
analysis, illustrated a strong over-representation of crucial bio-
logical processes like transcription, metabolic processes, nucleic
acid binding, cell adhesion molecules, and regulation of cell pro-
liferation. Among the miRNAs shuttled by CSC-derived EVs, we
detected miR-200c, -92, and -141, which have been described as
significantly up-regulated in patients with ovarian, colorectal, and
prostate cancer, respectively (95). In addition, miR-29a, -650, and
-151 were associated with tumor invasion and metastases (96—98).
Moreover, the enrichment of miR-19b, -29¢, and -151 has been
described as being directly associated with RCC (99).

miRNA TARGETING AND THERAPY

The evidence that some miRNAs are commonly de-regulated in
many human cancer leads to the hypothesis to exploit them as
new therapeutic targets. The inhibition of oncogenic miRNAs is a
promising approach that can be achieved through siRNA- or anti-
sense oligonucleotide-based therapy (100). This strategy has been
set up in different xenograft tumor models; for example, an anti-
sense oligonucleotide targeting miR-21 has been successfully used
in vitro and in vivo in a breast cancer model (101). Kim et al. (102)
used a miRNA-221 molecular beacon (miR-221-MB)-conjugated
magnetic/fluorescence nanoparticle probe as a cancer-targeting
theranostic dye (MFAS-miR-221-MB) to simultaneously follow
localization and inhibition of miR-221 in thyroid cancer.

Another approach used to decrease the level of oncomiRNAs is
the use of miRNA sponges. This strategy consists in cloning mul-
tiple copies of a specific sequence, complementary to a selected
miRNA. miRNA sponges, once transfected into tumor cells, com-
pete with the natural target for miRNA binding. Using this tech-
nique, Ma et al. (103) demonstrated a reduction of invasiveness of
a breast cancer cell line using a sponge trapping miR-9.

On the other hand, tumor-suppressor miRNAs are usually
down-regulated in cancer and the administration of synthetic
miRNAs may be a therapeutic option. This strategy is based on
the replacement of the under-represented miRNAs in the tumor.
For example, the tumor suppressor let-7 has been injected intra-
tumor in a mouse model of non-small cell lung cancer leading to
the reduction of tumor size. Another miRNA often de-regulated
in different cancers is miR-34. Recently, a miRNA-based formu-
lation (MRX34) has entered in a clinical trial for hepatocellular
carcinoma treatment. MRX34 is a liposomal nanoparticle loaded
with a synthetic mimic of the tumor suppressor miR-34. In pre-
clinical animal models, systemic administration of MRX34 has
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Table 2 | Prognostic biomarkers for RCC.

Primary tumor

Metastasis

Poor overall survival

miRNA Biological sample miRNA Biological sample miRNA Biological sample
miR-210 (90) Serum miR-221 (91) Serum miR-221 (91) Serum

miR-210 (69) Tumor tissue miR-10b, -139-bp, -130b, -199-5p (86) Primary tumor tissue miR-100 (76) Tumor tissue
miR-21 (106) Tumor tissue miR-21 (74) Tumor tissue

been shown to inhibit the growth of primary tumors, to block
metastasis, and to extend survival (104).

CONCLUSION

The presence of selected patterns of oncogenic miRNAs may be
used as diagnostic and prognostic tool. The use of biological fluids
such as serum, plasma, or urine may allow to perform non-invasive
analysis. Circulating miRNAs are derived from different tumor
populations (cancer cells, tumor-surrounding cells,and CSCs) and
they could be also influenced by stages and progression of cancer.

The studies of miRNAs that are present in biological fluids and
tissues have generated contrasting results according to technical
procedures and analysis methods. One of the main problems is
the stability of miRNAs in biological fluids due to the presence of
degradative enzymes. Recent observations that EVs derived from
tumor cells contain defined patterns of miRNAs may offer a new
approach for the identification of miRNA biomarkers. In fact,
vesicles are able to confer stability to extracellular RNAs.

Moreover, the heterogeneous sample sources (primary tumor
tissue, metastasis tissue, healthy tissue, and serum) used to com-
pare miRNA expression profile is another variable to take into
account. Also, the choice of appropriate endogenous controls for
data normalization is a relevant limit. The use of synthetic spike-in
controls from C. elegans, such as cel-miR-39, -43, -54, and -238 has
been proposed as an alternative normalizer instead of ubiquitary
expressed miRNAs such as miR-16 or -21 (88, 105).

However, some miRNAs, present in biological samples, have
been proposed as prognostic factors even if, at the moment, they
are not validated in preclinical and clinical setting. Table 2 sum-
marizes candidate miRNAs proposed as prognostic biomarkers
for RCC.

In conclusion, the use of miRNAs as biomarkers in clinical
practice is a potentially powerful tool for non-invasive analysis,
which, at the moment requires further development.

ACKNOWLEDGMENTS
Source of funding: Associazione Italiana per la Ricerca sul Cancro
(AIRC) IG2012 n. 12890.

REFERENCES

1. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, etal. The nuclear RNase
III Drosha initiates microRNA processing. Nature (2003) 425(6956):415-9.
doi:10.1038/nature01957

2. Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN. The Drosha-DGCR8 com-
plex in primary microRNA processing. Genes Dev (2004) 18(24):3016-27.
doi:10.1101/gad.1262504

3. Bohnsack MT, Czaplinski K, Gorlich D. Exportin 5 is a RanGTP-dependent
dsRNA-binding protein that mediates nuclear export of pre-miRNAs. RNA
(2004) 10(2):185-91. doi:10.1261/rna.5167604

4.

wul

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell (2009)
136(2):215-33. doi:10.1016/j.cell.2009.01.002

. Baer C, Claus R, Plass C. Genome-wide epigenetic regulation of miRNAs in

cancer. Cancer Res (2013) 73(2):473-7. doi:10.1158/0008-5472.CAN-12-3731
Tirino V, Desiderio V, Paino F, De Rosa A, Papaccio F, La Noce M, etal.
Cancer stem cells in solid tumors: an overview and new approaches for their
isolation and characterization. FASEB J (2013) 27(1):13-24. doi:10.1096/1j.12-
218222

. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy

that originates from a primitive hematopoietic cell. Nat Med (1997) 3(7):730-7.
doi:10.1038/nm0797-730

. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke ME. Prospec-

tive identification of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A
(2003) 100(7):3983-8. doi:10.1073/pnas.0530291100

Grosse-Gehling P, Fargeas CA, Dittfeld C, Garbe Y, Alison MR, Corbeil D, et al.
CD133 as a biomarker for putative cancer stem cells in solid tumours: limi-
tations, problems and challenges. ] Pathol (2013) 229(3):355-78. doi:10.1002/
path.4086

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer
stem cells. Nature (2001) 414(6859):105-11. doi:10.1038/35102167

Nimmo RA, Slack FJ. An elegant mirror: microRNAs in stem cells, develop-
mental timing and cancer. Chromosoma (2009) 118(4):405-18. doi:10.1007/
$00412-009-0210-z

Wang ZM, Du WJ, Piazza GA, Xi Y. MicroRNAs are involved in the self-
renewal and differentiation of cancer stem cells. Acta Pharmacol Sin (2013)
34(11):1374-84. doi:10.1038/aps.2013.134

Yu E Yao H, Zhu P, Zhang X, Pan Q, Gong C, etal. Let-7 regulates self
renewal and tumorigenicity of breast cancer cells. Cell (2007) 131(6):1109-23.
doi:10.1016/j.cell.2007.10.054

Peter ME. Let-7 and miR-200 microRNAs: guardians against pluripotency and
cancer progression. Cell Cycle (2009) 8(6):843-52. doi:10.4161/cc.8.6.7907
Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, et al.
The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis
elegans. Nature (2000) 403(6772):901-6. doi:10.1038/35002607

Golestaneh AF, Atashi A, Langroudi L, Shafiee A, Ghaemi N, Soleimani M.
miRNAs expressed differently in cancer stem cells and cancer cells of human
gastric cancer cell line MKN-45. Cell Biochem Funct (2012) 30(5):411-8.
doi:10.1002/cbf.2815

Bao B, Li Y, Ahmad A, Azmi AS, Bao G, Ali S, et al. Targeting CSC-related
miRNAs for cancer therapy by natural agents. Curr Drug Targets (2012)
13(14):1858-68. doi:10.2174/138945012804545515

Krichevsky AM, Gabriely G. miR-21: a small multi-faceted RNA. J Cell Mol
Med (2009) 13(1):39-53. doi:10.1111/j.1582-4934.2008.00556.x

Shimono Y, Zabala M, Cho RW, Lobo N, Dalerba P, Qian D, et al. Down-
regulation of miRNA-200c links breast cancer stem cells with normal stem
cells. Cell (2009) 138(3):592—603. doi:10.1016/j.cell.2009.07.011

Ji J, Yamashita T, Budhu A, Forgues M, Jia HL, Li C, etal. Identifica-
tion of microRNA-181 by genome-wide screening as a critical player in
EpCAM-positive hepatic cancer stem cells. Hepatology (2009) 50(2):472—-80.
d0i:10.1002/hep.22989

. Liu B, Sun L, Song E. Non-coding RNAs regulate tumor cell plasticity. Sci China

Life Sci (2013) 56(10):886—90. doi:10.1007/s11427-013-4554-5

Smith AL, Iwanaga R, Drasin DJ, Micalizzi DS, Vartuli RL, Tan AC, et al. The
miR-106b-25 cluster targets Smad7, activates TGF-f signaling, and induces
EMT and tumor initiating cell characteristics downstream of Six1 in human
breast cancer. Oncogene (2012) 31(50):5162-71. doi:10.1038/0onc.2012.11

www.frontiersin.org

March 2014 | Volume 4 | Article 49 | 7


http://dx.doi.org/10.1038/nature01957
http://dx.doi.org/10.1101/gad.1262504
http://dx.doi.org/10.1261/rna.5167604
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1158/0008-5472.CAN-12-3731
http://dx.doi.org/10.1096/fj.12-218222
http://dx.doi.org/10.1096/fj.12-218222
http://dx.doi.org/10.1038/nm0797-730
http://dx.doi.org/10.1073/pnas.0530291100
http://dx.doi.org/10.1002/path.4086
http://dx.doi.org/10.1002/path.4086
http://dx.doi.org/10.1038/35102167
http://dx.doi.org/10.1007/s00412-009-0210-z
http://dx.doi.org/10.1007/s00412-009-0210-z
http://dx.doi.org/10.1038/aps.2013.134
http://dx.doi.org/10.1016/j.cell.2007.10.054
http://dx.doi.org/10.4161/cc.8.6.7907
http://dx.doi.org/10.1038/35002607
http://dx.doi.org/10.1002/cbf.2815
http://dx.doi.org/10.2174/138945012804545515
http://dx.doi.org/10.1111/j.1582-4934.2008.00556.x
http://dx.doi.org/10.1016/j.cell.2009.07.011
http://dx.doi.org/10.1002/hep.22989
http://dx.doi.org/10.1007/s11427-013-4554-5
http://dx.doi.org/10.1038/onc.2012.11
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Grange et al.

miRNAs de-regulation in RCC

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mani SA, Guo W, Liao M]J, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelial-
mesenchymal transition generates cells with properties of stem cells. Cell
(2008) 133(4):704-15. doi:10.1016/j.cell.2008.03.027

Pencheva N, Tavazoie SE Control of metastatic progression by
microRNA regulatory networks. Nat Cell Biol (2013) 15(6):546—54. doi:10.
1038/ncb2769

Li T, Li D, Sha J, Sun P, Huang Y. MicroRNA-21 directly targets MAR-
CKS and promotes apoptosis resistance and invasion in prostate cancer cells.
Biochem Biophys Res Commun (2009) 383(3):280-5. doi:10.1016/j.bbrc.2009.
03.077

Reis PP, Tomenson M, Cervigne NK, Machado J, Jurisica I, Pintilie M, et al.
Programmed cell death 4 loss increases tumor cell invasion and is regulated
by miR-21 in oral squamous cell carcinoma. Mol Cancer (2010) 9:238-51.
doi:10.1186/1476-4598-9-238

Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley PS, etal.
MicroRNA 21 promotes glioma invasion by targeting matrix metalloproteinase
regulators. Mol Cell Biol (2008) 28:5369—-80. doi:10.1128/MCB.00479-08

Ma L. Role of miR-10b in breast cancer metastasis. Breast Cancer Res (2010)
12(5):210. doi:10.1186/bcr2720

Huang Q, Gumireddy K, Schrier M, le Sage C, Nagel R, Nair S, etal. The
microRNAs miR-373 and miR-520c promote tumour invasion and metastasis.
Nat Cell Biol (2008) 10(2):202-10. doi:10.1038/ncb1681

Segura MF, Hanniford D, Menendez S, Reavie L, Zou X, Alvarez-Diaz S, et al.
Aberrant miR-182 expression promotes melanoma metastasis by repressing
FOXO3 and microphthalmia-associated transcription factor. Proc Natl Acad
Sci US A (2009) 106(6):1814-9. doi:10.1073/pnas.0808263106

. Gaziel-Sovran A, Segura MF, Di Micco R, Collins MK, Hanniford D, Vega-

Saenz de Miera E, etal. miR-30b/30d regulation of GalNAc transferases
enhances invasion and immunosuppression during metastasis. Cancer Cell
(2011) 20(1):104-18. doi:10.1016/j.ccr.2011.05.027

Crawford M, Brawner E, Batte K, Yu L, Hunter MG, Otterson GA, etal.
MicroRNA-126 inhibits invasion in non-small cell lung carcinoma cell lines.
Biochem Biophys Res Commun (2008) 373(4):607—12. doi:10.1016/j.bbrc.2008.
06.090

Wang G, Mao W, Zheng S. MicroRNA-183 regulates Ezrin expression in lung
cancer cells. FEBS Lett (2008) 582(25-26):3663-8. doi:10.1016/j.febslet.2008.
09.051

Tavazoie SE, Alarcén C, Oskarsson T, Padua D, Wang Q, Bos PD, et al. Endoge-
nous human microRNAs that suppress breast cancer metastasis. Nature (2008)
451(7175):147-52. doi:10.1038/nature06487

Oskarsson T, Acharyya S, Zhang XH, Vanharanta S, Tavazoie SE, Morris PG,
et al. Breast cancer cells produce tenascin C as a metastatic niche component
to colonize the lungs. Nat Med (2011) 17(7):867-74. doi:10.1038/nm.2379
Zhang J, Liang Q, Lei Y, Yao M, Li L, Gao X, et al. SOX4 induces epithelial-
mesenchymal transition and contributes to breast cancer progression. Cancer
Res (2012) 72(17):4597-608. doi:10.1158/0008-5472.CAN-12-1045

Hamada S, Satoh K, Fujibuchi W, Hirota M, Kanno A, Unno ], et al. MiR-
126 acts as a tumor suppressor in pancreatic cancer cells via the regulation of
ADAMY. Mol Cancer Res (2012) 10(1):3-10. doi:10.1158/1541-7786.MCR-11-
0272

Feng R, Chen X, Yu Y, Su L, Yu B, Li J, etal. miR-126 functions as a
tumour suppressor in human gastric cancer. Cancer Lett (2010) 298(1):50-63.
doi:10.1016/j.canlet.2010.06.004

Valastyan S, Reinhardt F, Benaich N, Calogrias D, Szdsz AM, Wang ZC, et al.
A pleiotropically acting microRNA, miR-31, inhibits breast cancer metastasis.
Cell (2009) 137(6):1032-46. doi:10.1016/j.cell.2009.03.047

Valastyan S, Chang A, Benaich N, Reinhardt F, Weinberg RA. Concurrent sup-
pression of integrin alpha 5, radixin, and RhoA phenocopies the effects of
miR-31 on metastasis. Cancer Res (2010) 70(12):5147-54. d0i:10.1158/0008-
5472.CAN-10-0410

Xia H,QiY,NgSS, Chen X, Li D, Chen S, et al. microRNA-146b inhibits glioma
cell migration and invasion by targeting MMPs. Brain Res (2009) 1269:158-65.
doi:10.1016/j.brainres.2009.02.037

Gandellini P, Folini M, Longoni N, Pennati M, Binda M, Colecchia M, et al.
miR-205 exerts tumor-suppressive functions in human prostate through down-
regulation of protein kinase C epsilon. Cancer Res (2009) 69(6):2287-95.
doi:10.1158/0008-5472.CAN-08-2894

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kamm RC, Smith AG. Nucleic acid concentrations in normal human plasma.
Clin Chem (1972) 18(6):519-22.

Camussi G, Deregibus MC, Bruno S, Grange C, Fonsato V, Tetta C.
Exosome/microvesicle-mediated epigenetic reprogramming of cells. Am J Can-
cer Res (2011) 1(1):98-110.

Tetta C, Ghigo E, Silengo L, Deregibus MC, Camussi G. Extracellular vesicles
as an emerging mechanism of cell-to-cell communication. Endocrine (2013)
44(1):11-9. doi:10.1007/s12020-012-9839-0

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat Cell Biol (2007) 9(6):654-9. doi:10.1038/ncb1596
Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan
EL. Circulating microRNAs as stable blood-based markers for cancer detec-
tion. Proc Natl Acad Sci U S A (2008) 105(30):10513-8. doi:10.1073/pnas.
0804549105

Lasser C, Alikhani VS, Ekstrom K, Eldh M, Paredes PT, Bossios A, et al. Human
saliva, plasma and breast milk exosomes contain RNA: uptake by macrophages.
J Transl Med (2011) 9:9. doi:10.1186/1479-5876-9-9

Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of
extracellular circulating microRNA. Nucleic Acids Res (2011) 39(16):7223-33.
doi:10.1093/nar/gkr254

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Arg-
onaute 2 complexes carry a population of circulating microRNAs independent
of vesicles in human plasma. Proc Natl Acad Sci U S A (2011) 108(12):5003-8.
doi:10.1073/pnas. 1019055108

Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroR-
NAs are transported in plasma and delivered to recipient cells by high-density
lipoproteins. Nat Cell Biol (2011) 13(4):423-33. doi:10.1038/ncb2210

Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins AP, Pulford K, et al. Detec-
tion of elevated levels of tumour-associated microRNAs in serum of patients
with diffuse large B-cell lymphoma. Br J Haematol (2008) 141(5):672-5.
doi:10.1111/j.1365-2141.2008.07077.x

Redova M, SanaJ, Slaby O. Circulating miRNAs as new blood-based biomarkers
for solid cancers. Future Oncol (2013) 9(3):387—402. doi:10.2217/fon.12.192
Sheinerman KS, Umansky SR. Circulating cell-free microRNA as biomarkers
for screening, diagnosis and monitoring of neurodegenerative diseases and
other neurologic pathologies. Front Cell Neurosci (2013) 7:150. doi:10.3389/
fncel.2013.00150

Wang H, Peng W, Ouyang X, Li W, Dai Y. Circulating microRNAs as candidate
biomarkers in patients with systemic lupus erythematosus. Transl Res (2012)
160(3):198-206. doi:10.1016/j.trs1.2012.04.002

Mar-Aguilar F, Mendoza-Ramirez JA, Malagén-Santiago I, Espino-Silva PK,
Santuario-Facio SK, Ruiz-Flores P, et al. Serum circulating microRNA profil-
ing for identification of potential breast cancer biomarkers. Dis Markers (2013)
34(3):163-9. doi:10.3233/DMA- 120957

Madhavan D, Zucknick M, Wallwiener M, Cuk K, Modugno C, Scharpff M,
etal. Circulating miRNAs as surrogate markers for circulating tumor cells
and prognostic markers in metastatic breast cancer. Clin Cancer Res (2012)
18(21):5972-82. doi:10.1158/1078-0432.CCR- 12- 1407

Silva J, Garcia V, Zaballos A, Provencio M, Lombardia L, Almonacid L,
etal. Vesicle-related microRNAs in plasma of non small cell lung cancer
patients and correlation with survival. Eur Respir J (2011) 37(3):617-23.
doi:10.1183/09031936.00029610

Roth C, Rack B, Miiller V, Janni W, Pantel K, Schwarzenbach H. Circulating
microRNAs as blood-based markers for patients with primary and metastatic
breast cancer. Breast Cancer Res (2010) 12(6):R90. doi:10.1186/bcr2766

Brase JC, Johannes M, Schlomm T, Filth M, Haese A, Steuber T, et al. Circu-
lating miRNAs are correlated with tumor progression in prostate cancer. Int J
Cancer (2011) 128(3):608-16. doi:10.1002/ijc.25376

Rathmell WK, Godley PA. Recent updates in renal cell carcinoma. Curr Opin
Oncol (2010) 22(3):250-6. doi:10.1097/CCO.0b013e328337a5d2
Lopez-Beltran A, Carrasco JC, Cheng L, Scarpelli M, Kirkali Z, Montironi R.
Update on the classification of renal epithelial tumors in adults. Int J Urol
(2009) 16(5):432-43. doi:10.1111/.1442-2042.2009.02302.x

Bausch B, Jilg C, Glasker S, Vortmeyer A, Liitzen N, Anton A, et al. Renal cancer
in von Hippel-Lindau disease and related syndromes. Nat Rev Nephrol (2013)
9(9):529-38. doi:10.1038/nrneph.2013

Frontiers in Oncology | Molecular and Cellular Oncology

March 2014 | Volume 4 | Article 49 | 8


http://dx.doi.org/10.1016/j.cell.2008.03.027
http://dx.doi.org/10.1038/ncb2769
http://dx.doi.org/10.1038/ncb2769
http://dx.doi.org/10.1016/j.bbrc.2009.03.077
http://dx.doi.org/10.1016/j.bbrc.2009.03.077
http://dx.doi.org/10.1186/1476-4598-9-238
http://dx.doi.org/10.1128/MCB.00479-08
http://dx.doi.org/10.1186/bcr2720
http://dx.doi.org/10.1038/ncb1681
http://dx.doi.org/10.1073/pnas.0808263106
http://dx.doi.org/10.1016/j.ccr.2011.05.027
http://dx.doi.org/10.1016/j.bbrc.2008.06.090
http://dx.doi.org/10.1016/j.bbrc.2008.06.090
http://dx.doi.org/10.1016/j.febslet.2008.09.051
http://dx.doi.org/10.1016/j.febslet.2008.09.051
http://dx.doi.org/10.1038/nature06487
http://dx.doi.org/10.1038/nm.2379
http://dx.doi.org/10.1158/0008-5472.CAN-12-1045
http://dx.doi.org/10.1158/1541-7786.MCR-11-0272
http://dx.doi.org/10.1158/1541-7786.MCR-11-0272
http://dx.doi.org/10.1016/j.canlet.2010.06.004
http://dx.doi.org/10.1016/j.cell.2009.03.047
http://dx.doi.org/10.1158/0008-5472.CAN-10-0410
http://dx.doi.org/10.1158/0008-5472.CAN-10-0410
http://dx.doi.org/10.1016/j.brainres.2009.02.037
http://dx.doi.org/10.1158/0008-5472.CAN-08-2894
http://dx.doi.org/10.1007/s12020-012-9839-0
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1186/1479-5876-9-9
http://dx.doi.org/10.1093/nar/gkr254
http://dx.doi.org/10.1073/pnas.1019055108
http://dx.doi.org/10.1038/ncb2210
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://dx.doi.org/10.2217/fon.12.192
http://dx.doi.org/10.3389/fncel.2013.00150
http://dx.doi.org/10.3389/fncel.2013.00150
http://dx.doi.org/10.1016/j.trsl.2012.04.002
http://dx.doi.org/10.3233/DMA-120957
http://dx.doi.org/10.1158/1078-0432.CCR- 12-1407
http://dx.doi.org/10.1183/09031936.00029610
http://dx.doi.org/10.1186/bcr2766
http://dx.doi.org/10.1002/ijc.25376
http://dx.doi.org/10.1097/CCO.0b013e328337a5d2
http://dx.doi.org/10.1111/j.1442-2042.2009.02302.x
http://dx.doi.org/10.1038/nrneph.2013
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Grange et al.

miRNAs de-regulation in RCC

64.

65.

66.

67.

68.

69.

70.

7

—_

72.

73.

74.

75.

76.

77.

78.

79

80.

8

—

82.

83.

Fridman E, Dotan Z, Barshack I, David MB, Dov A, Tabak S. Accurate mole-
cular classification of renal tumors using microRNA expression. J Mol Diagn
(2010) 12(5):687-96. doi:10.2353/jmoldx.2010.090187

Slaby O, Redova M, Poprach A, Nekvindova J, Iliev R, Radova L, et al. Iden-
tification of MicroRNAs associated with early relapse after nephrectomy in
renal cell carcinoma patients. Genes Chromosomes Cancer (2012) 51(7):707-16.
doi:10.1002/gcc.21957

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. MicroRNA
expression profiles classify human cancers. Nature (2005) 435(7043):834-8.
doi:10.1038/nature03702

Youssef YM, White NM, Grigull J, Krizova A, Samy C, Mejia-Guerrero S, et al.
Accurate molecular classification of kidney cancer subtypes using microRNA
signature. Eur Urol (2011) 59(5):721-30. doi:10.1016/j.eururo.2011.01.004
Petillo D, Kort EJ, Anema J, Furge KA, Yang XJ, Teh BT. MicroRNA pro-
filing of human kidney cancer subtypes. Int J Oncol (2009) 35(1):109-14.
doi:10.3892/ijo_00000318

Liu H, Brannon AR, Reddy AR, Alexe G, Seiler MW, Arreola A, et al. Identifying
mRNA targets of microRNA dysregulated in cancer: with application to clear
cell renal cell carcinoma. BMC Syst Biol (2010) 4:51. doi:10.1186/1752-0509-
4-51

McCormick RI, Blick C, Ragoussis ], Schoedel J, Mole DR, Young AC, et al. miR-
210 is a target of hypoxia-inducible factors 1 and 2 in renal cancer, regulates
ISCU and correlates with good prognosis. Br J Cancer (2013) 108(5):1133—42.
doi:10.1038/bjc.2013.56

. Neves R, Scheel C, Weinhold S, Honisch E, Iwaniuk KM, Trompeter HI, et al.

Role of DNA methylation in miR-200c/141 cluster silencing in invasive breast
cancer cells. BMC Res Notes (2010) 3:219. d0i:10.1186/1756-0500-3-219
Hidaka H, Seki N, Yoshino H, Yamasaki T, Yamada Y, Nohata N, etal.
Tumor suppressive microRNA-1285 regulates novel molecular targets: aber-
rant expression and functional significance in renal cell carcinoma. Oncotarget
(2012) 3(1):44-57.

Chow TF, Mankaruos M, Scorilas A, Youssef Y, Girgis A, Mossad S, et al. The
miR-17-92 cluster is over expressed in and has an oncogenic effect on renal cell
carcinoma. J Urol (2010) 183(2):743-51. doi:10.1016/j.juro.2009.09.086
Cancer Genome Atlas Research Network. Comprehensive molecular charac-
terization of clear cell renal cell carcinoma. Nature (2013) 499(7456):43-9.
doi:10.1038/nature12222

Zaman MS, Thamminana S, Shahryari V, Chiyomaru T, Deng G, Saini S, et al.
Inhibition of PTEN gene expression by oncogenic miR-23b-3p in renal cancer.
PL0S One (2012) 7(11):¢50203. doi:10.1371/journal.pone.0050203

Wang G, Chen L, Meng ], Chen M, Zhuang L, Zhang L. Overexpression of
microRNA-100 predicts an unfavorable prognosis in renal cell carcinoma. Int
Urol Nephrol (2013) 45(2):373-9. doi:10.1007/s11255-012-0374-y

Majid S, Saini S, Dar AA, Hirata H, Shahryari V, Tanaka Y, et al. MicroRNA-205
inhibits Src-mediated oncogenic pathways in renal cancer. Cancer Res (2011)
71(7):2611-21. doi:10.1158/0008-5472

Yamasaki T, Seki N, Yamada Y, Yoshino H, Hidaka H, Chiyomaru T, et al.
Tumor suppressive microRNA-138 contributes to cell migration and invasion
through its targeting of vimentin in renal cell carcinoma. Int ] Oncol (2012)
41(3):805-17. doi:10.3892/ij0.2012.1543

. Williams AA, Higgins JP, Zhao H, Ljunberg B, Brooks JD. CD9 and vimentin

distinguish clear cell from chromophobe renal cell carcinoma. BMC Clin Pathol
(2009) 9:9. doi:10.1186/1472-6890-9-9

Girgis AH, Iakovlev VV, Beheshti B, Bayani J, Squire JA, Bui A, et al. Multilevel
whole-genome analysis reveals candidate biomarkers in clear cell renal cell car-
cinoma. Cancer Res (2012) 72(20):5273-84. doi:10.1158/0008-5472.CAN-12-
0656

. Yoshino H, Enokida H, Itesako T, Kojima S, Kinoshita T, Tatarano S, et al. The

tumor-suppressive microRNA-143/145 cluster targets hexokinase-2 in renal
cell carcinoma. Cancer Sci (2013) 104(12):1567-74. doi:10.1111/cas.12280
Cui L, Zhou H, Zhao H, Zhou Y, Xu R, Xu X, et al. MicroRNA-99a induces G1-
phase cell cycle arrest and suppresses tumorigenicity in renal cell carcinoma.
BMC Cancer (2012) 12:546. doi:10.1186/1471-2407-12-546

Khella HW, Bakhet M, Allo G, Jewett MA, Girgis AH, Latif A, et al. miR-192,
miR-194 and miR-215: a convergent microRNA network suppressing tumor
progression in renal cell carcinoma. Carcinogenesis (2013) 34(10):2231-9.
doi:10.1093/carcin/bgt184

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Wang X, Chen X, Wang R, Xiao P, Xu Z, Chen L, et al. microRNA-200c modu-
lates the epithelial-to-mesenchymal transition in human renal cell carcinoma
metastasis. Oncol Rep (2013) 30(2):643-50. doi:10.3892/01.2013.2530
Wotschofsky Z, Liep J, Meyer HA, Jung M, Wagner I, Disch AC, et al. Identi-
fication of metastamirs as metastasis-associated microRNAs in clear cell renal
cell carcinomas. Int ] Biol Sci (2012) 8(10):1363-74. doi:10.7150/ijbs.5106
Wu X, Weng L, Li X, Guo C, Pal SK, Jin JM, et al. Identification of a 4-microRNA
signature for clear cell renal cell carcinoma metastasis and prognosis. PLoS One
(2012) 7:35661. doi:10.1371/journal.pone.0035661

Waulfken LM, Moritz R, Ohlmann C, Holdenrieder S, Jung V, Becker F, et al.
MicroRNAs in renal cell carcinoma: diagnostic implications of serum miR-
1233 levels. PLoS One (2011) 6(9):€25787. doi:10.1371/journal.pone.0025787
Redova M, Poprach A, Nekvindova J, Iliev R, Radova L, Lakomy R, et al. Circu-
lating miR-378 and miR-451 in serum are potential biomarkers for renal cell
carcinoma. J Transl Med (2012) 10:55. doi:10.1186/1479-5876-10-55

Hauser S, Wulfken LM, Holdenrieder S, Moritz R, Ohlmann CH, Jung V, et al.
Analysis of serum microRNAs (miR-26a-2*, miR-191, miR-337-3p and miR-
378) as potential biomarkers in renal cell carcinoma. Cancer Epidemiol (2012)
36(4):391—-4. doi:10.1016/j.canep.2012.04.001

Zhao A, Li G, Péoc’h M, Genin C, Gigante M. Serum miR-210 as a novel
biomarker for molecular diagnosis of clear cell renal cell carcinoma. Exp Mol
Pathol (2013) 94(1):115-20. doi:10.1016/j.yexmp.2012.10.005

Teixeira AL, Ferreira M, Silva J, Gomes M, Dias F, Santos JI, et al. Higher circu-
lating expression levels of miR-221 associated with poor overall survival in renal
cell carcinoma patients. Tumour Biol (2013). doi:10.1007/s13277-013-1531-3
Milcochova H, Hezova R, Stanik M, Slaby O. Urine microRNAs as poten-
tial noninvasive biomarkers in urologic cancers. Urol Oncol (2014) 32:.e1-9.
doi:10.1016/j.urolonc.2013.04.011

Von Brandenstein M, Pandarakalam JJ, Kroon L, Loeser H, Herden J, Braun
G, et al. MicroRNA 15a, inversely correlated to PKCa, is a potential marker to
differentiate between benign and malignant renal tumors in biopsy and urine
samples. Am ] Pathol (2012) 180(5):1787-97. doi:10.1016/j.ajpath.2012.01.014
Bussolati B, Bruno S, Grange C, Ferrando U, Camussi G. Identification of a
tumor-initiating stem cell population in human renal carcinomas. FASEB |
(2008) 22(10):3696—705. doi:10.1096/1j.08-102590

Grange C, Tapparo M, Collino E Vitillo L, Damasco C, Deregibus MC,
etal. Microvesicles released from human renal cancer stem cells stimulate
angiogenesis and formation of lung premetastatic niche. Cancer Res (2011)
71(15):5346-56. doi:10.1158/0008-5472.CAN-11-0241

Luedde T. MicroRNA-151 and its hosting gene FAK (focal adhesion kinase) reg-
ulate tumor cell migration and spreading of hepatocellular carcinoma. Hepa-
tology (2010) 52(3):1164—6. doi:10.1002/hep.23854

Zhang X, Zhu W, Zhang J, Huo S, Zhou L, Gu Z, et al. MicroRNA-650 targets
ING4 to promote gastric cancer tumorigenicity. Biochem Biophys Res Commun
(2010) 395(2):275-80. doi:10.1016/1.bbrc.2010.04.005

Gebeshuber CA, Zatloukal K, Martinez J. miR-29a suppresses tristetraprolin,
which is a regulator of epithelial polarity and metastasis. EMBO Rep (2009)
10(4):400-5. doi:10.1038/embor.2009.9

Chow TF, Youssef YM, Lianidou E, Romaschin AD, Honey R], Stewart R, et al.
Differential expression profiling of microRNAs and their potential involve-
ment in renal cell carcinoma pathogenesis. Clin Biocherm (2010) 43(1-2):150-8.
doi:10.1016/j.clinbiochem.2009.07.020

Hauptman N, Glavac D. MicroRNAs and long non-coding RNAs: prospects
in diagnostics and therapy of cancer. Radiol Oncol (2013) 47(4):311-8.
doi:10.2478/raon-2013-0062

Si ML, Zhu S, Wu H, Lu Z, Wu F, Mo YY. miR-21-mediated tumor growth.
Oncogene (2007) 26(19):2799-803. doi:10.1038/sj.onc.1210083

Kim JK, Choi KJ, Lee M, Jo MH, Kim S. Molecular imaging of a cancer-
targeting theranostics probe using a nucleolin aptamer- and microRNA-221
molecular beacon-conjugated nanoparticle. Biomaterials (2012) 33(1):207-17.
doi:10.1016/j.biomaterials.2011.09.023

Ma L, Young J, Prabhala H, Pan E, Mestdagh P, Muth D, etal. miR-9, a
MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metasta-
sis. Nat Cell Biol (2010) 12(3):247-52. doi:10.1038/ncb2024

Kelnar K, Peltier HJ, Leatherbury N, Stoudemire J, Bader AG. Quantification
of therapeutic miRNA mimics in whole blood from nonhuman primates. Anal
Chem (2014) 86(3):1534—42. doi:10.1021/ac403044t

www.frontiersin.org

March 2014 | Volume 4 | Article 49 | 9


http://dx.doi.org/10.2353/jmoldx.2010.090187
http://dx.doi.org/10.1002/gcc.21957
http://dx.doi.org/10.1038/nature03702
http://dx.doi.org/10.1016/j.eururo.2011.01.004
http://dx.doi.org/10.3892/ijo_00000318
http://dx.doi.org/10.1186/1752-0509-4-51
http://dx.doi.org/10.1186/1752-0509-4-51
http://dx.doi.org/10.1038/bjc.2013.56
http://dx.doi.org/10.1186/1756-0500-3-219
http://dx.doi.org/10.1016/j.juro.2009.09.086
http://dx.doi.org/10.1038/nature12222
http://dx.doi.org/10.1371/journal.pone.0050203
http://dx.doi.org/10.1007/s11255-012-0374-y
http://dx.doi.org/10.1158/0008-5472
http://dx.doi.org/10.3892/ijo.2012.1543
http://dx.doi.org/10.1186/1472-6890-9-9
http://dx.doi.org/10.1158/0008-5472.CAN-12-0656
http://dx.doi.org/10.1158/0008-5472.CAN-12-0656
http://dx.doi.org/10.1111/cas.12280
http://dx.doi.org/10.1186/1471-2407-12-546
http://dx.doi.org/10.1093/carcin/bgt184
http://dx.doi.org/10.3892/or.2013.2530
http://dx.doi.org/10.7150/ijbs.5106
http://dx.doi.org/10.1371/journal.pone.0035661
http://dx.doi.org/10.1371/journal.pone.0025787
http://dx.doi.org/10.1186/1479-5876-10-55
http://dx.doi.org/10.1016/j.canep.2012.04.001
http://dx.doi.org/10.1016/j.yexmp.2012.10.005
http://dx.doi.org/10.1007/s13277-013-1531-3
http://dx.doi.org/10.1016/j.urolonc.2013.04.011
http://dx.doi.org/10.1016/j.ajpath.2012.01.014
http://dx.doi.org/10.1096/fj.08-102590
http://dx.doi.org/10.1158/0008-5472.CAN-11-0241
http://dx.doi.org/10.1002/hep.23854
http://dx.doi.org/10.1016/j.bbrc.2010.04.005
http://dx.doi.org/10.1038/embor.2009.9
http://dx.doi.org/10.1016/j.clinbiochem.2009.07.020
http://dx.doi.org/10.2478/raon-2013-0062
http://dx.doi.org/10.1038/sj.onc.1210083
http://dx.doi.org/10.1016/j.biomaterials.2011.09.023
http://dx.doi.org/10.1038/ncb2024
http://dx.doi.org/10.1021/ac403044t
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Grange et al.

miRNAs de-regulation in RCC

105. Tong AW, Fulgham P, Jay C, Chen P, Khalil I, Liu S, et al. MicroRNA profile
analysis of human prostate cancers. Cancer Gene Ther (2009) 16(3):206-16.
doi:10.1038/cgt.2008.77

106. Faragalla H, Youssef YM, Scorilas A, Khalil B, White NM, Mejia-Guerrero S,
et al. The clinical utility of miR-21 as a diagnostic and prognostic marker for
renal cell carcinoma. J Mol Diagn (2012) 14(4):385-92. doi:10.1016/j.jmoldx.
2012.02.003

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 02 January 2014; accepted: 27 February 2014; published online: 17 March
2014.

Citation: Grange C, Collino F, Tapparo M and Camussi G (2014) Oncogenic micro-
RNAs and renal cell carcinoma. Front. Oncol. 4:49. doi: 10.3389/fonc.2014.00049
This article was submitted to Molecular and Cellular Oncology, a section of the journal
Frontiers in Oncology.

Copyright © 2014 Grange, Collino, Tapparo and Camussi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | Molecular and Cellular Oncology

March 2014 | Volume 4 | Article 49 | 10


http://dx.doi.org/10.1038/cgt.2008.77
http://dx.doi.org/10.1016/j.jmoldx.2012.02.003
http://dx.doi.org/10.1016/j.jmoldx.2012.02.003
http://dx.doi.org/10.3389/fonc.2014.00049
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

	Oncogenic micro-RNAs and renal cell carcinoma
	OncomiRNAs
	Cancer stem cells and oncomiRNAs
	Role of miRNAs in metastasis
	Circulating tumor-derived miRNAs
	miRNA profile in different renal cell carcinoma subtypes
	Alteration of miRNA expression levels in RCC
	Metastasis in RCC and miRNA Profile
	Profile of circulating miRNAs in renal cell carcinoma
	miRNA targeting and therapy
	Conclusion
	Acknowledgments
	References


