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Abstract. Evidence has accumulated that sex hormones play an 
important role in several types of cancer. Because they are also 
involved in skeletal muscle development and regeneration, we 
were therefore interested in their potential involvement in the 
pathogenesis of human rhabdomyosarcoma (RMS), a skeletal 
muscle tumor. In the present study, we employed eight RMS 
cell lines (three fusion positive and five fusion negative RMS 
cell lines) and mRNA samples obtained from RMS patients. 
The expression of sex hormone receptors was evaluated by 
RT-PCR and their functionality by chemotaxis, adhesion and 
direct cell proliferation assays. We report here for the first 
time that follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) receptors are expressed in established human 
RMS cell lines as well as in primary tumor samples isolated 
from RMS patients. We also report that human RMS cell lines 
responded both to pituitary and gonadal sex hormone stimula-
tion by enhanced proliferation, chemotaxis, cell adhesion and 
phosphorylation of MAPKp42/44 and AKT. In summary, 
our results indicate that sex hormones are involved in the 
pathogenesis and progression of RMS, and therefore, their 
therapeutic application should be avoided in patients that have 
been diagnosed with RMS.

Introduction

Rhabdomyosarcoma (RMS) is the most common soft-tissue 
sarcoma of adolescence and childhood and as reported 
accounts for 5% of all malignant tumors in patients under 
15 years of age (1,2). It occurs also in older patients, and the 

median age at diagnosis for all 2,600 analyzed RMS cases 
(birth through 96 years) was 16 years (3). RMS belongs to the 
family of so-called ‘small round blue tumor cells’, which often 
infiltrate bone marrow (BM) and on BM smears may some-
times be misdiagnosed as acute leukemia cells (4). There are 
two major histological subtypes of this tumor: alveolar rhab-
domyosarcoma (ARMS) and embryonal rhabdomyosarcoma 
(ERMS). ARMS is associated with more aggressive behavior 
and a worse prognosis than ERMS (5).

At the molecular level, ARMS is characterized by 
the t(2;13)(q35;q14) translocation in 70% of cases and the 
variant t(1;13)(p36;q14) in a smaller percentage of cases (6). 
These translocations disrupt the PAX3 and PAX7 genes on 
chromosomes 2 and 1, respectively, and the FOXO1 gene on 
chromosome 13, generating PAX3-FOXO1 and PAX7-FOXO1 
fusion genes. The resulting fusion proteins, PAX3-FOXO1 
and PAX7-FOXO1, have enhanced transcriptional activity 
compared with wild-type PAX3 and PAX7 and are postulated 
to play a role in cell survival and dysregulation of the cell 
cycle in ARMS (7). Since there are also ARMS cases that 
are fusion-negative and have a better outcome than ARMS 
cases that are fusion-negative, it has recently been proposed 
that RMS be classified into fusion-positive (PAX3-FOXO1 and 
PAX7-FOXO1) and fusion-negative tumors (8).

Both pituitary peptide- and gonadal steroid-based sex 
hormones play an important role in normal development and 
tumorigenesis and, thus, we were interested in the role of sex 
hormones in RMS pathogenesis. First, it is well known that 
these hormones are involved in both developmental growth 
and regeneration of skeletal muscles (9-11). For example, 
skeletal muscle satellite stem cells respond to stimulation by 
estrogens and androgens (9,12). Second, pediatric sarcomas, 
including RMS, share several common markers with the germ 
line-derived cells. For example, RMS cells express several 
cancer testis antigens (CTAs) (13,14). Moreover, changes 
in expression of parentally imprinted genes (e.g, Igf2-H19, 
Dlk1-Meg3 and p57KIP2) are involved in the pathogenesis of 
both pediatric sarcomas and germline tumors (15-17). Notably, 
150 years ago, Virchow (18) and Conheim (19) proposed the 
so-called ‘embryonic rest’ hypothesis of cancer development, 
in which malignancies may develop from dormant develop-
ment early embryonic cells or perhaps cells endowed with 
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germ line potential residing in adult tissues. Small round 
blue cell tumors, including RMS, are potential candidates for 
such malignancies. Interestingly, a recent report demonstrated 
that the PAX7 gene, which plays an important role in skeletal 
muscle development, is one of the stem cell markers in germ 
cells in gonads (20).

We report here that several sex hormone receptors are indeed 
expressed by RMS cells. Moreover, we demonstrate for the first 
time that follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) receptors are expressed in established human 
RMS cell lines and, even more importantly, in primary tumor 
samples isolated from patients. We also found that several 
human RMS cell lines respond to pituitary and gonadal sex 
hormone stimulation by enhanced proliferation, chemotaxis, 
cell adhesion and phosphorylation of MAPKp42/44 and AKT. 
We conclude that sex hormones are involved in the pathogen-
esis and progression of RMS, and their therapeutic application 
should be avoided in patients with RMS.

Materials and methods

Cell lines. We used several human RMS cell lines (provided 
by dr Peter Houghton, Nationwide Children's Cancer Center, 
Columbus, OH, USA), including both fusion-positive (RH28, 
RH30 and RH41) and fusion-negative (JR, Rd, RH18, RH36 
and SMS-CTR) cell lines. All cell lines used in the present 
study were authenticated by short tandem repeat (STR) anal-
ysis. STR profiles were compared with those of the original 
cell lines, obtained in dr Peter Houghton's Laboratory, or with 
published profiles. SMS-CTR and RH36 cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM) containing 
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml 
penicillin and 10 µg/ml streptomycin. All other RMS cells 
used for experiments were cultured in Roswell Park Memorial 
Institute (RPMI)-1640 medium, supplemented with 100 IU/ml 
penicillin and 10  µg/ml streptomycin in 10% heat-inactivated 
FBS. The cells were cultured in a humidified atmosphere at 
37˚C in 5% CO2 at an initial cell density of 2.5x104 cells/flask.

Conventional RT-PCR. Total RNA from various cells was 
isolated using the RNeasy Mini kit (Qiagen Inc., Valencia CA, 
USA), including treatment with dNase I (Qiagen). The mRNA 
was reverse-transcribed with TaqMan Reverse Transcription 
reagents (Applied Biosystems, Grand Island, NY, USA) 
according to the manufacturer's instructions. The resulting 
cDNA fragments were amplified (1 cycle of 8 min at 95˚C, 
2 cycles of 2 min at 95˚C, 1 min at 60˚C, 1 min at 72˚C, and 
subsequently 40 cycles of 30 sec at 95˚C, 1 min at 60˚C, 1 min 
at 72˚C, and 1 cycle of 10 min at 72˚C) using AmpliTaq Gold 
polymerase with sequence-specific primers designed using the 
NCBI/Primer-BLAST program. One primer in each pair was 
designed to include an exon-intron boundary: β-actin: F, GG 
ATGCAGAAGGAGATCACTG and R, CGATCCACACGGA 
GTACTTG; hFSHR: F, GCTTCTGAGATCTGTGGAGGTT 
and R, ACCTCAGTTCAATGGCATTCCT; hLHR: F, GGG 
CCGCACTCAGAGG and R, AGGGAGGTAGGCAAGTGA 
TAGTC; hERα: F, AGGTGCCCTACTACCTGGAG and R, 
CGGTCTTTTCGTATCCCACCT; hERβ: F, TTTTTGGACA 
CCCACTCCCC and R, CACCTGTTGAGGAAAGCGAG; 
hANdR: F, CGACTTCACCGCACCTGATG and R, CTTCT 

GTTTCCCTTCAGCGG; hPROGR: F, CGGACACCTT 
GCCTGAAGTT and R, AGTCCGCTGTCCTTTTCTGG; 
hPRLR: F, GAGCTTCTTCTCACAGAGCCA and R, AAGT 
TCACTTCAGGGTTCATGTGG.

Fluorescent staining of the rhabdomyosarcoma cells. RH30 
and RD cells were fixed in 4% paraformaldehyde for 15 min, 
permeabilized by employing 0.1% Triton X-100 for 10 min, 
washed in PBS, preblocked with 2.5% BSA in PBS, and 
subsequently stained with antibodies to follicle-stimulating 
hormone receptor (FSH-R, 1:200, rabbit polyclonal antibody; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), luteinizing 
hormone/choriogonadotropin receptor (LH-R, 1:200, rabbit 
polyclonal antibody; Santa Cruz Biotechnology), androgen 
receptor (Ab-2, 1:200, rabbit polyclonal antibody; Thermo 
Fisher Scientific, Pittsburgh, PA, USA), and estrogen receptor 
(ER, Ab-11, 1:200, mouse monoclonal IgG antibody; Thermo 
Fisher Scientific). Staining was performed overnight in 4˚C. 
Antibodies were diluted in 2.5% BSA in PBS. Appropriate 
secondary antibody Texas Red were used for 2 h at 37˚C 
(1:400; Texas Red goat anti-rabbit IgG and Texas Red horse 
anti-mouse IgG; Vector Laboratories, Inc., Burlingame, 
CA, USA). In control experiments, cells were stained with 
secondary antibodies only. The nuclei were labeled with dAPI. 
The fluorescence images were collected with a confocal laser 
scanning microscope (FV1000; Olympus).

Chemotaxis assay. Chemotaxis assays were performed in a 
modified Boyden's chamber with 8-µm-pore polycarbonate 
membrane inserts (Costar Transwell; Corning Incorporated-
Life Sciences, Lowell, MA, USA) as previously described. In 
brief, cells detached with 0.25% trypsin were seeded into the 
upper chambers of inserts at a density of 4.5x104 in 100 µl. The 
lower chambers were filled with pre-warmed culture medium 
containing hormones: FSH (1 or 10 U/ml), LH (1 or 10 U/ml), 
estrogen (100 nM), progesterone (100 nM), danazol (80 µg/
ml), or prolactin (0.5 µg/ml). Medium supplemented with 0.5% 
bovine serum albumin (BSA) was used as a negative control. 
After 24 h, the inserts were removed from the Transwell 
supports. The cells that had not migrated were scraped off 
with cotton wool from the upper membrane, and the cells 
that had transmigrated to the lower side of the membrane 
were fixed and stained with Hema 3 fixative according to the 
manufacturer's protocol (Fisher Fisher Scientific) and counted 
on the lower side of the membrane using an inverted micro-
scope. To address whether the observed increase in motility 
is a result of a chemotactic or a chemokinetic response, we 
performed a checkerboard assay in which FSH (10 U/ml), LH 
(10 U/ml), estrogen (100 nM), progesterone (100 nM), danazol 
(80 µg/ml), and prolactin (0.5 µg/ml) were added at the same 
time into the upper and the lower Transwell chambers.

Fibronectin adhesion assay. Ninety-six-well plates were 
coated with fibronectin (10 µg/ml) overnight at 4˚C and 
blocked with 0.5% BSA for 1 h before the experiment. Cells 
were made quiescent for 3 h with 0.5% BSA in medium 
before incubation with hormones: FSH (1 or 10 U/ml), LH 
(1 or 10 U/ml), estrogen (100 nM), progesterone (100 nM), 
danazol (80 µg/ml) or prolactin (0.5 µg/ml). Subsequently, 
cell suspensions (2x103/100 µl) were added directly to 96-well 
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plates coated with fibronectin and incubated for 5 min at 37˚C. 
Following incubation, the plates were vigorously washed three 
times to remove non-adherent cells, and the adherent cells 
were counted using an inverted microscope.

Cell proliferation. Cells were grown in 24-well culture plates 
at an initial density of 1.5x104 cells/well. After 24 h, the 
medium was changed to new medium supplemented with 
hormones: FSH (1 or 10 U/ml), LH (1 or 10 U/ml), estrogen 
(100 nM), progesterone (100 nM), danazol (80 µg/ml) or 
prolactin (0.5 µg/ml). The medium with 0.5% BSA was used 
as a control. The cell number was calculated at 24, 48 and 72 h 
after the change of medium.

Phosphorylation of intracellular pathway proteins. The 
fusion-positive RMS cell line RH30 and the fusion-negative 
cell line JR were incubated overnight in RPMI medium 
containing low levels of BSA (0.5%) to render the cells quies-
cent. After the cells were stimulated with hormones: FSH (1 or 
10 U/ml), LH (1 or 10 U/ml), estrogen (100 nM), progesterone 
(100 nM), danazol (80 µg/ml), or prolactin (0.5 µg/ml) at 37˚C 
for 5 min, the cells were lysed for 10 min on ice in RIPA lysis 
buffer containing protease and phosphatase inhibitors (Santa 
Cruz Biotechnology). The extracted proteins were separated on 
a 4-12% SdS-PAGE gel and transferred to a PVdF membrane. 
Phosphorylation of the serine/threonine kinase AKT (yielding 
phospho-AKT473) and p44/42 mitogen-activated kinase 
(yielding phospho-p44/42 MAPK) was detected by phospho-
specific p44/42 MAPK mouse and AKT rabbit polyclonal 
antibodies (Cell Signaling Technology, danvers, MA, USA) 
with HRP-conjugated goat anti-mouse and anti-rabbit 
secondary antibodies (Santa Cruz Biotechnology). Equal 
loading in the lanes was evaluated by stripping the blots and 
reprobing with anti-p42/44 MAPK monoclonal antibody (Cell 
Signaling Technology) and anti-AKT polyclonal antibody (Cell 
Signaling Technology). The membranes were developed with 
an enhanced chemiluminescence (ECL) reagent (Amersham 
Life Science, Arlington Heights, IL, USA), dried, and subse-
quently exposed to film (Hyperfilm; Amersham Life Science).

In vivo experiments with transplants of RMS cells into immu-
nodeficient mice. This study was performed in accordance with 
the guidelines of the Animal Care and Use Committee and 
Guide for Care and Use of Laboratory Animals (department of 
Health and Human Services, publication no. 86-23). To evaluate 
the in vivo metastatic behavior of RH30 cell lines incubated 
with FSH (50 U/ml) and LH (50 U/ml), after pre-treatment and 
a washing step, cells were injected intravenously (i.v.; 2.5x106 
per mouse) into SCId mice. Marrows, livers and lungs were 
removed 48 h after injection of these cells, and the presence of 
RMS cells (i.e., murine-human chimerism) was evaluated by 
the level of human α-satellite dNA expression. detection of 
human satellite and murine β-actin dNA levels was conducted 
using real-time PCR and an ABI Prism 7500 Sequence detec-
tion system. A 25-µl reaction mixture containing 12.5 µl 
SYBR-Green PCR Master Mix, 100 ng dNA template, primers 
for α-satellite dNA: (forward, 5'-ACCACTCTGTGTCCTTC 
GTTCG-3' and reverse, 5'-ACTGCGCTCTCAAAAGGAG 
TGT-3'; and the primers for β-actin dNA: forward, 
5'-TTCAATTCCAACACTGTCCTGTCT-3' and reverse, 

5'-CTGTGGAGTGAC TAAATGGAAACC-3') were used. The 
number of human cells present in the murine organs (the degree 
of chimerism) was calculated from the standard curve obtained 
by mixing different numbers of human cells with a constant 
number of murine cells.

Patient samples. RMS frozen primary tumor specimens 
(n=58) (26 PAX3-FOXO1-positive, 7 PAX7-FOXO1-positive 
and 25 fusion-negative) were used for microarray profiling. 
Total RNA was extracted from primary tumors using RNA 
STAT-60 reagent (Tel-Test Inc., Friendswood, TX, USA) in 
accordance with the manufacturer's instructions. These RNA 
samples were analyzed on Affymetrix GeneChip® Human 
Genome U133 Plus 2.0 Arrays at the University of Pennsylvania 
Microarray Core Facility. The expression array data was 
normalized and log2-transformed with the RMA (robus multi-
array average) algorithm in the Bioconductor oligo-package. 
The expression levels of FSH-R and LH-R were calculated 
using probe sets 211201_at and 207240s_at, respectively.

Statistical analysis. All results are presented as mean ± Sd. 
Statistical analysis of the data was done using Student's t-test 
for unpaired samples, with P<0.05 considered to indicate a 
statistically significant result.

Results

Human RMS cell lines express several sex hormone recep-
tors. First, we performed RT-PCR studies to evaluate mRNA 
expression in three human fusion-positive (RH28, RH30 and 
RH41) as well as five human fusion-negative (JR, RD, RH18, 
RH36 and SMS-CTR) RMS cell lines. Fig. 1 shows that we 
were able to detect mRNA for several sex hormone recep-
tors by conventional RT-PCR. All cell lines evaluated in the 
present study expressed follicle-stimulating hormone receptor 
(FSH-R), luteinizing hormone receptor (LH-R) and androgen 
receptor (AR). While the progesterone receptor (PRG-R) was 
expressed in all cell lines except the RH18 fusion-negative RMS 
cell line, the prolactin receptor (PRL-R) was not expressed in 
RH30 and SMS-CTR cells. Several RMS cells also expressed 
estrogen receptor alpha (ER-α) and beta (ER-β). We also found 
that mRNA from human skeletal muscle cells expressed all 
the receptors except FSH-R, PRL-R and ER-β.

To confirm expression of sex hormone receptors at protein 
level we evaluated fusion positive RH30 and fusion negative 
Rd cells for expression of FSHR, LHR, AR and ER at protein 
level by immunofluorescence staining (Fig. 2) and confirmed 
that these cells express sex hormone receptors.

Exposure to sex hormones induces motility and adhesion 
of cells in human RMS cell lines. Next, to evaluate whether 
sex hormones are functional in human RMS cell lines, we 
performed chemotaxis and cell adhesion assays. In Transwell 
chemotaxis assays, we employed sex hormones at the indicated 
low and high doses to test their chemotactic effect against 
fusion-positive (Fig. 3A) and fusion-negative (Fig. 3B) RMS 
cell lines. We found that, of all the sex hormones tested, the 
strongest chemotactic activity was observed for FSH and/or 
LH. Some of the cell lines, such as RH28, Rd, JR and RH36, 
also responded to PRL, PRG, androgen and estrogen stimula-
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tion. To address whether the observed effect of pituitary and 
gonaldal sex hormones on RMS cell motility was due to a 
chemotactic or chemokinetic effect, we performed a checker-
board assay (Fig. 4). We found that, while the effect of FSH 

and LH is both chemotactic and chemokinetic, the effect of 
PRL, PRG, androgen and estrogen is mostly chemokinetic.

Moreover, as in chemotaxis assays, our fusion-positive 
(Fig. 5A) and fusion-negative (Fig. 5B) human RMS cell lines 

Figure 2. Human RMS cell lines express sex hormone receptors at protein level. Immunofluorescence staining of (A) FSH receptor, (B) LH receptor, 
androgen receptor (AR; C) and estrogen receptor (ER; D) in alveolar (RH30) and embryonal (RD) rhabdomyosarcoma. BL, bright field. Scale on merged 
picture indicate 10 µM.

Figure 1. Sex hormone receptors are expressed in human rhabdomyosarcoma (RMS) cell lines.  RT-PCR studies demonstrate sex hormone mRNA expression 
in three human fusion-positive (RH28, RH30 and RH41) and five human fusion-negative (JR, RD, RH18, RH36 and SMS-CTR) RMS cell lines. Normal skel-
etal muscle mRNA was used as a control. ‘Empty’ indicates samples in which water was used instead of template. The asterisk indicates non-coding isoform 
(upper band) of estrogen receptor β. The experiment was repeated three times with similar results. A representative gel image is shown.
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also responded to sex hormone stimulation in fibronectin 
adhesion assays. Finally, we became interested in whether 

prestimulation of RMS cells before injection into immunode-
ficient mice would affect their seeding efficiency to BM, liver 

Figure 3. Sex hormones enhance migration of human RMS cell lines. The effect of sex hormones on the migration of fusion-positive (A) and fusion-negative 
(B) cells across Transwell membranes covered with gelatin. Medium with 10% FBS was used as a positive control in chemotaxis assays. Combined results from 
three independent experiments are shown. P≤0.05.

Figure 4. Sex hormone checkerboard assay for RH30 cell motility. Analysis of the effect of the presence of sex hormones in upper and/or lower chambers 
during the chemotaxis assay revealed that sex hormone stimulation of the motility of RH30 cells occurs mainly by chemokinesis. data from three independent 
experiments are combined. P≤0.05.
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and lung. Fig. 6 shows that RH30 cells stimulated by FSH or 
LH had higher seeding efficiency into lung than control cells 
unstimulated by sex hormones.

Sex hormones induce proliferation of RMS cells. Sex hormones 
have been reported to stimulate proliferation of both normal 
and malignant cells. To evaluate the effect of sex hormones 
on RMS cell proliferation, we exposed fusion-positive (RH30) 
and fusion-negative (Rd) cell lines in response to all pituitary 
and gonadal hormones evaluated in the present study. Figs. 7A 
and 8A demonstrate that all of them stimulate proliferation of 
RMS cells. This positive pro-proliferation effect is supported 

by signal transduction studies that confirm that RMS cells 
express functional receptors for these hormones (Figs. 7B 
and 8B) and activate intracellular pathways potentially 
involved in cell proliferation, chemotaxis and adhesion.

Detection of mRNA for pituitary sex hormone receptors 
FSH-R and LH-R in primary patient RMS samples. Finally, we 
assessed FSH-R and LH-R expression by microarray analyses 
of 26 PAX3-FOXO1-positive, 7 PAX7-FOXO1-positive, and 
25 fusion-negative patient samples. We chose these receptors, 
because we found that they exhibited the strongest respon-
siveness of our cell lines to FSH and LH stimulation. In all 

Figure 6. Effect of LH and FSH stimulation on the in vivo metastasis of RH30 cells. The number of RH30 cells was evaluated in lung, liver and bone marrow 
(BM) 48 h after i.v. injection of cells. The presence of human cells in murine tissues was evaluated as described in Materials and methods. Before injection, 
the cells were pretreated with LH or FSH. data from two independent experiments are combined. *P≤0.05.

Figure 5. Stimulation of RMS cells with sex hormones enhances their adhesion to fibronectin. The effect of sex hormones on adhesion to fibronectin-coated 
dishes of fusion-positive (A) and fusion-negative (B) RMS cell lines. Combined results from three independent experiments are shown. *P≤0.05.



INTERNATIONAL JOURNAL OF ONCOLOGY  48:  1815-1824,  2016 1821

these primary patient tumor samples, we were able to detect 
FSH-R and LH-R expression (Fig. 9A). However, we did not 
observe significant differences between fusion-positive RMS 
subtypes, PAX3-FOXO1 (FP-P3) and PAX7-FOXO1 (FP-P7) 
and fusion-negative subtypes.

Discussion

The salient observation of the present study is that human 
RMS cells express several pituitary and gonadal sex hormone 
receptors. Importantly, in assays employed in our studies these 
receptors were functional and stimulated migration, prolifera-
tion and adhesion of RMS cells.

Evidence has accumulated that sex hormones could be 
involved in pathogenesis of female and male gonadal tumors 
as well as breast and prostate cancer (21-23). In addition, 
non-gonadal tumors, including stomach, lung and liver cancer 
and melanomas, were also found to express sex hormone 
receptors (24-27). In addition, they express cancer testis anti-

gens (CTA), which could indicate a potential developmental 
link between these tumors and the germ line-derived cells 
(28-31). Similarly, RMS cells were also reported to express 
CTA (13,14). Rare cases of coexistence of RMS with adeno-
carcionoma have also been described in endometriotic cysts 
of the ovary (32) and with Mullerian adenosarcomas in the 
uterus (33). Interestingly, as we reported recently human and 
murine germline tumors and RMS cells share functional 
erythropoietin receptors (34).

RMS is a tumor in which cells share several characteristics 
with skeletal muscle cells, while, it is also well known that sex 
hormones regulate the development of skeletal muscles and 
play a role in their regeneration (9-11). Moreover, decrease in 
the level of sex hormones with age is responsible for the devel-
opment of sarcopenia in 30% of individuals aged over 60 years  
(35,36). Furthermore, results obtained from rodent models 
demonstrated that androgens and estrogens augment skeletal 
muscle satellite stem cell activation and modulate inflam-
matory processes during skeletal muscle regeneration (9,12).

Figure 7. Sex hormones increase proliferation and induce signal transduction in fusion-positive RH30 cells. (A) Stimulation of fusion-positive RH30 cells with 
sex hormones increases their proliferation. Combined data from three independent experiments are shown; *P≤0.05. (B) Effect of sex hormone activation of 
MAPKp42/44 and AKT. The experiment was performed twice, and a representative western blot analysis is shown.
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despite the fact that gonadal sex hormones affect expansion 
of skeletal muscle cells, very little is known about the role of 
gonadal and pituitary sex hormones in RMS pathogenesis. To 

shed more light on this process, we tested several established 
human RMS cell lines as well as primary patient samples for 
expression of functional sex hormone receptors.

Figure 9. FSH and LH receptors mRNA expression in RMS tumors. Expression levels of FSH (A) LH (B) receptors were quantified by microarray in PAX3-
FOXO1-positive (FP-P3), PAX7-FOXO1-positive (FP-P7), and fusion-negative (FN) RMS samples. These values were then normalized and log2 transformed 
as described in Materials and methods. Boxes represent the interquartile range (25th-75th percentile) and horizontal lines inside the boxes indicate median. 
Whiskers indicate the minimum and maximum values, except for outliers.

Figure 8. Sex hormones increase proliferation and induce signal transduction in fusion-negative Rd cells. (A) Stimulation of fusion-negative Rd cells with 
sex hormones increases their proliferation. Combined data from three independent experiments are shown. *P≤0.05. (B) Effect of sex hormones activation of 
MAPKp42/44 and AKT. Representative western blot analysis out of two performed is shown.
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RMS is a tumor that mostly develops in children and young 
adults (3). Thus, an open question remains whether sex hormones 
are involved in RMS development at the levels observed in these 
patients. Our results clearly show that sex hormones stimulate 
proliferation and regulate motility of RMS cells. Expression of 
their receptors was detectable in established human cell lines 
as well as in primary patient samples. The presence of these 
receptors on RMS cells suggests that in particular pituitary sex 
hormone therapy in RMS survivors may lead to reactivation 
of ‘dormant’ malignant cells. In fact, recurrence of RMS in 
young women 25 years after estrogen and progesterone therapy 
has been reported (37). The tumor appeared 3 months after 
commencing hormonal therapy, and primary and recurrent 
tumors were immunohistochemically identical (37). Notably, 
our observation here that both androgen and estrogens simulate 
proliferation of RMS cells may explain why there is no signifi-
cant sex-dependent predisposition for RMS development (38).

The recurrence of tumor growth after successful initial 
treatment and the fatal tendency of cancerous cells to 
spread and metastasize to different vital organs are major 
problems affecting the survival of cancer patients, including 
those afflicted with RMS (4). The tropism of cancer cells to 
metastasize to selected organs requires the involvement of 
organ-specific factors that direct metastasis. These factors 
promote the formation of a pre-metastatic niche that provides 
metastasizing tumor cells with a favorable growth and survival 
environment (39,40). An important step in the metastatic 
process is egress of cancer cells from the primary tumor (41). 
This egress could be the result of random motility of cancer 
cells, a process known as chemokinesis, or the result of directed 
gradient-mediated migration, known as chemotaxis (42). Our 
results indicate that both processes, chemokinesis and chemo-
taxis, occur in RMS cells upon stimulation by sex hormones, 
and, for the first time, we identified them as a potential pro-
metastatic factors for RMS cells. The metastasis of RMS 
cells, however, is directed by several other factors, including 
growth factors (e.g., hepatocyte growth factor and insulin-like 
growth factors 1 and 2) (43-45) chemokines (stromal-derived 
factor 1 alpha, and macrophage inhibitory factor) (46,47), 
cytokines (leukemia inhibitory factor) (48), as well as several 
bioactive lipids (sphingosine-1-phosphate, ceramide-1-phos-
phate-1 (49), lysophosphatidylocholine and lysophosphatidic 
acid) (50). Since sex hormones increase the motility of RMS 
cells, they may promote their egress from the primary tumor 
and direct their spread to distant locations. Further work is 
also needed to address their cooperative, pro-metastatic effect 
in combination with other pro-metastatic factors.

It is known that pituitary and gonadal sex hormone receptors 
are expressed by cells from the germ lineage beginning at the 
very early stages of embryogenesis (51,52). As demonstrated in 
this study, RMS cells also express receptors both for pituitary 
peptide and gonadal steroid sex hormones. Interestingly, as 
mentioned above, Virchow (18) and Connheim (19) proposed 
that some malignancies develop from dormant embryonic or 
germ cells residing in adult tissues. We have recently reported 
the existence of very small embryonic-like stem cells (VSELs), 
which express several embryonic/germline markers residing in 
adult tissues, including skeletal muscle (53). One can specu-
late that these or closely related cells could theoretically be 
the source of some tumors, including pediatric sarcomas. In 

support of this possibility, VSELs express several sex hormone 
receptors (54) as well as genes involved in primordial germ 
cells and skeletal muscle development (53,55). This interesting 
hypothesis, however, requires more experimental evidence.

In conclusion, the presence of functional sex hormone 
receptors in RMS cells indicates that sex hormone supple-
mentation, e.g., in RMS survivors, may result in the unwanted 
side-effect of tumor recurrence. Finally, like the expression of 
CTA antigens (13,14), the presence of functional sex hormone 
receptors in RMS cells is consistent with the hypothesis that 
some pediatric sarcomas could develop in adult tissues from 
embryonic remnants that are endowed with germline potential. 
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