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Abstract

Rhabdomyosarcoma (RMS) is a tumor which resembles skeletal muscle. Current treatments are limited to surgery
and non-targeted chemotherapy, highlighting the need for alternative therapies. Differentiation therapy uses
molecules that act to shift the tumor cells' phenotype from proliferating to differentiated, which in the case of
skeletal muscle includes exit from the cell cycle and potentially fusion into myofibers. We previously identified
EphA7 expressed on terminally differentiated myocytes as a potent driver of skeletal muscle differentiation:
stimulation of ephrin-A5-expressing myoblasts with EphA7 causes them to undergo rapid, collective differentiation.
We therefore tested EphA7 as a candidate molecule for differentiation therapy on human RMS (hRMS) cell lines.
Surprisingly, EphA7 had a lesser effect than ephrin-A5, a difference explained by the divergent suite of Ephs and
ephrins expressed by hRMS. We show that in hRMS ephrin-A5 binds and signals to EphA8 and EphA7 binds and
signals to ephrin-A2, and that Fc chimeras of both molecules are potent inhibitors of hRMS proliferation. These
results identify key differences between hRMS and normal muscle cells and support further research into Eph:
ephrin signaling as potential differentiation therapies.
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Introduction

Rhabdomyosarcoma (RMS) is a type of soft tissue can-
cer often arising during childhood that resembles skel-
etal muscle. Although 60% of patients diagnosed with
RMS are effectively treated, the 5-year survival rate is
only 33% in case of metastasis [1]. RMS is divided in two
main subtypes: embryonal (ERMS), which resembles
embryonic muscle [2], and alveolar (ARMS), which has
morphology resembling pulmonary alveoli [3]. ERMS is
characterized by multiple somatic mutations, with most
significant ones being the loss of heterozygosity on chro-
mosome 11 and deletions in the region containing at
least three tumor suppressor genes (/GF2, CDKNIC, and
H19) [4-6]. ERMS represents ~ 75% of RMS cases [7] and
is considered to be less aggressive compared to ARMS,
with 5-year survival rates of 73.4% [1]. ARMS tumors are
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characterized by translocation mutations that result in
expression of fusions between the transcription activa-
tion domain of FOXO1 and the DNA-binding domains of
PAX3 or (less frequently) PAX7, resulting in a tumor-pro-
moting transcription factor [8—10], thus ARMS are also
referred to as ‘fusion-positive’ or FP RMS while ERMS is
‘fusion-negative’ or FN RMS. ARMS/FP tumors are more
aggressive, with a 5-year survival rate of 47.8% [1].

RMS is categorized as a skeletal muscle tumor [11]
and it is suggested to be the only tumor derived from a
skeletal muscle lineage [12], although RMS has also been
described arising from another mesodermal lineage (adi-
pose) [13]. RMS cells heterogeneously express satellite
cell (muscle stem cell) markers such as Pax7 and Pax3
[14] as well as the muscle-specific transcription factors
MyoD and myogenin [15], although in normal muscle
myogenin is exclusively expressed by terminally differ-
entiated myocytes that have permanently exited the cell
cycle.

Current treatment for RMS varies by tumor site and
tumor type but is largely limited to conventional methods
such as surgical removal, chemotherapy, or radiation. A
more tailored approach to treatment would be differen-
tiation therapy: this is particularly applicable in a muscle-
like tumor because differentiated muscle is terminally
postmitotic. The first molecule to be exploited for dif-
ferentiation therapy was retinoic acid for the treatment
of teratocarcinoma [16]: it was observed that exposure
to retinoic acid in the nM range caused morphologi-
cal and metabolic changes in teratocarcinoma cells in
vitro. Differentiation therapy via treatment with reti-
noids has been quite successful for hematopoietic tumors
[reviewed in [17, 18]] and neuroblastoma [reviewed in
[19]], and additional differentiation therapy molecules
have been identified in the clinic, even for solid tumors
[reviewed in [20-22]].

The Eph receptor family is the largest RTK family in
vertebrates. There are 14 members divided into two
classes— EphA receptors (EphA1-8 and EphA10) and
EphB receptors (EphB1-4 and EphB6)- which are cat-
egorized based on affinity for the two subclasses of mem-
brane-bound ligands, ephrin-As and ephrin-Bs [23]. The
ephrin-As (ephrin-A1-5) are tethered by a glycosylphos-
phatidlyinositol (GPI) anchor while ephrin-Bs (ephrin-
B1-3) are transmembrane proteins [24, 25]. Together,
Ephs and ephrins constitute a bidirectional signaling sys-
tem involved in contact-dependent cell-to-cell commu-
nication that can signal into the receptor (forward) and
ligand (reverse) bearing cell or in both directions at the
same time [reviewed in [26, 27]]. Receptor-ligand binding
is context-dependent and highly promiscuous: the EphAs
bind to most or all of the ephrin-As, and the EphBs bind
to most or all of the ephrin-Bs, and some interactions
also occur across classes [reviewed in [28, 29]].
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As Ephs are the largest family of RTKs in humans and
are expressed in most tissues throughout development as
well as being highly represented in stem cell lineages, it
is unsurprising that dysregulated Eph: ephrin signaling
has been shown to drive formation, progression, and/or
metastasis of multiple tumor types [reviewed in [30-32]].
Comparatively little is known about possible activities of
Ephs and ephrins in RMS: both EphBs and ephrin-Bs are
upregulated in RMS [33], EphA3 is expressed in a subset
of RMS cell lines and suppresses cell adhesion and migra-
tion [34], and we recently noted that EphA1l is aberrantly
localized to the nucleus of RMS in mouse, dog, and man
[35].

We recently demonstrated that EphA7 presented on
the surface of differentiated myocytes forces rapid collec-
tive differentiation of myoblasts via binding to ephrin-A5
on the myoblast cell surface, and also showed that an Fc
chimera with the EphA7 extracellular domain is sufficient
to induce myoblast differentiation in vitro [36]. We there-
fore asked if EphA7-Fc would also be sufficient to induce
myogenic differentiation (and therefore halt prolifera-
tion) of RMS cells.

Results

EphA7-Fc and ephrin-A5-Fc treatment inhibits proliferation
and promotes differentiation and cell cycle exit in hRMS
cells

To determine whether EphA7-Fc can inhibit proliferation
in hRMS cells, we repeated the experiments that had pre-
viously demonstrated its efficacy in primary satellite cells
[36] on three hRMS cell lines [Rh41 and Rh30 (ARMS/
FP) and RD (ERMS/EN)]; ephrin-A5 Fc was also used as
a control. Surprisingly, while EphA7-Fc inhibited prolif-
eration in all three cell lines as measured by expression
of Ki67, ephrin-A5 not only also inhibited proliferation
but did so to a greater degree than EphA7-Fc (Fig. 1).
Similarly, when we examined markers of either myogenic
differentiation (myosin heavy chain, MyHC) or cell cycle
arrest (p21), we noted that both EphA7 and ephrin-A5
were effective at inducing these markers (Fig. 2).

Expression and localization of EphA7 and ephrin-A5 in
hRMS cells differs from bona fide myoblasts

Because of the unexpected results of ephrin-A5-Fc stim-
ulation, we surveyed hRMS cells for expression of EphA7
and ephrin-A5 (which in skeletal muscle myoblasts dur-
ing either development or regeneration are the ligand for
ephrin-A5 and the receptor for EphA7, respectively) as
well as the other mammalian Ephs and ephrins. We noted
that while EphA7 is detectable in both ARMS/FP cell
lines, it is mislocalized to the cis-Golgi apparatus rather
than the nucleus, and its expression in ERMS/FN is
greatly reduced (Fig. 3A-D). Moreover, expression of eph-
rin-A5 was not detectable in either ARMS/FP or ERMS/
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Fig. 1 Treatment with EphA7-Fc or ephrin-A5-Fc decreases proliferation in hRMS cell lines. Rh41 ARMS/FP (A), Rh30 ARMS/FP (B), and RD (ERMS/FN)
(C) hRMS cell lines show significantly decreased proliferation (Ki-67, red) (D) when cultured on coverslips functionalized with Fc chimeras of EphA7
ectodomain or ephrin-A5 compared to unprogrammed coverslips. Surprisingly, the effect of ephrin-A5-Fc is greater than that of EphA7-Fcin all cell lines,
especially at 120 h. Bars=50 um; *** = p<0.0001, ** = p<0.001, * = p< 0.01
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Fig. 2 Treatment with EphA7-Fc or ephrin-A5-Fc increases expression of terminal differentiation and cell cycle arrest markers in hRMS cell lines. RD ERMS/
FN cells (A) show increased expressed expression of the terminal differentiation marker myosin heavy chain (MyHC, red) when cultured on coverslips
functionalized with Fc chimeras of EphA7 ectodomain or ephrin-A5 compared to unprogrammed coverslips. Right panels have f-actin staining removed
to visualize MyHC cytoplasmic staining, quantitation below. Rh41 ARMS/FP cells (B) do not express significantly higher levels of MyHC (data not shown)
but do increase expression of the cell cycle arrest marker p21 (red) in their nuclei when exposed to EphA7-Fc or ephrin-A5-Fc. Right panels have DAPI
removed to visualize p21 nuclear staining, quantitation below. Bars=50 um; ** = p<0.001, *** = p <0.0005, ****=p < 0.0001

EN (Fig. 3A-C, E). These data suggested that EphA7-Fc
could not be signaling via binding to ephrin-A5 in hRMS
cells, and that the potential for ephrin-A5-Fc to be acting
via binding to EphA7 was low, suggesting that they may
be acting through other members of the family.

An initial screening by RT-PCR (Supplemental Fig. 1)
showed detectable expression of ephrin-A2, ephrin-A3,
ephrin-A5, and ephrin-B1 and EphA5, EphA6, EphA7,
EphAS8, EphB1, EphB2, EphB3, and EphB4 in at least one
cell line. Based on these RT-PCR results, we performed
immunocytochemistry for these Ephs and ephrins and
noted expression of ephrin-A2, ephrin-A3, ephrin-Bl,
EphA6, EphAS8, and EphB3 protein in all three cell lines

(Fig. 4). These members of the Eph: ephrin family are
thus the primary candidates for interactions with either
EphA7 or ephrin-A2.

Only EphA7-Fc and ephrin-A5-Fc inhibit proliferation in
hRMS cells

The divergent suites of Ephs and ephrins expressed
in hRMS and the unexpected effectiveness of ephrin-
A5-Fc in inhibiting hRMS proliferation raised the pos-
sibility that other Ephs or ephrins might also have an
anti-proliferative effect on hRMS. We therefore tested
all of the available Eph and ephrin Fc chimeras for the
ability to inhibit hRMS proliferation. However, based
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Fig. 3 EphA7 and ephrin-A5 receptors (ephrin-A5 and EphA7) are either misexpressed or not expressed in hRMS. EphA7 protein (green) is not expressed
at the plasma membrane of hRMS cells but is localized to the perinuclear region in Rh41 (A) and Rh30 (B); it is also only weakly expressed in RD (C).
Ephrin-A5 protein is not detectably expressed in any of the cell lines. Bars=50 um. EphA7 (green) and GM130 (a cis-Golgi marker, red) colocalize in Rh41
cells, suggesting that EphA7 is aberrantly localized in the cis-Golgi apparatus in ARMS/FP (D). Bars=10 pm. Western blotting confirms ~5x decreased
EphA7 expression in RD cells (ERMS/FN) compared to Rh41 cells (ARMS/FP), and ephrin-A5 was not detected in either ARMS/FP or ERMS/FN cell lines (E);
lysate from CRISPR-edited C2C12 cells which express neither ephrin-A5 nor EphA7 was included as a negative control and unedited C2C12 cell lysate was

included as positive control

on expression of Ki67, only ephrin-A5 and EphA7 were
effective at reducing hRMS cell proliferation (Fig. 5).

In hRMS, ephrin-AS5 inhibits proliferation via binding to
EphA8 and EphA?7 inhibits proliferation by binding to
ephrin-A2

Although ephrin-A5 and, to a lesser extent, EphA7 were
the only Eph/ephrins chimeras able to reduce hRMS cell
proliferation, the changes in localization and expres-
sion of EphA7 and ephrin-A5 in hRMS cells seemed to
preclude the signaling interactions between EphA7 and
ephrin-A5 we observed during developmental or regen-
erative myogenesis. Based on the mRNA and protein

expression shown here, we performed siRNA knock-
down of 3 candidate receptors for each molecule (ephrin-
A2, ephrin-A4, and ephrin-B1 were tested as potential
binding parters for EphA7-Fc and EphA6, EphAS8, and
EphB3 were tested as potential binding partners for
ephrin-A5-Fc), reasoning that knockdown of the recep-
tor would blunt the effect of each Fc chimera on prolif-
eration. Rh41 cells were transfected with siRNA (Silencer,
Invitrogen) to each targeted molecule then treated with
either EphA7-Fc or ephrin-A5 Fc. Transfected cells were
scored for proliferation via Ki67 staining. Of the siRNAs
tested, only knockdown of EphAS8 (for ephrin-A5-Fc
treated cells) and ephrin-A2 (for EphA7-Fc-treated cells)
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Fig.4 hRMS cell lines express a suite of Ephs and ephrins that is consistent among hRMS cell lines but differs from that of myoblasts during development
or regeneration. An RT-PCR screen for all mammalian Ephs and ephrins shows that their expression in hRMS, while generally consistent across cell lines,
differs from that of developing myoblasts or muscle satellite cell-derived myoblasts (see data in Supplemental Fig. 1). Antibody staining for Ephs and
ephrins detected by RT-PCR shows protein expression of ephrin-A2, ephrin-A3, and ephrin-B1 and of EphA6, EphA8, and EphB3 across ARMS/FP (Rh41,
A and Rh30, B) and ERMS/FN (RD, C) subtypes

abrogated the antiproliferative effects of the Fc chimera
(Fig. 6), indicating that these interactions are responsible
for the decrease in proliferation in each case.

Discussion

Rhabdomyosarcoma (RMS) is the most common solid
tumor of childhood, and particularly in more aggressive
cancers where metastasis has occurred overall prognosis
remains poor despite advances in therapeutic strategies.
This study describes significantly inhibited proliferation
of both ARMS/FP and ERMS/FEN human RMS cell lines
due to exposure to Fc chimeras of EphA7 and ephrin-
A5, via different interaction partners than these mole-
cules would bind and signal through during myogenesis
in vivo. These data support the potential for stimulation
of these pathways via soluble ephrin-A5 and/or EphA7
ectodomain as a potential differentiation therapy for
hRMS.

During tumorigenesis and cancer progression, oth-
erwise anti-proliferative molecules such as tumor
suppressors and inhibitory signaling receptors are fre-
quently inactivated, mislocalized, or repurposed to pro-
mote the tumor lifestyle [reviewed in [37]]. We recently
described aberrant localization of another Eph, EphAl,
in RMS primary tumors and cell lines from three spe-
cies (dog, mouse, and human) [35]. A key finding of the

current study is the aberrant localization of EphA7 to
the cis-Golgi apparatus in ARMS/FP cells, rather than
the plasma membrane where it would typically exert its
differentiation-promoting functions. This mislocaliza-
tion likely disrupts canonical EphA7 signaling, providing
a mechanistic explanation for its impaired function in
RMS. The mechanism(s) by which EphA7 localization is
altered in hRMS cells could be explored further, as it may
provide an even more effective target for ephrin-A5 as an
antiproliferative therapy.

Eph:ephrin interactions are highly promiscuous and
both which interactions occur and their downstream
effects on the cell are extremely context-dependent
[reviewed in [29, 38, 39]]. Together with the uncertainty
regarding the cell of origin for hRMS and the tendency
for tumor cells to alter expression of key signaling mol-
ecules, our results indicating that EphA7:ephrinA5
signaling does not occur as it does in the context of devel-
opmental or regenerative myogenesis, but that different
interactions between ephrin-A5 and EphA8 and between
ephrin-A2 and EphA7 have the same effect, is perhaps
not surprising. While such promiscuity complicates the
signaling landscape, it also presents opportunities to
selectively exploit these interactions for therapeutic ben-
efit. The context-dependent nature of these interactions
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Fig. 5 Only EphA7-Fc or ephrin-A5-Fc inhibit hRMS proliferation. Rh41 cells were cultured on all available Eph (red) or ephrin (purple) Fc chimeras for
120 h then fixed and stained for the proliferation marker Ki67. Only EphA7-Fc or ephrin-A5-Fc (consistent with data shown in Fig. 1) decrease proliferation
significantly (A). *** = p<0.0001, ** = p<0.001. Examples of Ki67 staining with (above) and without (below) f-actin staining (B)

underscores the need for precision in targeting specific
Eph:ephrin signaling axes in RMS treatment.

A caveat of this work was that expression of the ter-
minal differentiation marker MyHC was only noted
at significant levels in the RD (ERMS/EN) cell line; its
induction in ARMS/FP cell lines did not reach the level
of significance. Elsewhere in the literature is has been
shown that ARMS/FP cells in xenograft experiments

with HDAC inhibitors exhibit decreased proliferation but
do not display any histological evidence of myogenic dif-
ferentiation [40]. Later experiments showed that target-
ing of the SWI/SNF component BRG1 can overcome the
block to differentiation in ARMS/FP cells [41] by reliev-
ing epigenetic inactivation of myogenic regulatory factor
genes. In future studies, analysis of the expression of the
FOXO: PAX fusion protein and of the epigenetic state of
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A2 restores Rh41 proliferation to control levels even in the presence of EphA7-Fc (A). Similarly, knockdown of EphA8 restores proliferation even in the
presence of ephrin-A5-Fc (B). siRNA knockdown was confirmed by immunofluorescence for ephrin-A2 and EphA8. Bars=50 pym; *** = p<0.0001, ** =

p<0.001,*=p<001

the MYOD and MYOGENIN loci in cells treated with
ephrin-A5-Fc/EphA7-Fc may be informative.

In contrast to ARMS/FP cells which may carry only a
single FOXO/PAX translocation mutation, ERMS/EN
cells are characterized by multiple, diverse, and accu-
mulating mutations which initiate and enhance tumori-
genesis [42]. In preclinical models inhibition of MEK
induces differentiation and slows tumor growth in Ras-
mutant ERMS/EN cells, however the effect is lost as the
cells acquire resistance to the inhibitor [43]. To identify
the underlying mechanisms in these cells, further work
implicates both the ARF GTPase pathway downstream of
Ras and YAP/TAZ mediated transcription and signaling
as proximal mediators of MEK inhibition-induced dif-
ferentiation [44]. While these is as yet no direct evidence
linking the Ephs and ephrins studied in this work to the
Hippo pathway, in the context of other tumors EphA2
has been shown to activate YAP/TAZ [45] to promote
transcription of genes needed for glutamine metabolism.
Since as we have noted Eph: ephrin signaling interac-
tions and their downstream effects are highly variable in
different cell types or even cell states, future studies may
investigate a connection between EphA7:ephrin-A2 and/
or EphA8:ephrin-A5 in influencing this pathway.

Methods

Cell culture

Human rhabdomyosarcoma (hRMS) cell lines RD
(ERMS/EN), Rh30 and Rh41 (ARMS/FP) were a gift of
the Children’s Oncology Group at Texas Tech University.
All cell lines were grown in Iscove’s Modified Dulbec-
co’s Medium (IMDM - Gibco) supplemented with 20%
Fetal Bovine Serum (FBS - Sigma), 4 mM L-glutamine,
1% penicillin/streptomycin or 0.1% gentamycin, and 1X
Insulin-Transferrin-Selenium (ITS- Corning) at 37 °C
and 5% CO, in a humidified incubator.

Coverslip functionalization and cell sample preparation for
immunofluorescence

Human Eph-Fc and ephrin-Fc (R&D Systems) function-
alized coverslips and control laminin-coated coverslips
were freshly prepared the day of seeding as previously
described [36]. Briefly, HCl-washed and aminopropyl-
triethoxysilane (APTES, Sigma)-treated coverslips were
incubated for 3 h at 37 °C with 2 mg/mL laminin (Sigma)
in PBS. Laminin was then gently aspirated and coverslips
were washed twice with Dulbecco’s modified phosphate
buffered saline (DPBS). Half of the coverslips were then
incubated for 2 h at 37 °C with a 5 pg/mL solution of
EphA7-Fc or ephrin-A5-Fc in DPBS while the other half
were incubated with DPBS alone. This concentration of
Fc chimera is standard in the literature and is commonly
used as a saturating amount in both in vitro studies and
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biochemical binding assays. The coverslips were placed
in 6-well plates with medium for 30 min prior to cell
seeding.

hRMS cells were counted using a hemacytometer and
seeded at 3000 cells/well. After 24, 48, 72, or 120 hours
in culture cells were washed twice with DPBS and fixed
with ice-cold 4% paraformaldehyde (PFA) for 10. PFA
was removed and the samples were washed with DPBS
and stored in DPBS at 4 °C.

Immunocytochemistry

hRMS cells were blocked in 10% normal goat serum with
0.2% Triton X-100 for 1 h at room temperature (RT)
except for coverslips to be stained with chicken primary
antibody (anti-EphA7), which were instead blocked with
10% BlokHen (Aves Labs) in water for 1 h at RT. Cells
were then incubated with primary antibody overnight
at 4 °C, washed 3X in DPBS, incubated with secondary
antibody for 1 h at RT, and washed 3X in DPBS and 1x in
water before mounting with Vectashield containing DAPI
(Vector Labs).

Primary antibodies from Santa Cruz Biotechnology
(Dallas, TX) were anti-ephrin A2 (sc-912), anti-ephrin
A3 (sc-1012), anti-ephrin A4 (sc-914), anti-ephrin Bl
(sc-1011), anti-Eph A5 (sc-927), anti-Eph A6 (sc-8172),
anti-Eph A8 (sc-25460), anti-Eph B1 (sc-926), anti-Eph
B2 (sc-28980), anti-Eph B3 (sc-100299), and anti-Eph
B4 (sc-5536) and were used at 1 pg/mL. Primary anti-
bodies from other sources were anti-ephrin A5 (Abcam
AB70114, 1:200); anti-Eph A7 (made in-house, 1:300);
anti-Ki67(Abcam ab16667, 1:200); and anti-p21 (BD
Biosciences, 1:100). Secondary antibodies were raised in
goat and conjugated with Alexa fluorophores (Invitrogen)
and used at 1:500.

All images were acquired and processed on an Olym-
pus BX61 upright microscope using Slidebook software
(Intelligent Imaging Innovations) or uManager software
(www.micro-manager.org). Digital background subtrac-
tion was performed to remove signal that was less than or
equal to levels present in control samples (processed in
parallel but without primary antibody) and was applied
equally to the entire field.

Image quantification and data analysis

Total number of nuclei were scored with FIJI [46] with
the combination of commands ‘Threshold’ and ‘Analyze
particles. Stained cells were manually counted using FIJI
‘Cell counter’ tool. The number of stained cells was nor-
malized on the number of total nuclei and converted
into percentage of stained cells over total cell number in
a minimum of 10 fields of view (10X magnification) per
coverslip. All experiments were carried out in triplicate,
except when specified otherwise.
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Statistical analysis

Where indicated, samples were compared in Graphpad
Prism by two-way ANOVA, one-way ANOVA (Kruskal-
Willis test) followed by Dunn’s multiple comparison test,
or Mann-Whitney test.

siRNA transfection

1,000,000 Rh41 cells were transfected with 2 ug of CMV-
GFP (Clontech) and 200 nmol of siRNA using the Invit-
rogen Neon Transfection System (voltage 1050 V, width
30ms, 2 pulses). Cells were seeded in Iscove’s Modified
Dulbecco’s Medium (IMDM - Gibco) complemented
with 20% Fetal Bovine Serum (FBS - Sigma) and 4 mM
L-glutamine. After 24 h the cells were plated on cover-
slips functionalized with ephrin-A5-Fc or EphA7-Fc or
on control laminin-coated coverslips. After 24, 48, or
72 h coverslips were fixed with 4% PFA and stained for
Ki67 as described above.

RT-PCR

RNA was isolated from cell lines grown to 80% conflu-
ency on 10 cm plates with the RiboPure” kit (Invitrogen)
and 1/10 of the recovered RNA was used as a template
for reverse transcription with SuperScript IV RT (Invit-
rogen). cDNA samples were quantified by using Thermo
Scientific NanoDrop One and 100ng of cDNA as tem-
plate for GoTaq® Green Master Mix (Promega) 35 cycles
of PCR amplification with annealing at 61 °C. Intron-
spanning primers used as in [47].
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Supplementary Material 1: RT-PCR screen for Eph and ephrin express in
hRMS cell lines. Intron-spanning primers were used to screen for Eph and
ephrin mMRNAs across hRMS cell lines. Detectable signal at appropriate
molecular weights was noted for ephrin-A2, ephrin-A3, ephrin-A5, and
ephrin-B1 and for EphA5, EphA6, EphA7, EphA8, EphB1, EphB2, EphB3, and
EphB4 in at least one cell line.

Supplementary Material 2: EphA8 and ephrin-A2 are expressed on the
surface of hRMS cells. Rh41 cells were stained for EphA8 or ephrin-A2 and
counterstained with phalloidin (to show cell outlines) and DAPI (to show
cell nuclei).

Acknowledgements
The authors thank Dr. Robert Arpke for statistical assistance.

Author contributions

AC, LC, and DDWC conceptualized experiments. AC, LC, S.C, AC, JS.and
DDWC performed experiments. A.C, L.C,, and DDWC analyzed data. A.C, L.C,
and DDWC prepared figures. A.C. and DDWC wrote the manuscript.

Funding

This work was supported by NIH grant AR078045 to DDWC and the Mizzou
Forward Undergraduate Training Grant to L.C. The funding agency had no role
in the design of the study, in collection, analysis, and interpretation of data, or
in writing the manuscript.


http://www.micro-manager.org
https://doi.org/10.1186/s13395-025-00384-4
https://doi.org/10.1186/s13395-025-00384-4

Cecchini et al. Skeletal Muscle (2025) 15:14

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 January 2025 / Accepted: 19 May 2025
Published online: 27 May 2025

References

1. Ognjanovic S, Linabery AM, Charbonneau B, Ross JA. Trends in childhood
rhabdomyosarcoma incidence and survival in the united States, 1975-2005.
Cancer. 2009;115:4218-26.

2. Moore O, Grossi C. Embryonal rhabdomyosarcoma of the head and neck.
Cancer. 1959;12:69-73.

3. Enterline HT, Horn RC. Alveolar rhabdomyosarcoma; a distinctive tumor type.
Am J Clin Pathol. 1958;29:356-66.

4. Loh WE, Scrable HJ, Livanos E, et al. Human chromosome 11 contains two
different growth suppressor genes for embryonal rhabdomyosarcoma. Proc
Natl Acad Sci U S A. 1992,89:1755-9.

5. Parham DM, Barr FG. Classification of rhabdomyosarcoma and its molecular
basis. Adv Anat Pathol. 2013;20:387-97.

6. Xia SJ, Pressey JG, Barr FG. Molecular pathogenesis of rhabdomyosarcoma.
Cancer Biol Ther. 2002;1:97-104.

7. Gurney JG, Davis S, Severson RK, Fang JY, Ross JA, Robison LL. Trends in
cancer incidence among children in the U.S. Cancer. 1996;78:532-41.

8. GaliliN, Davis RJ, Fredericks WJ, et al. Fusion of a fork head domain gene
to PAX3in the solid tumour alveolar rhabdomyosarcoma. Nat Genet.
1993,5:230-5.

9. Shapiro DN, Sublett JE, Li B, Downing JR, Naeve CW. Fusion of PAX3 to a
member of the forkhead family of transcription factors in human alveolar
rhabdomyosarcoma. Cancer Res. 1993;53:5108-12.

10.  Barr FG. Gene fusions involving PAX and FOX family members in alveolar
rhabdomyosarcoma. Oncogene. 2001,20:5736-46.

1. Stout AP. Rhabdomyosarcoma of the skeletal muscles. Ann Surg.
1946,123:447-72.

12. Abraham J, Nunez-Alvarez Y, Hettmer S, et al. Lineage of origin in rhabdomyo-
sarcoma informs Pharmacological response. Genes Dev. 2014;28:1578-91.

13. Hatley ME, Tang W, Garcia MR, et al. A mouse model of rhabdomyosarcoma
originating from the adipocyte lineage. Cancer Cell. 2012,22:536-46.

14, Mansouri A. The role of Pax3 and Pax7 in development and cancer. Crit Rev
Oncog. 1998;9:141-9.

15.  Sebire NJ, Malone M. Myogenin and MyoD1 expression in paediatric rhabdo-
myosarcomas. J Clin Pathol. 2003;56:412-6.

16.  Strickland S, Mahdavi V. The induction of differentiation in teratocarcinoma
stem cells by retinoic acid. Cell. 1978;15:393-403.

17. MadanV, Koeffler HP. Differentiation therapy of myeloid leukemia: four
decades of development. Haematologica. 2021;106:26-38.

18. Nagai Y, Ambinder AJ. The promise of retinoids in the treatment of cancer:
neither burnt out nor fading away. Cancers (Basel). 2023;15:3535.

19.  Makimoto A, Fujisaki H, Matsumoto K; et al. Retinoid therapy for neuroblas-
toma: historical overview, regulatory challenges, and prospects. Cancers
(Basel). 2024;16:544.

20. Cruz FD, Matushansky I. Solid tumor differentiation therapy - is it possible?
Oncotarget. 2012;3:559-67.

21. ChenY, CaoJ, Zhang N, et al. Advances in differentiation therapy for osteosar-
coma. Drug Discov Today. 2020,25:497-504.

22. Bar-Hai N, Ishay-Ronen D. Engaging plasticity: differentiation therapy in solid
tumors. Front Pharmacol. 2022;13:944773.

Page 10 of 10

23. Frisen J, Holmberg J, Barbacid M. Ephrins and their Eph receptors: multital-
ented directors of embryonic development. EMBO J. 1999;18:5159-65.

24. Davis S, Gale NW, Aldrich TH, et al. Ligands for EPH-related receptor tyrosine
kinases that require membrane attachment or clustering for activity. Science.
1994;266:816-9.

25. Pandey A, Lindberg RA, Dixit VM. Cell signalling. Receptor orphans find a fam-
ily. Curr Biol. 1995;5:986-9.

26. EgeaJ, Klein R. Bidirectional Eph-ephrin signaling during axon guidance.
Trends Cell Biol. 2007;17:230-8.

27. Wu Z, Ashlin TG, Xu Q, Wilkinson DG. Role of forward and reverse signal-
ing in Eph receptor and Ephrin mediated cell segregation. Exp Cell Res.
2019;381:57-65.

28. Dai D, Huang Q Nussinov R, Ma B. Promiscuous and specific rec-
ognition among Ephrins and Eph receptors. Biochim Biophys Acta.
2014;1844:1729-40.

29. Himanen JP, Saha N, Nikolov DB. Cell-cell signaling via Eph receptors and
Ephrins. Curr Opin Cell Biol. 2007;19:534-42.

30. Pasquale EB. Eph receptors and Ephrins in cancer progression. Nat Rev Can-
cer. 2024;24:5-27.

31, Kandouz M. The Eph/Ephrin family in cancer metastasis: communication at
the service of invasion. Cancer Metastasis Rev. 2012;31:353-73.

32. Chen J. Regulation of tumor initiation and metastatic progression by Eph
receptor tyrosine kinases. Adv Cancer Res. 2012;114:1-20.

33. Berardi AC, Marsilio S, Rofani C, et al. Up-regulation of EphB and ephrin-B
expression in rhabdomyosarcoma. Anticancer Res. 2008;28:763-9.

34, Clifford N, Smith LM, Powell J, Gattenlohner S, Marx A, O'Connor R. The EphA3
receptor is expressed in a subset of rhabdomyosarcoma cell lines and sup-
presses cell adhesion and migration. J Cell Biochem. 2008;105:1250-9.

35. LaCombe R, Cecchini A, Seibert M, Cornelison DDW. EphAT receptor tyrosine
kinase is localized to the nucleus in rhabdomyosarcoma from multiple spe-
cies. Biol Open. 2022;11:bi0059352.

36.  Amold LL, Cecchini A, Stark DA et al. EphA7 promotes myogenic differentia-
tion via cell-cell contact. Elife. 2020;9.

37. Wang X, Li S. Protein mislocalization: mechanisms, functions and clinical
applications in cancer. Biochim Biophys Acta. 2014;1846:13-25.

38, Blits-Huizinga CT, Nelersa CM, Malhotra A, Liebl DJ. Ephrins and their recep-
tors: binding versus biology. IUBMB Life. 2004;56:257-65.

39, Cecchini A, Cornelison DDW. Eph/Ephrin-Based protein complexes: the
importance of cis interactions in guiding cellular processes. Front Mol Biosci.
2021;8:809364.

40. Bharathy N, Berlow NE, Wang E, et al. The HDAC3-SMARCA4-miR-27a axis
promotes expression of the PAX3:FOXO1 fusion oncogene in rhabdomyosar-
coma. Sci Signal. 2018;11:eaau7632.

41, Laubscher D, Gryder BE, Sunkel BD, et al. BAF complexes drive proliferation
and block myogenic differentiation in fusion-positive rhabdomyosarcoma.
Nat Commun. 2021;12:6924.

42. Shern JF, Chen L, Chmielecki J, et al. Comprehensive genomic analysis of
rhabdomyosarcoma reveals a landscape of alterations affecting a common
genetic axis in fusion-positive and fusion-negative tumors. Cancer Discov.
2014;4:216-31.

43. Yohe ME, Gryder BE, Shern JF, et al. MEK Inhibition induces MYOG and
remodels super-enhancers in RAS-driven rhabdomyosarcoma. Sci Trans| Med.
2018;10:eaan4470.

44. Hebron KE, Perkins OL, Kim A, et al. ASAP1 and ARF1 regulate myogenic
differentiation in rhabdomyosarcoma by modulating TAZ activity. Mol Cancer
Res. 2025;23:95-106.

45.  Edwards DN, Ngwa VM, Wang S, et al. The receptor tyrosine kinase EphA2
promotes glutamine metabolism in tumors by activating the transcriptional
coactivators YAP and TAZ. Sci Signal. 2017;10:eaan4667.

46.  Schindelin J, Arganda-Carreras |, Frise E, et al. Fiji: an open-source platform for
biological-image analysis. Nat Methods. 2012;9:676-82.

47. Siegel AL, Atchison K, Fisher KE, Davis GE, Cornelison DDW. 3D timelapse
analysis of muscle satellite cell motility. Stem Cells. 2009;27:2527-38.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Ephrin-A5 or EphA7 stimulation is anti-proliferative for human rhabdomyosarcoma ﻿in vitro﻿
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿EphA7-Fc and ephrin-A5-Fc treatment inhibits proliferation and promotes differentiation and cell cycle exit in hRMS cells
	﻿Expression and localization of EphA7 and ephrin-A5 in hRMS cells differs from ﻿bona fide﻿ myoblasts
	﻿Only EphA7-Fc and ephrin-A5-Fc inhibit proliferation in hRMS cells
	﻿In hRMS, ephrin-A5 inhibits proliferation via binding to EphA8 and EphA7 inhibits proliferation by binding to ephrin-A2

	﻿Discussion
	﻿Methods
	﻿Cell culture
	﻿Coverslip functionalization and cell sample preparation for immunofluorescence
	﻿Immunocytochemistry
	﻿Image quantification and data analysis
	﻿Statistical analysis
	﻿siRNA transfection
	﻿RT-PCR

	﻿References


