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Abstract
Rhabdomyosarcoma (RMS) is the most common of
the soft tissue sarcomas with resultant high morbid-
ity, frequently occuring in paediatric patients and
young adults. While the molecular basis of RMS
has received considerable attention, exact mecha-
nisms underlying its development and metastasis
remain unclear. MicroRNAs (miRNAs) are endoge-
nously expressed small non-coding RNAs that neg-
atively regulate gene expression via translational
inhibition or mRNA degradation. Deregulated
expression of miRNA has been implicated in initia-
tion, progression, and metastasis of RMS. miRNAs
have emerged as key regulators of several physio-
logical and pathophysiological processes and have
opened new avenues for diagnosis and treatment of
RMS. This review summarizes deregulation and
functional roles of miRNAs in RMS and their
potential applications for diagnosis, prognosis and
treatment of this malignancy. As a rapidly evolving
field in basic and translational medicine, it is hope-
ful that miRNA research will ultimately improve
management of RMS.

Introduction

Rhabdomyosarcoma (RMS) is the most common of the
soft tissue sarcomas and frequently occurs in paediatric
patients and young adults (1,2). The current histological
classification system categorizes it as either embryonal
(ERMS) or alveolar (ARMS) type, which differ in body

location, occurrence, mean patient age and prognosis
(3–5). ERMS lesions, the most common type, have fea-
tures of embryonic muscle, and are generally associated
with favourable prognosis (5,6). However, ARMS
lesions consist of small, round and densely packed cells,
displaying poor muscle differentiation, and tends to have
unfavourable outcomes (7,8). While ERMS tumours fre-
quently have mutations in components of the RAS path-
way (9), ARMS is usually associated with balanced
chromosomal translocation, namely fusion of PAX3 or
PAX7 with FOXO1. Misregulated myoblast fusion
caused by ectopic TANC1 expression could mediate
pro-tumourigenic effects of PAX–FOXO1 fusion (10).
PAX3–FOXO1 fusion has also been shown to up-regu-
late RASSF4 to inhibit the Hippo pathway tumour sup-
pressor MST1(11). Until now, molecular mechanisms of
RMS development have still not been fully elucidated
(7,12). In this regard, identification of crucial biomarkers
can improve our understanding of RMS tumour biology
and help us discover novel targets for its therapy in clin-
ical settings (13–15).

MicroRNAs (miRNAs), a group of small non-coding
RNAs (~22 nucleotides in length), carry out their bio-
logical functions by negatively regulating expression of
target mRNAs at the post-transcriptional level, through
base-pairing with their 30-untranslated regions (30‑UTRs)
(16–21). Increasing studies have indicated that miRNAs
play important role in cell proliferation, apoptosis, inva-
sion, migration and metabolism (22–25). Deregulation
of miRNA has been detected in various types of cancer,
including of the lung, breast, bladder, prostate and stom-
ach (21,26–29). To this end, miRNAs may function as
oncogenes or tumour suppressor genes, depending on
identities and functional importance of their target genes
(30–33). Our review focuses on recent data related to
miRNAs involved in development of RMS and dis-
cusses their potential to be used as diagnostic and prog-
nostic biomarkers as well as in treatment strategies for
RMS.
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Deregulated miRNAs in RMS

Numbers of expression profiling studies have shown
that miRNAs are dysregulated in RMS (Table 1). Wei
et al. performed parallel miRNA and mRNA expression
profiling on 57 tumour xenografts and cell lines, repre-
senting 10 different paediatric solid tumours, using
microarray analysis. Their data revealed that paediatric
cancers, including RMS, osteosarcomas and neuroblas-
toma, have distinct miRNA expression profiles. In this
respect, 14 miRNAs were found to be differentially
expressed in RMS and neuroblastoma (34). A further
study used supervised hierarchical clustering on RMS
by an ANOVA with P < 0.03, in four molecular sub-
types of RMS (ERMS, PAX3-positive ARMS, PAX7-
positive ARMS, fusion-negative ARMS), revealing that
tumours clustered according to their molecular alter-
ations in PAX3/FOXO1, PAX7/FOXO1 or no transloca-
tion, on the basis of expression levels of 10 miRNAs.
PAX-positive tumours (particularly PAX3), overex-
pressed all these miRNAs (35). A panel of 107 differen-
tially expressed miRNAs also differentiated ARMS and
malignant rhomboid tumours, the latter of which is one
of the most aggressive and lethal malignancies in paedi-
atric oncology (13). In particular, miR-9 was found to
be overexpressed in ARMS and associated with meta-
static invasion. In contrast, expression levels of miR-
200c were lower in ARMS than that in malignant rhom-
boid tumours. Using deep sequencing technology,
Megiorni et al. reported that 97 miRNAs were deregu-
lated in ARMS and ERMS samples compared to normal
skeletal muscle. miR-378 family members were dramati-
cally lower in RMS tumour tissues and cell lines (36).

miR-301 is up-regulated in RMS cell lines and pri-
mary tumour samples compared to human skeletal muscle
cells (SkMC) and muscle tissue controls (7). Sarver et al.
reported that miR-183 was overexpressed in RMS as well
as in corresponding tumour cell lines (37) and Reichek
et al. determined miRNA expression in relation to
amplification of the 13q31 chromosomal region, which

harbours the miR-17–92 cluster (miR-17, miR-19a, miR-
19b, miR-20a and miR-92a), in ARMS (38). They found
that in tumours with the 13q31 amplification, there was
higher expression of five of six microRNAs within the
cluster. In addition, a subset of non-amplified tumours
with copy number-independent overexpression of all six
microRNAs was identified. miR-29 is epigenetically
silenced in RMS cells and primary tumours that are poorly
differentiated (3). miR-27a and miR-26a were down-regu-
lated in all RMS tissues compared to muscle tissues, sug-
gesting their potential roles as tumour suppressors in
RMS (7);Taulli et al. also showed that miR-1 and miR-
206 expression was lower in primary RMS (39). More-
over, down-regulation of these two miRNAs was con-
firmed by Yan et al. in RMS tissues and cell lines (40).
Missiaglia et al. reported that muscle-specific miRNAs,
including miR-1, miR-206, miR-133a and miR-133b,
were lower in RMSs compared to skeletal muscle (41).
Rao et al. found that expression of miR-1 and miR-133a
were low in representative cell lines from ERMS and
ARMS (42). Diao et al. reported that miR-203 was fre-
quently down-regulated by promoter hypermethylation in
both RMS cell lines and RMS biopsies and could be reac-
tivated by DNA-demethylating agents (43).

It is noteworthy that only small numbers of deregu-
lated miRNAs were shared between different studies
and several miRNAs even exhibited discordant expres-
sion patterns. These discrepancies are probably due to
quality of clinical samples, indistinctive changes, speci-
ficity of profiling platforms, different protocols for
sample collection and processing, preceding cytotoxic
treatments, tumour heterogeneity and underestimated
hypoxia and infection. Thus, it is important to re-evalu-
ate current strategies in miRNA profiling and be cau-
tious concerning interpretation of existing signatures.

Mechanisms of miRNA deregulation in RMS

Expression of miRNA is regulated in ways similar to those
of other coding genes. Recent pieces of work have pro-

Table 1. miRNA expression profiles in rhabdomyosarcoma (RMS)

No. Sample Tumour-specific Up-regulated Down-regulated References

1 Xenograft
Cell lines
Rhabdomyosarcoma
/neuroblastoma

14 miRNA (34)

2 Primary RMS different subtypes of RMS 10 miRNA (35)
3 MRT/RMA 107 miRNA 46 miRNA 61 miRNA (13)
4 ARMS, ERMS/NSM 97 miRNA 18 miRNA 79 miRNA (36)

RMA, Alveolar rhabdomyosarcoma; MRT, malignant rhabdoid tumour; ARMS, alveolar rhabdomyosarcoma; ERMS, embryonal rhabdomyosar-
coma; NSM, normal skeletal muscle.
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vided new insights to explain miRNA deregulation in
RMS, including epigenetic alteration and deregulated tran-
scription. As mentioned above, miR-29 can be epigeneti-
cally silenced by activated nuclear factor-jB (NF-jB) –
Ying Yang 1 (YY1) pathway in RMS cells and primary
tumours (3). A further study has demonstrated that activa-
tion of haeme oxygenase-1 (a cytoprotective enzyme
induced in response to oxidative stress), in C2C12 cells,
reduced abundance of miR-1, miR-133a, miR-133b and
miR-206, which was accompanied by augmented produc-
tion of SDF-1 and miR-146a (44). miR-203 was frequently
down-regulated by promoter hypermethylation but could
be reactivated by 5-aza-20-deoxycytidine treatment (43).
Megiorni et al. also showed that DNA demethylation by
5-aza-20-deoxycytidine was able to up-regulate miR-378a-
3p (36). Sun et al. reported that TGF-b1 exerted its
function by suppressing miR-450b-5p in RMS (45).

Biogenesis of miRNAs can also be altered in RMS.
Dicer is an endoribonuclease involved in processing pre-
miRNA into mature miRNA. Somatic Dicer 1 mutations
have been found in 3.8% of sporadic ERMS (46).

Biological functions of deregulated miRNAs in
RMS

As increasing deregulated miRNAs have been detected,
further understanding of their functional roles, especially
their interactions with tumour suppressor genes, oncoge-
nes or other cancer-related genes, it is critical for us to elu-
cidate the molecular tumourigenesis of RMS (Table 2).

Several deregulated miRNAs have been implicated in
differentiation of muscle cells. For instance, reconstitution

of miR-29 in murine RMS, inhibited tumour growth and
stimulated differentiation by targeting YY1. As noted
above, miR-29 could be silenced by YY1, thus forming
molecular circuitry that involves mutual inhibition
between YY1 and miR-29 (3). Overexpression of miR-
203 in RMS cells inhibited their migration and prolifera-
tion and promoted terminal myogenic differentiation.
Mechanistically, miR-203 has been found to exert its
tumour-suppressive effect by directly targeting p63 and
leukaemia inhibitory factor receptor in RMS cells, which
promotes myogenic differentiation by inhibiting Notch
and Janus kinase 1 (JAK1)/signal transducer, and activa-
tor of transcription 1/3 (STAT1/3) pathways, supporting
the role of miR-203 as a tumour suppressor in RMS (43).
A further study indicates that re-expression of miR-378a-
3p causes significant changes in apoptosis, cell migration,
cytoskeleton organization as well as modulation of mus-
cle markers MyoD1, MyoR, desmin and the myosin
heavy chain (36). In addition, DNA demethylation by 5-
aza-20-deoxycytidine has been found to be able to up-reg-
ulate miR-378a-3p with concomitant induction of apopto-
sis, decrease in cell viability and cell cycle arrest in G2-
phase. Morphology and expression of the myosin heavy
chain in RMS cells treated with 5-aza-20-deoxycytidine
also changed. miR-378a-3p overexpression in one RMS
cell line reduced IGF1R expression and phosphorylated-
Akt protein levels (36). Taulli et al. found that reexpres-
sion of miR-206 in RMS cells promoted myogenic differ-
entiation and blocked tumour growth in xenografted
mice. This was indicated by switching the global mRNA
expression profile to one that resembled mature muscle.
c-Met, a tyrosine-kinase receptor over-expressed in RMS,

Table 2. Functional characterization of deregulated miRNAs in rhabdomyosarcoma (RMS)

Name Up- or down-regulation
(Rhabdomyosarcoma/Normal)

Target gene Role Reference

miR-29 Down YY1, PAX3, CCND2 Tumour suppressor (3,44)
miR-301 Up oncogene (7)
miR-27a Down Tumour suppressor (7)
miR-26a Down Tumour suppressor (7)
miR-1 Down c-Met, PAX3, CCND2 Tumour suppressor (37–40,44)
miR-206 Down c-Met, PAX3, CCND2 Tumour suppressor (37–39,44)
miR-133a Down TPM4 Tumour suppressor (39,40)
miR-133b Down Tumour suppressor (39)
miR-183 Up EGR1

PTEN
oncogene (41)

miR-17, miR-19a, miR-19b,
miR-20a, miR-92a

Up (42)

miR-203 Down p63 Tumour suppressor (43)
miR-378a-3p Down IGF1R Tumour suppressor (36)
miR-485-3p Up NF-YB oncogene (45)
miR-450b-5p Down ENOX2

PAX9
Tumour suppressor (47)

miR-214 Down N-ras Tumour suppressor (49)
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was down-regulated in murine satellite cells by miR-206
at the onset of normal myogenesis (39). In addition,
Wang et al. showed that reconstitution of miR-29 in
RMS in mice inhibited tumour growth and stimulated dif-
ferentiation, suggesting that miR-29 acted as a tumour
suppressor through its promyogenic function (3). Sun
et al. reported that miR-450b-5p arrested expansion of
RMS and promoted expression of MyoD, a protein that
plays a major role in regulating muscle differentiation.
Utilizing a bioinformatics approach, miR-450b-5p target
mRNAs were identified. Among these candidates, expres-
sion of ENOX2 and PAX9 only were augmented by miR-
450b-5p knock-down (45). A further recent study showed
that overexpression of miR-214 inhibited RMS tumour
growth, induced myogenic differentiation and apoptosis,
as well as suppressed colony formation and xenograft
tumourigenesis. N-Ras is a conserved target of miR-214
and its expression is up-regulated in human RMS tissues
(47). Rao et al. demonstrated that miR-1 and miR-133a
exerted cytostatic effects in an ERMS cell line, suggesting
a tumour suppressor-like role for these myogenic miR-
NAs. Transcriptional profiling of cells transfected with
miR-1 and miR-133a revealed that miR-1 but not miR-
133a exerted strong promyogenic influence on poorly dif-
ferentiated tumour cells. mRNA targets (such as ADAR,
ANXA2, ZFP36L1 for miR-1; TNFRSF10B, CORO1C
and LASS2 for miR-133a) of miR-1 and miR-133a were
also up-regulated in RMS, suggesting a causative role for
these miRNAs in RMS development (42).

Cell cycle progression is another key cellular process
deregulated by miRNAs in RMS. In this regard, miR-1,
miR-206 and miR-29 have been reported to regulate
expression of CCND2, a cell cycle gene. miR-29 also
targeted a further cell cycle regulator E2F7. To this end,
ectopic expression of miR-29 down-regulated expression
of these cell cycle genes and induced partial G1 arrest,
leading to reduced cell proliferation. These data support
tumour suppressor roles for miR-1, miR-206 and miR-
29 in RMS. A previous study has also demonstrated that
transient transfection of miR-1 and miR-206 into cul-
tured RMS RD cells led to a significant decrease in cell
proliferation and migration. By bioinformatic analysis
combined with Western blotting, putative binding sites
for miR-1 and miR-206 within the 30-UTR of human c-
Met mRNA have been identified and down-regulation of
c-Met protein by miR-1 and miR-206 was confirmed
(40), suggesting that miR-1 and miR-206 might exert
tumour suppressor activity by targeting c-Met. Impor-
tantly, up-regulation of c-Met was confirmed in tissue
samples of human RMS, with levels inversely correlated
to miR-1 and miR-206 expression. In vivo, miR-1- or
miR-206-expressing tumour cells had remarkable growth
delay (40). BAF53a, a subunit of the SWI/SNF chro-

matin remodelling complex, is also the direct target of
miR-206(48). Li et al. showed that ectopic expression
of miR-1 and miR-206 in JR1, an ERMS cell line,
down-regulated PAX3, whereas overexpression of these
two miRNAs in Rh30, an ARMS cell line, did not have
any effect on PAX3 protein levels (49). In ARMS,
PAX3 forms a fusion transcript with FOXO1 and resul-
tant loss of PAX3 30UTR in the fusion transcript repre-
sents an oncogenic mechanism to evade miRNA-
mediated regulation of PAX3. Chen et al. demonstrated
that restored expression of miR-485-3p in human lym-
phoblastic leukaemia cells (CEM) could reduce expres-
sion of NF-YB accompanied by corresponding up-
regulation of DNA topoisomerase IIa and increased sen-
sitivity to DNA topoisomerase II inhibitors. Importantly,
results from CEM cells were replicated in both drug-
sensitive and -resistant human RMS Rh30 cells (50).
Sarver et al. demonstrated deregulation of a miRNA
network composed of miR-183-EGR1-PTEN in synovial
sarcoma, RMS and colon cancer cell lines. Integrated
miRNA- and mRNA-based genomic analyses indicated
that miR-183 was a key contributor to cell migration in
these tumour types and such regulation occurred via
EGR1-based mechanism. miR-183 has a potential onco-
genic role through regulation of two tumour suppressor
genes, EGR1 and PTEN, and deregulation of this funda-
mental miRNA regulatory network may be central to
many tumour types, including RMS (37).

Prognostic use of miRNAs and other clinical
implications

Efforts have been made to predict disease outcome and
response to treatment in relation to miRNA expression.
Missiaglia et al. demonstrated that low miR-206 expres-
sion was an independent predictor of shorter overall sur-
vival of patients with metastatic ERMS and ARMS
cases without PAX3/7–FOXO1 fusion. Low miR-206
expression also correlated with high Societe Interna-
tionale D’oncologie Pediatrique (SIOP) stage and pres-
ence of metastases at diagnosis. Low miR-206 is linked
to aberrant activation of mitogen-activated protein kinase
(MAPK) and NF-jB pathways, whereas high miR-206
expression induced genes linked to muscle differentia-
tion (41). In addition, Miyachi et al. reported that serum
levels of muscle-specific miRNAs (miR-1, miR-133a,
miR-133b and miR-206) were higher in patients with
RMS than in patients with non-RMS (51). However, the
mechanisms by which serum levels of these miRNAs
were elevated remained unclear as these miRNAs are
down-regulated in RMS tissues. Normalized serum miR-
206 expression levels can be used to differentiate
between RMS and non-RMS, with sensitivity of 1.0 and
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specificity of 0.913. In ARMS, increased expression of
miR-17–92 cluster has been found, with marked prefer-
ence in PAX7–FOXO1-positive cases. In clinical analy-
ses, poorer outcomes were associated with increased
expression of this cluster in 13q31-amplified cases com-
pared to non-amplified cases (38). There was also
improved outcome in 13q31-amplified cases with lower
expression of these miRNAs. Thus, 13q31 amplification
and expression of the miR-17–92 cluster provide novel
markers for identifying differential prognostic subsets in
ARMS (38). These results suggest that miRNAs are use-
ful biomarkers for early diagnosis and prognosis of
RMS. It is expected that incorporation of miRNA into
current panels of biomarkers will enhance sensitivity
and specificity of non-invasive diagnostic and prognostic
tests for RMS.

Conclusions and future perspectives

miRNAs, presenting an endogenous form of RNA inter-
ference, are now considered to be potential therapeutic
targets and new biomarkers for RMS (8). It is also well-
demonstrated that pathogenic roles of deregulated miR-
NAs have been extensively studied (52). Various
miRNA profiling studies have shown that RMS patients
display unique miRNA signatures, which are associated
with RMS development or metastasis (13,36). Moreover,
miRNAs can play crucial roles in cell proliferation,
invasion, apoptosis, migration and metabolism of RMS
cells (42,43,47). Their potential to act as tumour sup-
pressors or oncogenes under external stimulation also
makes them prominent targets for therapeutic interven-
tion. In addition, although miRNA-based therapy is not
currently used in the clinic, its innovative applications
are growing in various fields. However, the list of tar-
getable miRNAs in RMS is far from complete and their
therapeutic efficacies remain unclear. Further analyses
and new technologies in miRNA research will definitely
shed new light on pathogenesis of RMS. Consequently,
analysing miRNA profiles and their signalling pathways
will offer deeper insights into the treatment options for
RMS.
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