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Abstract

Rhabdomyosarcoma (RMS) is an aggressive childhood mesenchymal tumor with two major molecular and histopathologic
subtypes: fusion-positive (FP)RMS, characterized by the PAX3-FOXO1 fusion protein and largely of alveolar histology, and
fusion-negative (FN)RMS, the majority of which exhibit embryonal tumor histology. Metastatic disease continues to be associ-
ated with poor overall survival despite intensive treatment strategies. Studies on RMS biology have provided some insight into
autocrine as well as paracrine signaling pathways that contribute to invasion and metastatic propensity. Such pathways include
those driven by the PAX3-FOXO1 fusion oncoprotein in FPRMS and signaling pathways such as IGF/RAS/MEK/ERK,
PI3BK/AKT/mTOR, cMET, FGFR4, and PDGFR in both FP and FNRMS. In addition, specific cytoskeletal proteins, G protein
coupled receptors, Hedgehog, Notch, Wnt, Hippo, and p53 pathways play a role, as do specific microRNA. Paracrine factors,
including secreted proteins and RMS-derived exosomes that carry cargo of protein and miRNA, have also recently emerged as
potentially important players in RMS biology. This review summarizes the known factors contributing to RMS invasion and

metastasis and their implications on identifying targets for treatment and a better understanding of metastatic RMS.
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1 Rhabdomyosarcoma clinical and molecular
subtypes

Rhabdomyosarcoma (RMS) is the most common (~ 50%) soft
tissue sarcoma in children and adolescents, with the head and
neck region, genitourinary tract, and the extremities being the
most common sites [1]. It is a malignant pediatric neoplasm
characterized by early myogenic differentiation, implicating a
skeletal myoblastic cell of origin [2]. Approximately 400
cases of RMS are diagnosed yearly within the USA with a
slight male preponderance and an incidence rate of approxi-
mately 4.5 per million persons younger than 14 years of age
[3]. While most RMS occurs sporadically, a minority is asso-
ciated with specific genetic predisposing conditions, including
Li-Fraumeni syndrome (germline 7P53 mutation) [4], neuro-
fibromatosis (NFI gene mutation) [5], Noonan syndrome
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(mutations in PTPNI11, KRAS, NRAS, SHOC2, RAF1, or
SOS10) [6], and Beckwith Wiedemann syndrome
(Chromosome 11p15 imprinting) [7], among others. Despite
improvements in outcome over the past 4 decades due primar-
ily to cooperative group clinical trials, patients with advanced
stage and metastatic disease still fare poorly, with a 5-year
overall survival of less than 30% [8].

The current World Health Organization (WHO) classifica-
tion divides RMS into four major subtypes: embryonal
(ERMS), alveolar (ARMS), spindle cell/sclerosing
(SCRMS), and pleomorphic (PRMS), with ERMS and
ARMS being the two most common RMS subtypes in chil-
dren [9]. Figure 1 summarizes the major recurrent genetic
abnormalities observed in ARMS and ERMS, respectively.

ERMS accounts for more than 60% of RMS cases in child-
hood [10, 11]. It has a relatively favorable prognosis, with 5-
year survival rates approaching 70-80% with appropriate
therapy. The presence of metastatic disease upon diagnosis
is, however, associated with a worse outcome [12]. ERMS
cells share morphological similarities to fetal muscle and are
small round or spindle shaped with variable degrees of differ-
entiation [11]. At the molecular level, ERMS is characterized
by recurrent somatic mutations including loss of heterozygos-
ity (LOH) at chromosome region 11p15.5, which harbors
imprinted genes such as H/9, insulin-like growth factor 2
(IGF2), and cyclin-dependent kinase inhibitor 1C
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Fig. 1 Rhabdomyosarcoma major histopathologic subtypes include
embryonal (ERMS) and alveolar (ARMS) tumors, associated with dis-
tinct clinical and genomic characteristics. At the genomic level, the ma-
jority of ARMS cases harbor a chromosomal translocation involving
primarily the PAX3 or PAX7 and the Forkhead box O1 (FOXOI) genes.
Fusion-negative cases (FN) of histologic ARMS share clinical and geno-
mic features of ERMS, such as loss of heterozygosity (LOH) at chromo-
some 11p15.5. ERMS is also characterized by specific recurrent chromo-
somal gains and losses, affecting cell cycle genes. In line with these
findings, future classification of RMS will be based on fusion status,
classifying rhabdomyosarcomas as either fusion positive (FPRMS) or
fusion negative (FNRMS)

(CDKNIC) [13-15]. Allelic loss at this region contributes to the
loss of tumor suppressive functions of H79 and CDKNIC genes
and the increased expression of oncogenes such as /GF2 and
HRAS [16]. ERMS is also often associated with chromosomal
gains (notably in chromosomes 2, 8, 12, and 13) or losses (nota-
bly in chromosomes 9 and 16) [17, 18]. Frequent mutations
known to contribute to ERMS involve the proto-oncogenes
encoding the RAS family of proteins [19, 20] and events leading
to activation of the PI3K pathway [18, 21] and less common
mutations in the tumor suppressor gene 7P53 [22].

ARMS is less common than ERMS (20% of RMS cases),
with histologic features of small round undifferentiated cells
separated by fibrous septa. Up to 80% of ARMS are charac-
terized by a chromosomal translocation involving the PAX3 or
PAX7 gene, most commonly the t(2;13) translocation and a
less common t(1;13) translocation [23]. Presence of the gene
fusion in ARMS (ARMSp) is associated with worse prognosis
and unfavorable outcome, whereas ARMS tumors that do not
harbor the fusion gene (ARMSn) exhibit prognostic features
and clinical outcomes similar to ERMS. Additionally, the
aforementioned LOH at 11p15.5 and ancuploidy often asso-
ciated with ERMS are also detected in ARMSn [24]. This has
allowed a new molecular—rather than histopathologic—
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classification of RMS according to fusion status into fusion-
positive (FPRMS) and fusion-negative (FNRMS) tumors
[11]. Of note, some ARMS cases that lack the common
PAX3/7-FOXOI fusion gene may harbor alternative gene fu-
sions [25]. Such genetic alterations include a translocation
t(2;2)(q35;p23) which involves PAX3 and the gene coding
for nuclear receptor coactivator NCOA1 or the translocation
t(2;8)(q35;q13) generating PAX3-NCOA2 [26, 27]. Another
rearrangement within the ARMS subtype results in the fusion
protein PAX3-INO8SOD, with PAX-driven fusion gene-
positive tumors having an expression profile consistent with
the PAX3-FOXO1-positive ARMS cases or FPRMS [18].
Notably, an amplification of chromosome 12q13-q14 (with
amplified CDK4 expression) has been associated with in-
creased aggressiveness of FPRMS [28, 29].

Due to different primary sites of RMS, which may not even
include skeletal muscle, there has been some debate regarding
the cell of origin of RMS tumors. Some studies implicate mes-
enchymal stem cells, which gain activation of a myogenic tran-
scription program, in addition to suggested cells of origin such as
fetal myoblast cells or muscle side population or satellite cells,
the latter being known to contribute to adult skeletal muscle
regeneration [2, 30]. For instance, mutations in p53 [31], or
p53 combined with Ptchl gene silencing [32] in maturing myo-
blasts, contribute to ERMS development in mice. On the other
hand, conditional expression of a mutant Smo allele showed
endothelial progenitor cells to be responsible for RMS tumori-
genesis [33], while another study showed that adipocytes with
restricted Hedgehog (Hh) signaling lead to highly penetrant tu-
mors with ERMS characteristics [34]. Together, these models
demonstrate that specific genetic events in different cells of origin
may lead to a common RMS histopathologic phenotype, activat-
ing a myogenic program that is interrupted by concomitant de-
regulation of other molecular pathways.

While localized RMS is associated with cure rates of up to
80% with current multimodality therapy, the outcome for pa-
tients who present with metastatic disease remains poor [1,
12]. Patients with metastatic disease, more than 3 sites of
metastases, or either bone or bone marrow metastases, still
fare extremely poorly with a 5-year survival rate of less than
10% [12]. Thus, identifying specific targeted approaches
aimed at eliminating metastatic disease will be essential to
improve outcomes for this subset of patients. Here, we sum-
marize recent findings relating to the biology of metastasis in
RMS and highlight areas of particular interest and promise in
future therapeutic approaches.

2 PAX3-FOXOT1 fusion oncogene as a driver
of metastasis

The driver oncoprotein in FPRMS is due to a chromosomal
translocation involving the fusion of the DNA binding domain
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of either PAX3 or PAX7 with the transactivation domain of
FOXO1. Multiple studies have implicated the fusion
oncoprotein in enhancing RMS metastasis, and this is clini-
cally underlined by the fact that FPRMS is associated with
higher rates of metastasis as well as increased propensity for
bone and bone marrow metastases when compared to
FNRMS [8, 35]. While both PAX3/7 and FOXO1 function
as transcription factors, their resulting fusion oncoprotein has
an altered function that augments transcription of target genes
[36]. Several studies have attempted to characterize the down-
stream transcriptional pathways altered by PAX3-FOXOI.
Expression studies in myoblasts have shown that PAX3-
FOXO1 enhances invasion capacity and alters the transcrip-
tion of around 70 mRNA and 27 miRNA targets [37].
Moreover, PAX-FOXO1 regulates the transcription of genes
involved in cell proliferation and motility including c-Met,
IGF-1, and CXCR4 [38-40]. Profiling of human tumor sam-
ples identified 171 differentially expressed genes in ARMS
tumors compared to fetal skeletal muscle and 103 differential-
ly expressed genes including RACI, CCNDI, and IGFBP2
between FP-ARMS and FN-ARMS [41]. In human tumor
samples, various differentially regulated gene signatures have
been characterized as possible markers to differentiate
FPRMS from FNRMS cases [42, 43].

Downstream effectors regulated by PAX3-FOXO1 are
thought to act by deregulating myogenic differentiation, en-
hancing cell proliferation, and promoting cell survival [36]
(Fig. 2). Importantly, expression of PAX3-FOXO1 in mouse
myoblasts, and also in ERMS cell lines, induces invasion,
migration, and angiogenesis, further corroborating its
suspected role in RMS cell metastasis [44, 45]. While the
exact downstream effectors of PAX3-FOXOI1 specifical-
ly contributing to distant metastases have yet to be char-
acterized, they likely include paracrine factors and extracellu-
lar mediators in addition to the abovementioned pathways,
some of which will be discussed in the ensuing sections of
this review.

3 Signaling pathways involved in RMS
metastasis

Figure 3 depicts a summary of signaling molecules and path-
ways that have been implicated to date in RMS cell invasion
and metastasis, which are discussed in detail in the sections
below.

3.1 RTK signaling

The RAS/MEK/ERK and PI3K/AKT axes are commonly al-
tered in RMS regardless of fusion status. Indeed, the most
commonly occurring mutations in FNRMS involve the RAS
and PIK3CA pathways. Common alterations in the RAS/

MAPK and PI3K/AKT pathways exist in FNRMS and
FPRMS [18]. While these pathways are necessary for RMS
cell proliferation and survival, it is not clear whether they
contribute directly to RMS invasion, angiogenesis, or meta-
static ability. Notably, one study showed that caveolin-1 over-
expression promotes migration and invasion of ERMS cells,
which was reversed upon pharmacologic inhibition of ERK
signaling, suggesting its essential contribution, at least to the
caveolin-mediated invasive phenotype [46].

Importantly, the mTOR pathway is activated downstream
of AKT, leading to the inactivation of eukaryotic initiation
factor 4E (4E-BP1) and the activation of protein S6 kinase 1
(S6K1), which in turn enhances angiogenesis and HIF 1« ex-
pression [47]. Several studies have shown that the mTOR
pathway contributes to tumor invasion, and inhibition of
mTOR signaling leads to reduced cellular migration, invasion,
and angiogenesis in preclinical models of RMS [48, 49].
Indeed, combination therapies targeting both MEK/ERK and
PI3K/mTOR pathways, or alternatively dual blockade of
hedgehog (using Glil/2 inhibitor) and PI3K/mTOR pathways,
have been suggested as potentially synergistic in the treatment
of RMS [50-52].

Another highly expressed receptor tyrosine kinase (RTK)
within both RMS subtypes is the fibroblast growth factor re-
ceptor 4 (FGFR4) [53, 54]. Transcript levels of FGFR4 are
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Fig. 2 Contribution of the PAX3-FOXOI1 fusion protein to RMS metas-
tasis. Represented is the chromosomal translocation most commonly
characterizing FPRMS, which involves the DNA binding domain of the
PAX3 gene and the transactivation domain of FOXOI. The resulting
PAX3-FOXOL1 fusion oncoprotein has been implicated in FPRMS me-
tastasis by regulating several signaling pathways involved in cellular
invasion, proliferation, survival, motility, and differentiation, which in
turn can promote RMS metastasis
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Fig.3 Signaling pathways involved in RMS metastasis. Dysregulation or
amplification of signaling pathways involved in invasion and motility
contribute to RMS metastasis in both FNRMS and FPRMS. From left
to right: IL4R signaling and HGF binding to its c-MET receptor activate
downstream JAK/STAT pathway and can stimulate MMP production.
miR-874 inhibition of target protein GEFT is lost in RMS, leading to
enhanced invasion and motility. IGF1 binding to its receptor can activate

increased in metastatic RMS tumors, and FGFR4 activating
mutations at K535 and E550 lead to increased metastasis in a
xenotransplanted human RMS model, while its knockdown
reduces metastatic potential of RMS cells [55]. Concomitant
with the fact that FGFR4 is a transcriptional target of PAX3
and PAX?7, its expression is enhanced by the fusion
oncoprotein leading to higher levels of expression in
FPRMS [56]. Importantly, inhibitors of the PI3K/mTOR path-
way may have efficacy in RMS tumors expressing mutant
FGFRA4, at least as demonstrated in preclinical models [57].

The insulin-like growth factors 1 (IGF1) and 2 (IGF2),
along with their receptors (IGFR) and binding proteins
(IGFBPs), have been associated with metastasis in various
tumor types [58—60]. In patients with RMS, IGFBP2 plasma
levels are elevated and correlate with metastatic stage, specif-
ically in FNRMS. Gene silencing of IGFBP? in vitro inhibited
both RMS cell migration and invasion and decreased RMS
lung metastases in a xenograft model [61]. IGF2 ligand over-
expression is found in both FPRMS and FNRMS with loss of
imprinting (LOI) leading to biallelic expression of /GF2 in
FPRMS and LOH inducing an upregulation in FNRMS. In
addition, IGF IR is upregulated in both subtypes [15, 42, 62].
Disappointingly, attempts at therapeutically targeting IGF1R
signaling with small molecule inhibitors have been found to
induce rapid resistance in part through the upregulation of
alternative receptors such as platelet-derived growth factor
receptor & (PDGFRx) [63].
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« IGFBP2-mediated induction of MMP production and PI3K/Akt/mTOR

signaling. miR-378a-3p reduces RMS metastasis by inhibiting IGF1R
signaling but is downregulated in RMS. PDGFR signaling activates
downstream MAPK, and PDGF binding to their receptor can also activate
Ezrin which mediates RMS invasion through Rho-GTPase-mediated cy-
toskeletal remodeling. Hh signaling activates downstream NANOG
which has been implicated in ERMS metastasis. Integrin «2(33 can acti-
vate NFkB signaling pathway, contributing to RMS growth and aggres-
siveness. miR-22 inhibits TACC1 and RABBS5B which are involved in
cell motility but is downregulated in RMS cells. GPCR surface expres-
sion is upregulated in RMS and can activate downstream signaling path-
ways including Hippo signaling as represented by activation of down-
stream YAP which then interacts with TEAD to regulate the expression of
myogenic differentiation genes. Activated Notch receptor and its down-
stream targets Hes1 and Hey1 have been correlated with invasiveness of
RMS cells. Abbreviations: IL4R interleukin-4 receptor, Jak Janus kinase,
STAT signal transducer and activator of transcription, HGF hepatocyte
growth factor, c-MET Met proto-oncogene receptor tyrosine kinase,
IGFIR, insulin-like growth factor receptor 1, IGFPB2 insulin-like growth
factor binding protein 2, MMP matrix metalloproteinase, IRS insulin
receptor substrate, PI3K phosphoinositide-3 kinase, PDK1
phosphoinositide-dependent kinase-1, AKT serine/threonine kinase 1,
mTOR mechanistic target of rapamycin, YB1 Y-box binding protein,
PDGFR platelet-derived growth factor receptor, GRB2 growth factor
receptor-bound protein 2, SOS son of sevenless, Ras guanosine-
nucleotide-binding protein, Raf serine/threonine protein kinase, MEK
mitogen-activated protein kinase kinase, ERK extracellular signal-
regulated kinase. Ptch1 Patched 1, Smo smoothened homolog precursor,
GLi glioma-associated oncogene, NANOG homobox protein, NFkB nu-
clear factor-kappa B, JNK c-Jun N-terminal kinase, GPCR G protein
coupled receptor, RhoA Ras homolog family member A, MST mamma-
lian sterile-twenty-like, YAP Yes-associated protein, TEAD transcription-
al enhancer factor TEF, NICD Notch intracellular domain, GEFT
Guanine nucleotide exchange factor T, TACCI transforming acidic
coiled-coil containing protein 1, RAB5B member of the RAS oncogene
family

¢c-MET is another RTK that is a physiological target of
PAX3 and PAX7. In the case of FPRMS, knockdown of
PAX3-FOXOI1 via siRNA reduced MET mRNA and protein
levels and decreased migration and invasion of Rh30 ARMS
cells in vitro [64]. In mouse fibroblasts transduced with PAX3-
FOXOI, Met expression was upregulated, leading to an
anchorage-independence that required both MET and its li-
gand HGF/SF [65]. MET-mediated motility of ARMS cells
was shown to be ERK2-dependent and ERK1- or mTOR-
independent [66]. Although MET expression is upregulated
by PAX3-FOXOL, its contribution to the metastatic behavior
of RMS cells was evident in both ERMS and ARMS, and it is
expressed in clinical tumors of both subtypes [67]. Inhibition
of SPRY2, a protein found to interact with and stabilize MET,
resulted in an inhibition of metastasis in both RMS subtypes
via the subsequent inhibition of downstream ERK/MAPK
signaling [68]. In vivo, ERMS cells expressing the constitu-
tively active TPR-MET oncoprotein demonstrated an en-
hanced ability to migrate and metastasize, owing to an elevat-
ed production of VEGF and MMP-9 [69].

The anaplastic lymphoma kinase (ALK) is upregulat-
ed in RMS and to a larger extent in FPRMS [70, 71].
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Its expression correlates with metastasis and poor prog-
nosis, and in vitro siRNA silencing of ALK leads to
decreased cellular invasion [72]. However, despite the
effects seen in vitro, ALK inhibitors do not seem to affect
ALK signaling in vivo [73], and clinical trials of ALK inhibi-
tion as monotherapy have failed to show significant responses
in patients with RMS [74].

The platelet-derived growth factors PDGF-C and PDGF-D
are also upregulated in RMS, as demonstrated through gene
expression profiling of primary human tumor samples.
Interestingly, elevated PDGF-D levels correlate with ex-
pression of genes involved in cell migration and wound
healing, and stromal PDGFRf, a PDGF-D receptor, is
associated with ARMS tumors and positively correlates
with metastasis [75]. Experimentally, inhibition of PDGF sig-
naling leads to a decrease in rhabdosphere formation,
stemness, and stromal cell infiltration, suggesting it plays a
role in stromal remodeling [75].

Both FPRMS and FNRMS express high levels of the
interleukin-4 receptor (IL4R), as well as high levels of its
ligands IL4 and IL13. IL4R signaling activates downstream
JAK/STAT, RAS/MAPK, and PI3K/AKT pathways and stim-
ulates MMP production. Human ERMS cells treated with IL4
exhibit a decrease in expression of myogenic markers and an
increase in migration ability. Furthermore, IL4R activation
enhances propensity of metastasis into the lungs and lymph
node involvement as demonstrated in an in vivo ARMS mouse
model [76, 77].

3.2 Cytoskeletal proteins

Ezrin is a member of the ezrin/radixin/moesin (ERM) family
of proteins, which regulate membrane-cytoskeleton interac-
tions and are implicated in cytoskeletal remodeling through
bidirectional activation with Rho GTPases [78]. Importantly,
Ezrin is also a target of the c-Met RTK and is upregulated in
highly metastatic murine RMS compared to non-metastatic
cell lines, whereby the inhibition of Ezrin expression reduces
metastasis [79]. Several mechanisms of action have been sug-
gested to explain metastatic promotion by Ezrin, such as
Ezrin-mediated activation of downstream MAPK and AKT
signaling, and Ezrin-dependent HGC/c-MET associated me-
tastasis [78]. Furthermore, the transcription factor Six-1,
which controls migration during early myogenesis, leads to
increased Ezrin expression and is associated with enhanced
RMS metastasis. Importantly, both Ezrin and Six-1 are
expressed in human RMS tissue, and expression correlates
with advanced and metastatic stage of disease [79, 80].
Other cell surface proteins, such as VLA-2 (integrin
«231), have been implicated in ERMS cell invasion. In the
RD ERMS cell line, increased adhesion to collagen and lam-
inin in vitro and enhanced formation of metastatic colonies
in vivo were associated with VLA-2 expression, revealing

the ability of surface integrins and adhesion molecules to favor
RMS metastasis [81]. Mechanistically, Integrin 231 was
found to respond to EGF stimulation which results in transient
spreading of ERMS cells, through downstream activation of
Racl intracellular signaling [82].

3.3 G protein and G protein-coupled receptors

The cannabinoid receptor-1 (CNR1), a G protein coupled re-
ceptor, is upregulated in FPRMS tumors and its expression is
associated with increased metastatic potential and basement
membrane invasion of FPRMS cells in vitro [42, 83]. In ad-
dition, using a murine model of metastatic FPRMS, pharma-
cological inhibition of CNR1 abrogated metastasis to the
lungs, indicating it plays an important role in invasion and
metastasis [83].

Rho/ROCK/ARHGAP25 signaling contributes to FPRMS
cell invasion, as specific inhibition of ROCK2 limits invasion
of ARMS cells. Since ROCK expression is similar in both
ARMS and ERMS tissues, this differential effect was attrib-
uted to ROCK activation. Indeed, the upstream ROCK kinase
inhibitor RhoE has low expression in FPRMS tumor tissue as
compared to FNRMS tumors, and overexpression of RhoE
reduces cellular invasion of FPRMS cells. Additionally,
ARHGAP25, which inhibits Rac activity, is upregulated in
FPRMS and its knockdown inhibits invasion. Thus, ROCK
acts in FPRMS by upregulating ARHGAPZ25 and subsequently
inhibiting Rac function, which subsequently promotes motil-
ity and cellular invasion [84].

Another G protein, Van Gogh-like 2 (VANGL2), is highly
expressed in human RMS cells. It activates downstream sig-
naling cascades involving Racl and RhoA proteins via
protein-protein interactions and is a regulator of the non-
canonical Wnt/PCP pathway. In RMS cells, VANGL2 is im-
plicated in formation of rhabdomyospheres in vitro, and in
xenograft growth and tumor-propagating cell maintenance
in vivo, indicating a possible role for VANGL2/RhoA signal-
ing in stemness in both FP and FNRMS [85].

3.4 Hedgehog signaling pathway

Hedgehog (Hh) signaling promotes tumor progression in a
variety of cancer types [86, 87]. In RMS, Hh signaling is
particularly associated with FNRMS. In fact, genes implicated
in Hh signaling including Ptchl, Glil, Gli3, and Myf5 are
significantly upregulated, with a concomitant downregulation
of MyoD1, in FNRMS compared to FPRMS [42, 88]. In turn,
Hh activation increases ERMS self-renewal and invasive ca-
pacity, whereby Hh signaling inhibition reduces both pheno-
types. Additionally, NANOG, which is also regulated by Hh
signaling, has been demonstrated to act as a prognostic indi-
cator particular to ERMS [89]. While SHH has low expression
levels in ARMS cells, IHH and DHH genes exhibit high
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expression levels in all RMS cell lines which correlates with
activation of Hh pathway pointing to a ligand-dependent ac-
tivation of Hh signaling within RMS cells [90]. Indeed, heri-
table PTCH mutation as in Gorlin syndrome is associated with
increased risk of RMS development [91]. Mice expressing
low levels of normal PTCH develop tumors that resemble
human RMS with differentially expressed genes including
Secreted Phosphoprotein 1 (Spp 1), matrix metalloproteinases
(MMPs) such as Mmp-2 and Mmp-14, nuclear factor-kappa B
(NF- kB), and the transcription factor p65 and its phosphory-
lated active isoform which have been linked to tumor cell
invasion and angiogenesis [92].

3.5 Notch pathway

Activation of the Notch pathway involves the release of the
Notch intracellular domain by gamma-secretase and sub-
sequent transcriptional activation within the nucleus [93,
94]. Notch receptors are upregulated in both FPRMS
and FNRMS; however, its downstream targets HES1
and HEY1 are significantly upregulated in FPRMS.
Importantly, activation of the Notch pathway was corre-
lated with degree of invasiveness and motility of RMS cell
lines. Upon gamma-secretase inhibition, there was a signifi-
cant decrease in RMS invasion and motility in vitro, indicating
a possible role in mediating the invasive behavior of RMS
cells [95].

Additionally, intracellular NOTCH1 (ICN1) was found to
increase the number of tumor propagating cells in a zebrafish
model of ERMS by upregulating the transcription repressor
SNAILI1, causing a dedifferentiation of ERMS cells. This
study implicates the NOTCH1/SNAIL1/MEF2C axis as a pos-
sible contributor to increased metastatic capacity of ERMS
[96]. Of note, Notch inhibition leads to a downregulation of
N-cadherin mRNA and protein levels. In turn, specific inhibi-
tion of N-cadherin through the use of antibodies reduces RMS
invasion irrespective of histological/molecular subtype.
Similarly, Notch-mediated regulation of «9-integrin expres-
sion regulates RMS adherence, motility, and invasion, indicat-
ing that both N-cadherin and «9-integrin may be implicated in
RMS metastasis [97].

3.6 Wnt signaling pathway

Whnt signaling plays an important role in skeletal muscle dif-
ferentiation, and studies suggest that canonical Wnt signal-
ing isinactive in RMS [98, 99]. Silencing of the transcription
factor c-fos promotes the development of RMS with highly
invasive properties in mice harboring p53 deletion by
inhibiting Wnt signaling [98]. Similarly, Wnt3a induces the
differentiation of rhabdomyoblasts in ARMS, indicating a
tumor suppressive role for Wnt/[3-Catenin signaling in
ARMS [100]. Additionally, activating canonical Wnt
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signaling by either GSK3 inhibition or Wnt3a-mediated
stimulation suppresses ERMS growth mainly through
inhibiting self-renewal capacity and depleting tumor propa-
gating cells [101].

3.7 Hippo signaling pathway

The inhibition of MST/Hippo signaling in a genetically
engineered FPRMS mouse model leads to enhanced invasion
and proliferation of FPRMS tumors [102]. Yes-associated pro-
tein 1 (YAP1), a downstream effector of the Hippo pathway,
has elevated expression levels in FNRMS. Interestingly, ele-
vated YAP1 correlates with increased aggressive of FNRMS
but not FPRMS. In mice, enhanced YAP1 expression in acti-
vated satellite cells contributes to ERMS induction and pene-
trance. YAP1 acts by interacting with TEADI and the subse-
quent regulation of MYODI transcriptional activity and myo-
blast differentiation [103].

3.8 The TP53 tumor suppressor protein

Mutation of TP53 leading to the loss of tumor suppressive
function i has been described in FNRMS. Alternatively, loss
of p53 activity in FNRMS may also be due to an increase in
copy number of MDM?2 gene [42]. However, the p53 pathway
is also deregulated in FPRMS tumors, and 7P53 mutation or
loss of function is well established to be associated with
poorer outcomes in RMS [104]. An ERMS zebrafish model
harboring a loss-of-function mutation in 53 (1p353 /4y re-
vealed that while zp53 loss did not alter cancer cell stemness,
(p539/¥ ERMS exhibited more local invasiveness and met-
astatic propensity [105].

3.9 YB-1 transcription factor

Y-box binding protein 1 (YB-1) regulates transcription and
mRNA expression and has been implicated in epithelial-
mesenchymal transitions (EMT) which drives metastasis of
cancer cells of epithelial origin [106, 107]. In sarcomas, YB-
1 enhances tumor cell invasion by enhancing HIF1 o protein
expression. In fact, sarcomas including RMS show upregulat-
ed levels of YB-1, which correlate with HIF 1 o expression and
with poorer patient outcomes. YB-1 expression leads to en-
hanced tumor cell migration, and inhibition of YB-1 decreases
pulmonary metastasis in vivo [108].

3.10 Other proteins

In addition to the above, profiling gene expression experi-
ments also identified upregulated genes in metastatic RMS
tissue, showing high expression levels of two genes—
FOXFI and LMO4—which correlated with increased cellular
migration. Decreasing their expression levels resulted in a 10-
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fold decrease in RMS invasiveness, underlining their implica-
tion in RMS invasive phenotype [109].

3.11 miRNA implicated in RMS invasion
and metastasis

An observed downregulation of miR-874 expression in RMS
tissues correlates with an increased expression of its down-
stream target protein GEFT. Experimentally, restoration of
miR-874 expression inhibits migration and invasion of RMS
cells. These cells also exhibit diminished wound-healing ac-
tivity and reduced GEFT expression, whereas the restoration
of GEFT reverses the miR-874-mediated inhibition of cellular
invasion and motility [110].

Similarly, miR-22 is downregulated in RMS cells com-
pared to normal muscle and its introduction into RMS cells
inhibits adhesion-independent growth and migration in vitro
as well as tumor dissemination in vivo. This is consistent with
miR-22 function in targeting and inhibiting TACC/ and
RABS5B expression, which are involved in RMS motility as
well as ERBB3 expression [111]. In addition, downregulation
of miR-378 family members is observed in RMS cell lines,
and the ectopic expression of miR-378-3p in ARMS cells
stimulates differentiation and reduces cell migration on one
hand and cell proliferation by downregulating IGF1R/AKT
signaling on the other. This indicates a tumor-suppressive
function of these miRNAs in RMS and further implicates
IGFR and AKT signaling in RMS invasion and metastasis
[112].

4 Differentiation pathways and invasion
potential in RMS

An interesting study utilizing a zebrafish model of RMS
showed that mid-differentiated ERMS cells expressing
myogenin were the first to intravasate the vasculature and
exhibit enhanced migratory capacity. This is in contrast to
myogenic factor 5 (Myf5)-expressing tumor cells, which are
only able to invade vasculature after seeding by myogenin-
positive cells [113]. While the relationship between level of
differentiation and metastatic or invasive cellular ability is not
yet well characterized at a mechanistic level, this observation
points to the complex interplay between differentiation, cellu-
lar phenotype, and the acquisition of metastatic phenotype.

5 Paracrine signaling

Although much of what is known regarding RMS biology has
focused on autocrine mechanisms of tumor progression, sev-
eral studies have started to shed light on paracrine factors
facilitating tumor invasion and distant metastatic spread.

Effectors that have been investigated to date include secreted
proteins and cargo-carrying exosomes that can act both locally
and on distant sites. Figure 4 shows a schematic presentation
of the different paracrine factors identified to date as possible
mediators of RMS invasion, each of which is discussed in
detail below.

5.1 Secreted factors

Matrix metalloproteinases (MMPs) are proteolytic enzymes
that degrade the extracellular matrix and contribute to cellular
invasion, migration, and angiogenesis [114]. A higher level of
MMP protein expression, namely MMP-1, MMP-2, and
MMP-9, was detected in ARMS cell lines compared to
ERMS, likely contributing to the metastatic propensity of
ARMS cells. MMP expression may be regulated by the
PAX3-FOXO1 fusion protein since the ectopic expression of
the latter increases MMP production and RMS invasive ca-
pacity [45, 115].

Leukemia inhibitory factor (LIF) is a signaling cytokine
that is secreted by bone marrow stromal cells, while its recep-
tor, LIF-R, is expressed on both ARMS and ERMS cells,
independent of PAX-FOXO1 expression. The LIF-LIFR ac-
cess was found to mediate increased seeding of LIF-
responding Rh30 ARMS cells to bone marrow, lymph nodes,
and lung, while knockdown of LIF-R inhibited the phenotype,
thus identifying the LIF-LIF-R axis as a possible regulator of
RMS metastasis [116].

CXCRA4, a chemokine receptor well known to be involved
in tumor cell invasion, is also highly expressed in
rhabdomyoblasts [40]. FPRMS cells express much higher
levels compared to FNRMS, and ectopic expression of
PAX3-FOXO1 enhances CXCR4 expression in the latter
[40]. CXCR4 is known to respond to stimulation by SDF-1
chemokine which allows the homing of CXCR4+ cells into
the bone marrow and lymph nodes [117]. Indeed, CXCR4—
SDF-1 axis enhances FPRMS metastasis into the bone mar-
row, and the presence of SDF-1 promotes rhabdomyoblast
migration and invasion, and also upregulates MMP expres-
sion [118]. On the other hand, in contrast to CXCR4 expres-
sion that is upregulated by the fusion protein in FPRMS cells,
CXCR?7 is expressed at higher levels within ERMS cell lines.
CXCR7 responds to stimulation by both SDF1 and interferon-
inducible T cell alpha chemoattractant (ITAC) chemokines
leading to an activation of downstream signaling cascades
involving the MAPK and AKT pathways. This in turn is as-
sociated with enhanced directed chemotaxis into the bone
marrow and motility of RMS cells, but not tumor cell prolif-
eration or survival [119].

Another secreted factor, IL-8, has been shown to enhance
neovascularization in RMS tumors and contribute to its pro-
gression. IL-8 (CXCLS) expression increases under hypoxic
conditions within RMS cells, which is dependent on AP-1 and
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Fig. 4 Paracrine mediators of RMS invasion. Paracrine signaling
pathways that contribute to RMS invasiveness and motility involve the
release of proteins by RMS cells, including matrix metalloproteinases
(MMPs) that degrade the extracellular matrix, interleukin-8 (IL-8) which
enhances angiogenesis by acting on recipient endothelial cells, and tissue
factor (TF) which stimulates platelet-derived microvesicle (PMVs) re-
lease. Microvesicles released by RMS cells include exosomes that can
deliver their protein and miRNA cargo to both recipient rhabdomyosar-
coma and stromal cells as well as distant organs via the bloodstream.
RMS cells also express chemokine receptors such as CXCR4 and leuke-
mia inhibitory factor receptor (LIFR) which respond to stimulation by
SDEF-1 and LIF respectively allowing their homing into distant organs.
Sphingosine-1-phosphate (S1P) released by RMS cells subsequently en-
hances RMS invasion and metastasis through autocrine stimulation of
RMS cells and paracrine stimulation of stromal cells

NF-kB expression. IL-8 secreted by RMS cells acts through
paracrine signaling on human umbilical vein endothelial cells
(HUVECS), indicating an essential role in promoting angio-
genesis under hypoxic conditions which is crucial for tumor
metastasis [120].

The blood coagulation cascade and tissue factor (TF) release
have been shown to enhance tumor metastasis and angiogenesis
in a variety of cancer types [121-123]. Human RMS cells have
been shown to express TF, which activates the coagulation cas-
cade and thrombin formation. Thrombin, in turn, stimulates the
release of circular membrane fragments called platelet-derived
microvesicles (PMVs). PMVs enhance the metastasis of human
RMS cells by stimulating AKT and MAPK p42/44 and transfer-
ring o233 integrin (CD41) to RMS cells, which enhances their
adhesion to the endothelium. In fact, RMS cells covered
with PMVs have an increased migratory potential into the
bone marrow in vivo. TF-stimulated thrombin also acts at the
level of blood vessels where it increases their permeability
through the activation of complement proteins further enhanc-
ing tumor metastasis [124].

Another secreted protein, sphingosine-1-phosphate (S1P),
regulates various processes implicated in cancer malignancy
including tumor cell migration and metastasis. It is secreted
into the extracellular fluid where it acts through autocrine/
paracrine signaling by activating G protein coupled receptors
and various downstream signaling pathways involved in an-
giogenesis, cytoskeletal remodeling, migration, and invasion
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[125]. SIP enhances the motility and invasiveness of RMS
cells, and S1P inhibition reduces their metastatic ability
in vivo [126]. Of note, S1P activity is suppressed by the en-
doplasmic reticulum (ER) membrane localized enzyme
sphingosine-1-phosphate lyase (SGPL1), which acts to irre-
versibly cleave S1P. In some ARMS cells, SGPL1 has been
shown to be overexpressed but mis-localized, due to a point
mutation which interferes in its S1P degradation activity and
thereby indirectly enhances metastatic potential through in-
creased S1P activity [127].

5.2 Exosomes

Exosomes are extracellular nanovesicles that can transfer their
cargo which includes lipids, proteins, and nucleic acids
(coding and non-coding) from the parent cell responsible for
their release to recipient cells [128]. Exosomes induce func-
tional and behavioral changes in the target cell and are impli-
cated in apoptosis, inflammation, and the release of angiogen-
ic factors, cytokines, and growth factors that influence recip-
ient cell activity [129]. In cancer, exosomes are released in
higher quantities by cancer cells and have been demonstrated
to participate in tumorigenesis by modulating the immune
response, increasing invasive and migratory properties of re-
cipient cells and establishing a metastatic niche by carrying
and releasing oncogenic proteins and nucleic acids [130].

Expression array analysis of RMS cell-derived exosomes
revealed that the miRNA content of these exosomes differed
from their cellular content, with certain miRNAs being selec-
tively enriched in the exosomes compared to the parent cell.
Comparing miRNA content of exosomes from FPRMS and
FNRMS cell lines, 31 miRNAs were found to be commonly
deregulated, 10 of which are enriched in exosomes derived
from either subtype [131]. Two commonly enriched exosomal
miRNAs derived from all tested RMS cell lines, miR-1246
and miR-1268, are known to play a role in Wnt, Cadherin/
Integrin, and p53/Ras signaling pathways, indicating that car-
go delivery could regulate proliferation, angiogenesis
and metastasis. Experimentally, RMS-derived exosomes
from either subtype were found to increase the migra-
tion and invasion of normal recipient fibroblasts and endothe-
lial cells both in vitro and in vivo in a dose-dependent manner,
thus underlining their putative contribution to the metastatic
process [131].

The difference in miRNA enriched within FNRMS
exosomes compared to FPRMS exosomes suggests that para-
crine signaling via exosomes may have different effects in the
two subtypes, with specific pathways contributing to the ag-
gressiveness of the fusion-positive subtype. In fact, certain
miRNAs enriched in FPRMS-derived exosomes but not
FNRMS-derived exosomes were represented in networks in-
volving proteins such as CXCLS8, YBX1, CCR2, and IGFIR
that are implicated in tumor metastasis and stemness [131].
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One of the miRNAs differentially expressed in exosomes,
miR-486-5p, is a downstream target of the PAX3-FOXO1
fusion oncoprotein and indeed exhibits higher levels of ex-
pression in FPRMS-derived exosomes [132, 133]. Ectopic
expression of the fusion oncoprotein PAX3-FOXOI in
C2C12 mouse myoblasts results in an increase in miR-486-
5p expression level in both cells and exosomes, and treatment
of recipient fibroblasts with FPRMS-derived exosomes in-
creases cell migration and invasion in a miR-486-5p
expression-dependent manner [133].

Proteomic profiling of RMS-derived exosomes revealed 81
common proteins between ERMS and ARMS exosomes, all
of which have paracrine-signaling related functions involved
in cancer growth and metastasis [134]. For instance, of the
proteins common within the exosomes from both FPRMS
and FNRMS cell lines, Annexin A2 (ANX A2) has been as-
sociated with metastatic behavior of different cancer types
[134-136]. Additionally, common exosomal proteins within
all tested RMS cell lines include those involved in integrin
signaling pathway such as ACTB, CD147, FN1, and
ITGBI, further suggesting a role in RMS metastasis [134].
Previous work in breast and pancreatic cell lines demonstrated
that exosomal integrins determine sites of metastasis, for ex-
ample, x634 and «631 integrins within exosomes were spe-
cifically associated with lung metastasis [137]. Whether
exosome cargo of RMS tumors also contributes to met-
astatic organotropism has yet to be investigated. Of
note, combined network analysis of the commonly
enriched miRNAs and proteins within RMS-derived
exosomes revealed a potential role for Vimentin signaling
[134], which has been demonstrated to contribute to cancer
metastasis in other tumor types [138, 139].

Notably, of the proteins found to be specific to ARMS
exosomes, several were related to DNA replication and FAS
signaling pathways, while those specific to ERMS exosomes
were involved in TGF-beta, RAS, PI3K, IGF, and MAPK
signaling pathways, further suggesting that different paracrine
signaling mechanisms exist between the two subtypes [134].
How those proteins affect recipient stromal cells is an area of
active current investigation, especially the effects on, and con-
tribution of, recipient stromal and vascular cells in promoting
tumor invasion, angiogenesis, distant seeding, and tumor
growth.

6 Implications and future directions

Knowing that failure of current treatment of RMS is primarily
due to either inadequacy of treatment of metastatic disease or
to local invasion of tumor precluding effective local control,
identification and targeting of pathways responsible for RMS
invasion and metastasis are critical for therapeutic advance-
ments. Recent clinical trials have evaluated a few of the

identified targets that have been discussed in this review, with
limited effects. For example, a small-molecule inhibitor of
IGF1R revealed RMS sensitivity to this pathway inhibition;
however, cells exhibited pathways of resistance including an
EGFR-dependent mechanism of survival [140]. Promising
immunotherapies are also being studied, such as antibody in-
hibition of CXCR4 which has been shown in preclinical
in vitro studies to have some efficacy against migration and
invasion of ARMS Rh30 cells. Activated and expanded natu-
ral killer (NKAE) cell therapy, another novel immunotherapy,
completely suppressed ARMS implantation in vivo, and a
combination of both of these treatments completely sup-
pressed metastasis in mice [141].

Targeting fusion oncoprotein expression with methods
such as siRNA-mediated gene silencing has also been pro-
posed, where siRNA can be delivered via liposome-
protamine-siRNA particles (LRP). While fusion oncoprotein
expression was in fact reduced, more efficient methods of
PAX3-FOXOI targeting are needed [142]. Further work to
verify the discussed pathways as mediators of metastasis will
be essential for targeted therapies against metastatic disease.
Studies combining inhibition of PI3K/AKT pathway with in-
hibitors of other proteins that promote RMS metastasis (e.g.,
IGFIR or mTOR) are ongoing, with promising preclinical
results showing synergism [143, 144].

Efforts should also be made to detect biomarkers that are
predictive of RMS metastasis and response to treatment; this
would allow a more accurate prognosis of disease. One such
promising biomarker may be miR-486-5p, where in a limited
number of samples, its levels seemed to be higher in exosomes
derived from FPRMS patient serum, deserving further valida-
tion in larger sample sizes [133]. Additionally, proteins that
are commonly expressed within FPRMS- and FNRMS-
derived exosomes and have been implicated in cancer metas-
tasis, such as CD147, are interesting candidates for further
evaluation as possible therapeutic targets [145—147].
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