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Abstract Malignant mesothelioma (MM) is an aggressive
tumor, mainly derived from the pleura, which is predomi-
nantly associated with exposure to asbestos fibers. The prog-
nosis of MM patients is particularly severe, with a median
survival of approximately 9-12 months and latency between
exposure and diagnosis ranging from 20-50 years (median
30 years). Emerging evidence has demonstrated that tumor
aggressiveness is associated with genome and gene expres-
sion abnormalities; therefore, several studies have recently
focused on the role of microRNAs (miRNAs) in MM tum-
origenesis. miRNAs are small non-protein coding single-
stranded RNAs (17-22 nucleotides) involved in numerous
cellular processes that negatively regulate gene expression
by modulating the expression of downstream target genes.
miRNAs are often deregulated in cancer; in particular, the
differential miRNA expression profiles of MM cells com-
pared to unaffected mesothelial cells have suggested poten-
tial roles of miRNAs as either oncogenes or tumor suppres-
sor genes in MM oncogenesis. In this review, the mechanism
of MM carcinogenesis was evaluated through the analysis of
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Abbreviations

MM Malignant mesothelioma

ADC Adenocarcinoma

CEA Carcinoembryonic antigen

EPP Extrapleural pneumonectomy

P/D Pleurectomy/decortications

SMRP Soluble mesothelin-related peptides

miRNAs/miR  MicroRNA

gRT-PCR Quantitative real-time polymerase chain
reaction

FFPE Formalin-fixed paraffin-embedded

VEGF Vascular endothelial growth factor

NSCLC Non-small cell lung cancer

CDKNI1 Cyclin-dependent kinase inhibitor 1

RMP Reactive mesothelial proliferations

PPP6C Serine/threonine-protein phosphatase 6

Introduction

Generalities, biology, and treatment of pleural
mesothelioma

Malignant mesothelioma (MM) is an aggressive and lethal
cancer that originates from the mesothelial cells lining the
pleural, pericardial, and peritoneal cavities. This severe dis-
ease, which has been predominantly linked to asbestos fiber
exposure [1], has become more frequent since 1950. The
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increased incidence has been associated with many activi-
ties involving asbestos exposure in many industrial set-
tings, such as shipyards, heavy or chemical industries, oil
refineries, and construction industries [2, 3]. The disease
is characterized by a long latency (20-50 years) between
the first asbestos fiber exposure and diagnosis [4]; for this
reason, it is rare to be diagnosed with MM before 50 years
of age, resulting in an incidence peak of approximately 60—
70 years. Worldwide, the incidence of MM is expected to
increase over the next 20 years in industrialized countries
[S].

Approximately 70 % of MM arises from the pleura, with
malignant pleural mesothelioma being the most common
type of MM [6]. Histologically, MM can be classified into
three main subtypes: 50 % of cases present with an epi-
thelial morphology and have a relatively better prognosis,
16 % of cases belong to the sarcomatoid histotype and are
extremely aggressive and 34 % of cases are mixed types
(epithelioid-sarcomatoid) [3]. The histomorphological sim-
ilarities to lung adenocarcinoma (ADC) require a complete
immunohistochemical investigation to precisely diagnose
MM,; this involves the characterization of many factors,
including calretinin, Wilms’ tumor-1, and cytokeratin 5/6,
which are particularly expressed in MM; alternatively, lung
ADC is characterized by positive staining for MOC31, thy-
roid transcription factor 1, and carcinoembryonic antigen
(CEA), while lacking all of the MM specific markers [7].

MM prognosis is particularly severe, with a median sur-
vival of approximately 9-12 months from the time of diag-
nosis [8, 9]. Intrinsic resistance and poor response rates to
conventional anticancer drugs make it difficult to develop
appropriate cures for this aggressive malignancy, and even
clinical guidelines suffer from the relative lack of strong
evidence. Limited therapeutic strategies are available for
MM, and current treatments are only partly successful.

MM treatment involves curative and palliative
approaches, and generally only early stage epithelioid MM
receive curative treatment. Epithelioid MM has a slightly
better outcome compared to biphasic-sarcomatoid MM or
to advanced stage MM, irrespective of histology [10].

The most common therapeutic approach in the early
stage is surgery to completely resect the tumor; the two
main surgical approaches are extrapleural pneumonectomy
(EPP) and pleurectomy/decortication (P/D), depending
on the tumor stage and cardiopulmonary status [11]. Due
to the high proliferative property of MM, most tumors are
not completely resectable with histologically negative mar-
gins; for this reason, surgery can be combined with other
approaches, such as neoadjuvant/adjuvant chemotherapy
and adjuvant radiotherapy, to eliminate the residual tumor
tissue [12, 13]. Of note, surgery should be employed only
for MM with an epithelial histology, as it is unable to
achieve disease control in biphasic or sarcomatoid MM due
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to their aggressiveness [14]. EPP is an invasive procedure
that is only feasible for resectable disease; this procedure
involves the resection of the lung, pleura, pericardium, and
diaphragm, as described by Butchart [15]. However, EPP
does not provide great advantages in terms of survival [12,
16]. The use of EPP is still controversial, as data from ran-
domized clinical trials are lacking; in the MARS (Mesothe-
lioma And Radical Surgery) feasibility trial, EPP failed to
improve the survival of the patients compared to chemo-
therapy; however, the small number of enrolled patients
(50 MM patients) and the notably high surgical mortality
should be taken into account when evaluating these results
[17].

P/D is a less aggressive method than EPP that consists of
the removal of parietal and visceral pleura, leaving the lung
in place, and this method has a significant effect on median
survival (10-17 months) [3, 18].

Chemotherapy can be used in combination with surgery
with curative intent or alone with palliative intent for inop-
erable MM. Currently, the standard first-line chemotherapy
for MM is a combination of cisplatin and pemetrexed or
raltitrexed [19, 20]; further treatments include gemcitabine
and vinorelbine, although clinical data detailing these treat-
ments are limited [21, 22].

In particular cases, EPP can be followed by preventive
radiotherapy, whereas radiotherapy is not recommended
after P/D [23]. Radiotherapy is used to prevent the local
recurrence and for palliative treatment, and radical radio-
therapy is not feasible due to the difficulty of delivering
the radiotherapy to the pleural cavity without damaging the
heart and lungs [24].

Finally, multimodality approaches involving surgery
combined with either chemotherapy or radiotherapy have
resulted in some encouraging results, particularly for early
stage MM, as described by Sienel [25] and colleagues. The
authors reported that neoadjuvant chemotherapy combined
with surgery and radiotherapy increased patient survival
compared to the unimodal treatment, and this approach
prolonged the median survival to 22 months for stage I
patients [26].

To improve early detection, diagnosis, and treatment of
MM, novel detection methods are required, and a number
of clinical prognostic factors have already been identified.
Additionally, novel biomarkers are now being considered
to predict the evolution of this malignancy.

Recently, serum and pleural effusion markers have
been evaluated to help diagnose MM; for instance, MM
can be excluded from a differential diagnosis due to the
high concentrations of CEA and cytokeratin 19 fragment
[27, 28]. Over the last few years, new tumor markers have
been reported, such as soluble mesothelin-related peptide
(SMRP), megakaryocyte potentiation factor, and osteopon-
tin, but their roles are still unclear [29-31].
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To date, no specific biomarkers for the detection and
diagnosis of MM have been validated, and many efforts
have been made in this direction. Indeed, the identification
of novel tumor markers for MM may greatly contribute to
the early detection, diagnosis, and treatment of this cancer.
For this reason, much interest has been focused on a novel
class of markers called microRNAs (miRNAs).

Biogenesis and function of miRNAs

miRNAs are short non-coding, single-stranded RNAs (19—
22 nucleotides long) that act as a novel class of gene regu-
lators [32] by binding to the 3’ untranslated regions of their
target mRNA genes, resulting in post-transcriptional gene
expression regulation. The inhibition of mRNA translation
into protein occurs in the presence of a partial complemen-
tary binding between the miRNA and its target; alterna-
tively, in the case of complete complementary binding, the
mRNA is degraded. One single miRNA can regulate hun-
dreds of downstream targets. Therefore, these molecules
play important roles in various cellular processes, includ-
ing proliferation, development, differentiation, apoptosis,
and stress response, but they are also aberrantly expressed
in several cancers, thus playing a key role in oncogenesis.

Recent studies have reported that miRNAs are nonin-
vasive biomarkers that can open new avenues for the early
detection, diagnosis, and treatment of several neoplasms
due to their tumor-specific expression profiles and their
presence in the blood of patients. These studies have shown
that miRNAs can play the role of a tumor suppressor gene
or an oncogene during oncogenesis [33-35]. Additionally,
due to their tissue specificity, miRNAs can be studied to
identify the tissue source of the metastatic cancer [36, 37].

Because of their short sequences that result in more sta-
bility and decreased degradation by endogenous RNases,
the presence of miRNAs has been observed not only in the
primary tumor but also in all human bodily fluids, such as
serum, plasma, saliva, and urine. Their presence in human
fluids helps predict clinical outcome and cancer treatment
response [38—41]. The high tissue specificity together
with short sequence of miRNAs that prevent degradation
by RNases and their presence in all human bodily fluids
made miRNAs analyses more reliable and reproducible
than mRNA expression studies opening new avenues in
the genomic field. Furthermore, recent in vitro experiments
mimicking or silencing candidate miRNAs have resulted in
the modulation of miRNA expression in different types of
cancers, showing their potential use as anti-cancer thera-
peutics [42].

To date, only a small number of papers have reported the
roles of miRNAs as prognostic markers in a variety of dif-
ferent primary neoplasms, including leukemia, breast, pan-
creatic, ovarian, and lung cancer [43—49].

Due to these findings and the lack of tumor biomark-
ers for MM diagnosis, attention has focused on miRNAs.
Moreover, miRNA expression profiles are more reliable for
the classification of different tumor subtypes than mRNA
gene expression profiles [50, 51].

Recently, the significance of miRNAs has raised par-
ticular attention in the biological/clinical setting, and only
a few papers have reported their role in MM development.

The most commonly used techniques to investigate
miRNA expression are microarray analyses and quanti-
tative real-time polymerase chain reaction (qRT-PCR).
Microarray profiling is a high-throughput tool based on
the hybridization of labeled miRNA to probes that have
been previously spotted on an array [52]. A specific and
precise probes design on the microarray platform must be
taken into account to distinguish between the precursor
and mature miRNA. The second approach is qRT-PCR, a
more sensitive and quantitative profiling tool to investigate
the expression levels of a single transcript, which allows
real-time amplification using primers combined with spe-
cific assays [53]. These two techniques can be used to make
stronger and more reliable data even though some of the
presented studies utilized only one.

Role of miRNA in MM

To date, a few studies have evaluated the differential
expression of miRNAs using different sample sources in
the hopes of improving MM diagnosis and treatment.

One of the first studies was carried out by Guled and
colleagues in 2009. For the first time, a miRNA microar-
ray was used to analyze the miRNA expression profiles
of 17 freshly frozen surgical MM samples and normal
human pericardium. A subset of miRNAs was differen-
tially expressed between the neoplastic and unaffected
tissue (Fig. 1; Tables 1, 2). Additionally, specific miRNAs
for each histopathological subtype of MM were identi-
fied. Epithelioid MM expressed miR-135b, miR-181a-2%,
miR-499-5p, miR-517b, miR-519d, miR-615-5p, and
miR-624, whereas biphasic MM expressed miR-218-
2%, miR-346, miR-377*, miR-485-5p, and miR-525-3p;
sarcomatoid MM expressed miR-301b, miR-433 and
miR-543.

In this study, the smoking status and asbestos expo-
sure of the patients were also considered, and some miR-
NAs were identified in smokers compared to nonsmokers
(miR-379, miR-301a, miR-299-3p, miR-455-3p, and miR-
127-3p). Conversely, no differentially expressed miRNA
was detected in the asbestos-exposed samples compared to
the non-exposed subjects, but this could be correlated to the
different method of asbestos exposure assessment.

Further analysis reported that these miRNAs target
genes included the most frequently affected genes in MM
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MM tumorigenesis induced by miRNAs aberrant expression

Intrinsic factors

Tumor suppressor gene

CDKN2A, NF2 miR-885-3p

Oncogene
miR-15,miR-16,miR-34b/c —2 BCL2
miR-34b/c —» MET

miR-7-1% =3 EGF, PDGF
miR-203 = HGF
miR-203, MiR-9 =3 JUN
Let-7 = RAS
miR-34b/c —» myc

Signaling activation pathway

Apoptosis miR-17-92,miR-1
miR-31,miR-34b/c,miR-17-92° —3 | Cell cycle progression
miR-29¢c* — NF-kB
miR-29c* 3 PI3K/AKT
miR-126 — VEGF
miR-200" —3 WNT

Fig. 1 Schematic diagram reporting the interaction of miRNAs and
downstream signaling pathway genes in MM carcinogenesis. Red
arrow indicates gene/pathway activation, whereas the green symbol
shows gene/pathway inhibition. © miRNA cluster

(e.g., CDKN2A, NF2, JUN, HGF, and PDGFA), and the
majority of these miRNAs mapped to chromosomal areas
that are known to be altered in MM, such as gain of 8q24
and deletion of 1p36, and 14q32 [54].

This pioneering study open a new research avenue in
this field, and since then, a number of investigators have
explored the role of miRNA in MM in more detail.

miRNA as biomarker for early detection in MM

The importance of new potential biomarkers to identify
MM is increasing, and different studies have been per-
formed to evaluate the accuracy, feasibility, and specificity
of miRNAs as clinical biomarkers.

Santarelli et al. revealed the importance of miRNAs as
tools for the early detection of MM. According to previ-
ous studies reporting abnormal levels of miRNAs in dif-
ferent tumors, the authors hypothesized that examining
the expression of a panel of miRNAs involved in MM
tumorigenesis could be used to monitor MM develop-
ment and progression. Ten freshly frozen MM biopsies
were surgically excised from patients who received no
further adjuvant chemotherapy or radiotherapy, and the
expression of the 88 miRNAs most frequently involved
in oncogenesis were assayed in these samples using PCR.
Three miRNAs were significantly down-regulated (miR-
335, miR-126, and miR-32) and were further validated in
another cohort of 27 formalin-fixed paraffin-embedded
(FFPE) samples using qRT-PCR analysis. Only miR-126
was down-regulated in the malignant tissue compared to
the normal pleura.
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Notably, one target of miR-126 is vascular endothelial
growth factor (VEGF) mRNA, which encodes a protein
that stimulates angiogenesis, and MM patients exhibit high
amounts of VEGF in their serum [55].

Additionally, in support of these data, miR-126 expres-
sion was found to be down-regulated in human lung cancer
cells that exhibit high levels of VEGF, suggesting that this
miRNA plays a tumor suppressor role, as reported by Liu
et al. [56]. Furthermore, a correlation between the levels of
miR-126 in the serum and SMRP, a specific marker of MM,
was reported in subjects that had a high risk of developing
MM, suggesting that the association between miR-126 and
SMRP could be used as a marker for the early detection of
MM [55].

More recently, the role of miR-126 in the carcinogen-
esis of MM has been investigated in 45 untreated MM
patients compared to 20 untreated non-small cell lung can-
cer (NSCLC) patients using qRT-PCR analysis. Low-levels
of circulating miR-126 were observed in MM patients,
which significantly differentiated the MM patients from
the NSCLC samples and from the healthy controls. Addi-
tionally, Kaplan—Meier analysis showed a strong associa-
tion between low levels of circulating miR-126 and a worse
prognosis in MM patients. Although miR-126 can be con-
sidered to be a sensitivity marker for the disease, it lacks
tumor specificity, as it is expressed at a low level in other
neoplasms, which suggests that down-modulation of miR-
126 would have be used only in combination with other
MM-specific biomarkers, such as mesothelin [57].

Taken together, these results support the idea of using
miR-126 as a biomarker for early detection, as it has been
validated in different cohorts of samples, including serum,
fresh tissue, and FFPE samples. The possibility of finding a
useful biomarker is very important for the early diagnosis
of MM and can also be used to monitor the serum of indi-
viduals exposed to asbestos fibers.

miRNA in diagnosis

Because of the difficulty in discriminating MM from lung
ADC and other metastatic epithelial cancers and because of
the absence of accurate markers, miRNA expression analy-
sis represents an interesting option for differential diagno-
sis due to their tissue-specificities, which are highly useful
for identifying the tumor origin.

Using a standardized in vivo miRNA-based assay, Ben-
jamin and colleagues identified a panel of differentially
expressed miRNAs in FFPE samples from large resec-
tion specimens MM and various carcinomas. The authors
observed the over-expression of miR-193-3p in MM and
the over-expression of miR-192 and miR-200c, which
belongs to the miR-200 family, in peripheral lung ADC
and carcinomas that usually metastasize to the lung pleura.
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Table 2 Deregulated miRNAs: up-regulated and down-regulated vs. control samples expression

Reference

Source of tumor
samples

Up-regulated miRNA

Down-regulated miRNA

Guled et al. [54]

Santarelli et al. [55]

Fresh tissue

Fresh tissue

let-7b*, miR-1228*, miR-195*, miR-30b*,
miR-32%*, miR-345, miR-483-3p, miR-584,
miR-595, miR-615-3p, and miR-885-3p

FFPE tissue
Tomasetti et al. [57] Serum
Benjamin et al. [58] FFPE tissue miR-193-3p

Gee et al. [59]

Fresh tissue

miR17-3p, miR-17-5p, miR-18a, miR-20a,
miR-21, miR-106a, miR-143, miR-30c

miR-17-5p, miR-18a, miR-19b, miR-20a,
miR-20b, miR-25, miR-92, miR-106a, miR-106b,
miR-7, miR-182, miR-339, miR-196b, miR-33

Busacca et al. [61] Cell line
FFPE tissue
Andersen et al. [62] FFPE tissue miR-221
Kirschner et al. [65] Plasma/serum miR-625-3p
FFPE tissue
Weber et al. [66] Cellular fraction of
peripheral blood
Pass et al. [64] Fresh tissue
Cell line
Balatti et al. [63] Cell line
Ivanov et al. [71] Cell line
Kubo et al. [72] Fresh tissue
Cell line
Maki et al. [73] Cell line
Tanaka et al. [74] Cell line
Muraoka et al. [75] Serum
Khodayari et al. [76] Cell line
Goparaju et al. [77] Cell line miR-30c
Xu et al. [80] Fresh tissue
Cell line
Reid et al. [85] FFPE tissue
Cell line

let-7e*, miR-144%*, miR-203, miR-340%*,
miR-34a*, miR-423, miR-582,
miR-7-1*, and miR-9

miR-126

miR-126

miR-200a*, miR-200b, miR-200c,
miR-141, miR-203, miR-205, miR-429

miR-31, miR-221, miR-222

miR-17-5p

miR-103
miR-29¢c*

miR-214, miR-497, miR-500, miR-549,
miR-22, miR-146b, miR-502, miR-328

miR-31
miR-34b/c

miR-34b/c
miR-34b/c
miR-34b/c
let-7
miR-17*
miR-1

miR-15, miR-16

Further analysis by gqRT-PCR confirmed that these miRNA
expressions patterns alone were able to differentially diag-
nose and distinguish MM from ADC and other malignan-
cies involving the lung and pleura.

Similarly, Gee et al. performed an in vivo analysis
using pleural biopsies to distinguish 15 non-histologically
defined MM from ten lung ADC using miRNA microar-
rays; this study also further validated these results in 100
MM and 32 lung ADC surgical resected samples using
qRT-PCR to study the molecular differences between these
two diseases. The analysis revealed a strong down-regu-
lation of miRNAs, specifically of miR-141, miR-200a*,
miR-200b, miR-200c, miR-203, miR-205, and miR-429,
in the MM samples compared to the lung ADC samples,
and these changes range from 6- to 42-fold reductions in
expression.

Interestingly, both papers found a strong expression
of the miR-200 family in the ADC samples but minimal
expression in MM, confirming the important role of the
miR-200 gene family in ADC disease.

The above in vivo studies were the first studies aimed at
comparing the miRNA expression profiles in MM and car-
cinomas infiltrating the lung and pleura.

This diagnostic assay based on the decreased expression
of specific miRNAs could provide a useful tool and a novel
approach in the differential and rapid diagnosis of MM
from ADC and other malignancies in the pleura [58, 59].

A number of other investigations also reported the rel-
evance of miRNAs as diagnostic markers of MM. One of
the first studies was conducted by Busacca and colleagues,
who examined the miRNA expression profiles of MM cell
cultures compared to normal mesothelial cell lines using
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microarray and qRT-PCR analyses; markedly deregulated
miRNAs were further evaluated by in vivo miRNA signa-
tures from MM primary tumor tissues that represented all
three histological types.

miRNA belonging to the onco-miR cluster miR-17-92
appeared to be up-regulated in MM cells, and miRNAs
previously reported to be down-regulated in several tumors
(miR-21, miR-29a, miR-30b, and miR-106a) were also
deregulated [60].

Furthermore, marked up-regulation of miR-143 and
miR-30c was observed in the MM cell lines, whereas miR-
31, miR-221, and miR-222 were down-regulated both in
the MM cells and MM samples [61]. Because both miR-
221 and miR-222 are known to be negative regulators of
the cyclin-dependent kinase inhibitor (CDKI) p27 and the
PTEN suppressor gene and are usually associated with poor
MM prognosis, the down-regulation of these miRNAs in
the MM cell lines is somewhat surprising [62].

Additionally, several targets of these miRNAs have been
associated with MM oncogenesis, such as CDKI, which
encodes p27Kip, B cell translocation gene 1, hepatocyte
growth factor, and a methyl-CpG binding protein involved
in transcription repression.

The down-regulation of miR-17-5p and miR-30c, which
are differentially expressed according to histotype and are
associated with other malignancies, were correlated with a
better outcome in sarcomatoid MM, suggesting their poten-
tial role as diagnostic and prognostic markers [61].

Recently, the expression levels of mir-17-5p, mirR-30c,
miR-221, and miR-222 were evaluated in vivo between
MM and reactive mesothelial proliferations (RMP) using
FFPE epithelioid MM and non-neoplastic pleura from EPP
tissues of patients previously treated with chemotherapy.
Significant down-regulation of miR-17-5p, up-regulation
of miR-221 and no differential expression of miR-30c and
miR-222 were observed in MM compared to the non-neo-
plastic pleura specimens.

Surprisingly, Andersen et al. found the opposite expres-
sion pattern for both miR-17-5p and miR-221 compared to
results previously reported by Balatti et al. and Gee et al.
in MM cell lines; this suggests that comparing in vitro and
in vivo results is currently not feasible. This difference was
not due to neoadjuvant chemotherapy as they compared
miRNA expression in MM tissue from patients prior to any
treatment.

Receiver operating characteristic (ROC) curves indi-
cated that although miR-17-5p, miR-30, miR-221, and
miR-222 were specific for MM subtypes and were differ-
entially expressed in MM cell lines vs. normal mesothelial
cells [58, 59, 61, 63], they could not be considered diagnos-
tic markers for differentiating MM from RMP.

Therefore, for the identification of miRNAs candidates
that can be used in the differential diagnosis of MM and
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RMP, a broad, comparative miRNA expression analysis
using qRT-PCR in surgical samples from MM and non-
neoplastic pleura, followed by direct validation on tissue
sections by in situ hybridization, was suggested to fully
investigate their histopathological diagnostic value and
pathogenic roles [62].

The predictive role of miRNAs in plasma and serum
as diagnostic biomarkers for MM has been recently pro-
posed by Kirschner et al. Based on 90 miRNAs previously
reported to be associated with MM [54, 55, 58, 59, 61, 63,
64], the authors identified the novel miR-625-3p, which
was differentially expressed in MM patients compared to
the controls. miRNA microarray analysis of the plasma of
MM patients, followed by further validation by qRT-PCR
analysis and examination of FFPE MM tumor blocks that
underwent EPP, confirmed the up-regulation of miR-625-3p
in the plasma of MM patients. The increased expression of
this miRNA in two independent cohorts of samples, both
plasma/serum and FFPE blocks, led to the hypothesis that
miR-625-3p may be a promising novel diagnostic marker
[65].

Another potential biomarker for the diagnosis of MM,
miR-103, was identified by Weber et al. in the cellular frac-
tion of human peripheral blood. An oligonucleotide micro-
array was used to detect the miRNA levels in the cellular
fraction of peripheral blood of epithelioid and biphasic MM
patients who were not treated with surgery, chemotherapy,
or radiation as well as to compare asbestos-exposed and
control individuals. qRT-PCR analysis was performed to
validate the novel potential biomarker miR-103, confirm-
ing its down-regulation in both MM subtypes compared to
the asbestos-exposed and controls. This encouraging result
supports the idea of using the cellular fraction of human
blood for biomarker detection, whether the evaluation of
miR-103 alone or in combination with other biomarkers,
in the diagnosis of MM, needs to be further established in
larger prospective studies [66].

miRNA as a prognostic factor in MM

miRNAs have also been implicated in MM prognosis, as
described by Pass and colleagues; the aim of their study
was to distribute MM patients into good or poor prognosis
groups depending on the expression of specific miRNAs.
One hundred and twenty-nine surgically treated snap-
frozen MM samples, nine MM cell lines, and three nor-
mal mesothelial cell lines were collected and tested using
a custom miRNA platform, followed by further valida-
tion by qRT-PCR. These analyses revealed the independ-
ent prognostic significance of miR-29c*, in terms of time
to recurrence and survival after surgical cytoreduction;
its expression was increased in the epithelial vs. the non-
epithelial MM. Moreover, in the epithelial histotype group,
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higher miR-29c* expression predicted a more favorable
prognosis compared to the group characterized by lower
miR-29 expression (21.6 vs. 9.1 months median survival,
respectively).

This result was also supported by in vitro data showing
the inhibition of proliferation, migration, invasion, and col-
ony formation when miR-29¢c* was over-expressed in MM
cell lines. Because the decreased expression of miR-29¢*
has already been reported in MM by Busacca et al. and in
several cancers, it can be assumed that this miRNA plays a
tumor suppressor role [67-69].

Busacca et al. reported that the expression levels of
miR-17-5p, miR-21, miR-29a, miR-30c, miR-30e-5p, miR-
106a, and miR-143 were associated with different MM his-
tologies, and down-regulation of miR-17-5p and miR-30c
correlated with a more favorable outcome in sarcomatoid
MM patients. Similar to Guled’s paper, informatics algo-
rithms were employed to investigate the downstream tar-
gets of the potential prognostic miRNAs and showed that
miR-29¢* was involved in epigenetic regulation, resulting
in the up-regulation of de-methylating genes and a decrease
in the expression of DNA methyltransferases; methylation
is an important step for genetic alteration caused by asbes-
tos exposure [64].

Interestingly, Ivanov et al. [70, 71] analyzed the prog-
nostic role of miR-31 in 8 MM cell lines, showing that a
marked decrease in miR-31 was associated with a worse
prognosis and a shorter time to tumor recurrence in MM.
Strong miR-31 down-regulation was linked to the previ-
ously described deletion of the 9p21.3 chromosome in
MM patients, thus demonstrating the homozygous deletion
of the miR-31 gene, which resides in that area. The onco-
genic nature of this genetic alteration has been associated
with the loss of two tumor suppressor genes that map in
this area named CDKN2A and CDKN2B; this deletion has
been frequently reported in MM as well as in other cancers.
In this study, microarray analysis showed that 8 MM cell
lines derived from patients with more aggressive disease
failed to express miR-31, a miRNA that has been shown to
be involved in the suppression of breast cancer metastases.

miRNAs as MM markers and potential targets
for anti-cancer therapy

The importance of miRNAs as MM biomarkers has been
reported by Balatti [63] and colleagues that performed in
vitro analysis to compare the miRNA expression in normal
pleural mesothelial cell cultures and MM cell lines using
microarray and qRT-PCR analysis. In addition, the protein
expression of some genes was validated using Western-blot
analysis. The results showed different miRNA expression
patterns between the MM and mesothelial cell cultures.
Specific members of the onco-miR miR-17-92 cluster

(miR 17-5p, 18a, 19b, 20a, 20b, 25, 92, 106a, 106b) were
strongly up-regulated, as already reported by Busacca
et al., whereas other miRNAs exhibited deregulation in
MM. Notably, genes involved in cell cycle regulation are
also targets of these miRNAs. These findings may suggest
novel miRNA as potential targets for new therapeutic inter-
ventions involving anti-miR oligonucleotides or the forced
expression of the absent miRNA.

In particular, specific miRNAs such as miR-31 have
been shown to play important roles in MM therapeutic
approaches. Indeed, as reported by Ivanov and colleagues,
an association has been found between low expression of
miR-31 and a short time to tumor recurrence in MM. Func-
tional studies involving the forced re-expression of miR-
31 resulted in cell cycle suppression and the inhibition of
several important factors implicated in DNA replication
and cell cycle progression, such as pro-survival serine/thre-
onine-protein phosphatase 6 (PPP6C); PPP6C has been
previously associated with chemotherapy and radiation
therapy resistance and the maintenance of chromosomal
stability. Furthermore, in an attempt to identify the targets
of miR-31, it was shown that PPP6C mRNA contained 3
miR-31-binding sites playing an important role in prolif-
eration, migration, invasion, and clonogenicity attenuation
of the MM cell lines.

These data indicate that miR-31 possesses a tumor-sup-
pressive property, suggesting the possibility of developing
novel therapeutic agents against MM and other cancers that
exhibit 9p21.3 chromosome loss [71].

More recently, Kubo et al. [72] investigated the altera-
tions of a direct transcriptional target of 7P53, miR-34s
(miR-34a/b/c), and its involvement in MM tumorigenesis
obtaining very impressive results. Epigenetic modifica-
tion by methylation results in miR-34b/c gene silenc-
ing, and the silencing of this miRNA plays an important
role in the pathogenesis of MM; miR-34b/c restoration
was able to suppress the oncologic features. The miR-34s
methylation status and expression were examined in MM
cell lines as well as in 47 surgically resected MM sam-
ples; aberrant methylation was equally distributed in the
cell lines and tumors. However, because this epigenetic
silencing involved miR-34b/c more frequently than miR-
34a, the study focused on the role of miR-34b/c in MM.
Forced miR-34b/c over-expression in transfected MM cell
lines resulted in a marked antitumor effect due to cell cycle
arrest as well as the suppression of migration, invasion, and
motility. Taken together, these data indicated that the resto-
ration of miR-34b/c expression may have potential thera-
peutic implications for the treatment of MM due to its rel-
evant tumor suppressor properties. The role of miR-34b/c
was further investigated by Maki and colleagues: they stud-
ied the effect of miR-34b/c restoration on the radiosensitiv-
ity of two MM cells. The impact of miR-34b/c transfection
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was examined by in vitro analysis such as cell cycle anal-
ysis, and clonogenic and apoptosis assays revealing that
miR-34b/c transfection radiosensitized MM cells by pro-
moting radiation-induced apoptosis. In order to improve
MM treatment, this miRNA might be an important thera-
peutic molecule to enhance radiotherapy in MM patients
[73].

The investigation of miR-34s methylation and silenc-
ing continued thanks to Tanaka [74] and colleagues who
recently examined the cellular effect of miR-34s knock-
down in human mesothelial cell lines. Cell proliferation,
migration, and invasion increased transfecting non-malig-
nant cell lines with miR-34s inhibitors compared with the
control. The effect was also evaluated at the protein level,
confirming the up-regulation proteins involved in carcino-
genesis such as phospho-c-MET and bcl-2. This recent
study highly suggests the importance of the miR-34 family
in the oncogenic transformation of normal mesothelial cells
in MM cells.

Additionally, Muraoka et al. [75] investigated the degree
of miR-34b/c methylation in serum circulating DNA, as
DNA methylation occurs in about 90 % of MM samples.
They used a real-time methylation-specific PCR assay to
examine the methylation rate of circulating DNA in the
serum of MM patients in comparison with controls. Patient
characteristics such as sex, age, histotype, and smoking
habit did not disclose any significant discrepancies. On
the other hand, high methylation grade correlated with
advanced stage of disease compared to early stage. This
assay showed high sensitivity for miR-34b/c methylation
status in serum-circulating DNA and it revealed a marked
difference between MM cases and healthy individuals, sug-
gesting that this assay might be a new detection approach
for MM patients. All of these results strongly show the
importance of the miR-34 family contributing to MM car-
cinogenesis and its role as a tumor suppressor.

Khodayari et al. reported that the activation of the
Ephrin type-A receptor by its ligand EphrinA1 leads to the
up-regulation of the let-7 miRNA in 2 MM cell lines, and
this up-regulation contributes to the suppression of RAS
family proto-oncogenes (H-RAS, K-RAS, N-RAS), resulting
in a decrease in MM tumor growth.

Indeed, EphrinA1l activation induces the expression of
the let-7 miRNA family members by several fold in MM
cells, resulting in the silencing of H-RAS, K-RAS, and N-
RAS expression and, in turn, the inhibition of MM cell pro-
liferation and the consequent decrease in tumor growth in
MM cell lines.

To validate these data, MM cell lines were transfected
with let-7 miRNA antisense oligonucleotides, and Eph-
rinAl failed to inhibit proliferation under these conditions.
On the other hand, the introduction of the let-7 miR pre-
cursor into MM cells inhibited the expression of the RAS
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family proto-oncogene, resulting in tumor growth attenua-
tion [76].

Another study by Goparaju et al. [77] investigated the
roles of miR-17* and miR-30c in MM using 3 MM cell
lines treated with the chemotherapeutic agent ranpirnase
(Onconase), a single peptide chain that induces intracel-
lular RNA degradation. Notably, Onconase treatment
induced a marked increase in miR-17* expression and a
significant down-regulation of miR-30c expression in all
cell lines, as well as down-regulation of NF-xB and its
downstream targets, thus resulting in cell apoptosis and
reduced aggressive behavior. Functional studies, such as
cell proliferation assays, Matrigel invasion assays, and
soft agar colony formation, were performed to determine
the efficacy of Onconase treatment, and the results indi-
cated the direct involvement of specific miRNAs in the
antitumor effect, suggesting a possible application in MM
treatment.

In a recent paper, Xu et al. reported that miR-1 is also
one of the MM-associated miRNAs due to their discovery
of its potential role as a therapeutic target. They examined a
total of 25 MM freshly frozen tissues and normal pleura by
microarray analysis, confirming their findings using qRT-
PCR: miR-1 was down-regulated compared to unaffected
mesothelium; this result was in agreement with previous
studies reporting miR-1 down-regulation in hepatocellular
carcinoma and bladder cancer [78, 79]. To prove this result,
they tested the effect of miR-1 by in vitro assays on 2 MM
cell lines: its over-expression induced inhibition of prolif-
eration and apoptosis. In silico analysis revealed miR-1
involvement on apoptosis pathways. These findings sug-
gest a possible role of miR-1 as a tumor suppressor in MM
therapy [80].

Very recently, Reid et al. analyzed FFPE tissue from
60 MM patients who underwent EPP and 6 MM cell
lines by qRT-PCR, reporting a marked reduced expres-
sion of miR-15 and miR-16 (range from 4- to 22-fold
down-regulation). Forced expression of miR-15 and
miR-16 resulted in inhibition of growth in MM cell
lines. Interestingly, in vivo experiments showed that the
intravenous administration of miR-16 targeted with epi-
dermal growth factor receptor (EGFR) specific antibod-
ies led to marked and dose-dependent growth inhibition.
Growth inhibition resulted in low expression of target
oncogenes such as Bcl-2 and CCND. This important
paper underlines the tumor suppressor function for miR-
15 and miR-16 in line with previous studies in prostate,
lung, colon, and ovary cancer [81-84]. In addition, the
ability to replace miRNAs in vivo opens new impor-
tant avenues for therapeutic options in MM patients
[85]. These observations suggest that targeting miRNAs
expression may represent a novel therapeutic strategy in
the treatment of MM patients.
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Conclusions and future directions

All of the presented studies reveal the increasing impor-
tance of miRNAs in MM due to their potential roles as both
diagnostic/prognostic markers and as anti-cancer agents in
the treatment of this disease.

To date, a limited number of investigations have focused
on miRNA expression in MM; therefore, it is not surpris-
ing that some results are not in agreement due to the differ-
ent histological subtypes, sample sources (freshly frozen,
FFPE tumor, cell lines, and serum) used in the in vitro and
ex vivo studies (data from cell line do not always correlated
in a biologically relevant manner with data from human
tumors), control groups, approaches, and normalization
techniques, as well as qRT-PCR and microarray analyses.

To overcome some conflicting results, larger samples
should be enrolled to minimize fault-positive findings and
micro or macro dissection of MM clinical samples should
be performed before RNA extraction to increase analysis
precision due to high tissue specificity of miRNAs. Fur-
thermore, to identify miRNAs as novel biomarkers, the
application of two techniques in the initial screening step
would increase accuracy and reliability.

Additionally, some studies have focused on malignant
pleural mesothelioma only, whereas others have studied
all types of MM. Further validations are needed to define
strong miRNA signature that can be used to discriminate
MM patients from ADC patients and from healthy controls.

Based on these results, it is possible to determine
miRNA expression from the serum of individuals with a
personal history of exposure to asbestos fibers or who live
in urban risk areas, and this information may be used to
diagnose MM in its early stages.

In conclusion, all reported data clearly demonstrate
the relevance of miRNAs in the diagnosis, prognosis, and
treatment of MM. All data should be validated in a uni-
form manner to identify potential miRNAs as predictive
and prognostic markers. Finally, the recent advances in the
delivery of miRNAs mimic/inhibitor offer novel therapeu-
tic opportunity in the treatment of this deadly disease.
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