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Rhabdomyosarcomas (RMS) represent the most common childhood soft-tissue sarcoma. Over the past
few decades outcomes for low and intermediate risk RMS patients have slowly improved while patients
with metastatic or relapsed RMS still face a grim prognosis. New chemotherapeutic agents or combina-
tions of chemotherapies have largely failed to improve the outcome. Based on the identification of novel

Keywords: molecular targets, potential therapeutic approaches in RMS may offer a decreased reliance on conven-
R‘?g}gomyosarcoma tional chemotherapy. Thus, identification of effective therapeutic agents that specifically target relevant
m

pathways may be particularly beneficial for patients with metastatic and refractory RMS. The PI3K/AKT/
mTOR pathway has been found to be a potentially attractive target in RMS therapy. In this study, we pro-
vide evidence that rapamycin (sirolimus) abrogates growth of RMS development in a RMS xenograft
mouse model. As compared to a vehicle-treated control group, more than 95% inhibition in tumor growth
was observed in mice receiving parenteral administration of rapamycin. The residual tumors in rapamy-
cin-treated group showed significant reduction in the expression of biomarkers indicative of proliferation
and tumor invasiveness. These tumors also showed enhanced apoptosis. Interestingly, the mechanism by
which rapamycin diminished RMS tumor growth involved simultaneous inhibition of mTOR and hedge-
hog (Hh) pathways. Diminution in these pathways in this model of RMS also inhibited epithelial mesen-
chymal transition (EMT) which then dampened the invasiveness of these tumors. Our data provide bases
for using rapamycin either alone or in combination with traditional chemotherapeutic drugs to block the
pathogenesis of high risk RMS.
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1. Introduction

Sarcomas represent the 5th most common type of solid child-
hood cancers, with rhabdomyosarcomas (RMS) being the most
common form accounting for 40% of these tumors. The yearly inci-
dence of RMS is 4.5 cases/million children/year [1,2]. RMS can be
broadly classified based on histological and genetic findings into
alveolar RMS (ARMS) and embroynal RMS (ERMS). ERMS tumors
are more common and generally associated with a better outcome
even in patients with metastatic disease. Studies of survival rates
in ERMS versus ARMS show a 5 year survival rate for ERMS in pa-

Abbreviations: RMS, rhabdomyosarcoma; ERMS, embroynal RMS; ARMS, alve-
olar RMS; VEGF, vascular endothelial growth factor; H&E, hematoxylin & eosin;
PCNA, proliferating cell nuclear antigen.
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tients with metastatic disease at 42% for ERMS vs. 18% for ARMS
[3]. The chromosomal translocations t(2:13)(q36;q14) and
t(1;13)(q35;q14) are specific molecular events found in ARMS
[4,5]. Recently, ARMS tumors have been further categorized as fu-
sion positive and negative tumors with implications for important
biological and clinical distinctions [6]. Hedgehog (Hh) signaling has
been previously demonstrated to be involved in the pathogenesis
of a subset of ERMS [7].

Recent advances in the understanding of molecular basis of
refractory and metastatic RMS provide opportunities to test novel
therapeutic options. In this study, we investigated the effects of
rapamycin, a well-known mTOR inhibitor [8] on the growth of
poorly differentiated human RMS in a murine xenograft model.
Rapamycin (sirolimus) is a macrolide antibiotics with immunosup-
pressive and antifungal effects [9]. It had been used as an immuno-
suppressant post organ transplant [9]. Rapamycin binds to
cytoplasmic receptor KF506-binding protein 12 (KFBP12). This
complex helps in inhibiting mammalian target of rapamycin
(mTOR) which is a downstream element in the (PI3K/AKT)
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signaling pathway and is involved in cell cycle regulation and pro-
liferation [9-12].

Our findings demonstrate that rapamycin effectively inhibits
the growth of poorly differentiated human RMS xenograft tumors
in nude mice. The tumor growth inhibition is associated with the
reduction in proliferation and induction of apoptosis. The tumor
growth inhibitory effects are associated with the diminution of
Hh and mTOR signaling pathways. These pathways have been
implicated in the pathogenesis of RMS [7,13]. Here, we also show
that targeting of Hh/mTOR pathways by rapamycin dampens the
epithelial mesenchymal transition (EMT) progression which is
known to play an important role in the invasiveness and metastatic
potential of these and other solid tumors [14]. Thus, rapamycin-
treated residual xenograft tumors show a decrease in mesenchy-
mal marker proteins.

2. Materials and methods
2.1. Cell culture

Human poorly differentiated RMS cell line A204 was obtained
from the American Type Culture Corporation (Manassas, VA,
USA). Cells were cultured in McCoy’s 5A media (Hyclone) supple-
mented with 10% fetal bovine serum, 100 U/ml of penicillin, and
100 pg/ml of streptomycin at 37 °C in a humidified atmosphere
of 5% CO, incubators.

2.2. Tumor xenograft study

Female Nu/Nu mice were purchased from NCI-Frederick Animal
Production Program (Frederick, MD, USA). Mice used for experi-
ments were 6-8 weeks of age. All animal procedures were per-
formed according to guidelines and approvals of the Institute
Animal Care and Use Committee of the University of Alabama at
Birmingham. For this study, A204 cells were detached by trypsin-
ization, washed, and re-suspended in PBS. Animals were divided
into two groups of five mice each. Each animal received subcutane-
ously 2 x 10°% cells/200 pL PBS in each flank. Twenty-four hours
after the inoculation of RMS cells, group-1 mice received an intra-
peritoneal (i.p.) injection of vehicle, whereas groups-2 received i.p.
injections of rapamycin (40 pg/mouse, daily) respectively for five
weeks. Tumors were measured by digital calibers and tumor vol-
umes calculated using the formula volume =length x width
x height/2 plotted as a function of days on test.

2.3. Real-time PCR

RNA was extracted using Trizol, and reverse transcribed
using High Capacity ¢DNA Reverse Transcription Kits (Applied
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Biosystems, NY, USA). Quantitative PCR was performed using Tag-
man Fast Advanced Master Mix Product Insert (Applied Biosystems,
NY, USA). Experiments were performed in triplicate for both the tar-
get and the endogenous housekeeping gene. Relative quantification
of the target gene expression was calculated by the comparative
threshold cycle (Ct) method: 2724 where ACt= Ctrarger
gene — Ctyoysekeeping g€N€ and AACt = ACtireated — ACtyenicle. List of
primers used in this study is provided as in Supplementary Table S1.

2.4. Western blotting

Briefly, 60 pg of total protein from tumor cell lysate was sepa-
rated on a SDS-PAGE gel (10%) and blotted onto PVDF membrane.
Western blot assay was performed as described previously [15].
List of primary antibodies used in this study is provided as Supple-
mentary Table S2.

2.5. Immunofluorescent staining

Immuno-staining was done on paraffin-embedded tumor
sections as previously described [15] employing primary
antibodies (Supplemental Table S2). The processed sections were
visualized on an Olympus BX51 microscope.

3. Results

3.1. Rapamycin treatment inhibits gross tumor growth in xenograft
tumors

A204 cells following inoculation in nude mice form stable xeno-
graft tumors [15]. Rapamycin treatment of nude mice bearing these
RMS reduces tumor growth significantly. The differences in the
growth of tumors in vehicle-treated control and rapamycin-treated
groups were apparent from the third week of tumor cell inocula-
tion, however, at weeks 4 and 5 these differences were highly sig-
nificant (p < 0.05). At the termination of the experiment at week
5, there was an inhibition of more than 95% in tumor growth
(Fig. 1A). The histology of these tumors as shown in Fig. 1B con-
firmed a poorly differentiated tumor phenotype with the diffuse
cell growth in the control group whereas, rapamycin-treated tu-
mors were more differentiated and highly organized. Rapamycin-
treated tumors also showed areas with marked necrosis which
were largely absent in tumors from vehicle-treated control mice.

3.2. Rapamycin treatment inhibits proliferation and induces apoptosis
in xenograft tumors

To define the mechanism by which rapamycin inhibits growth
of A204 tumors we first typed them for biomarkers of proliferation.

Eid

Rapan;yci

Fig. 1. Effects of rapamycin treatment on the xenograft RMS tumor growth. (A) The effect of rapamycin on tumor volume. This figure shows rapamycin’s inhibitory effect on
tumor growth. Marked suppression is seen in comparison to the vehicle-treated group (p < 0.05). (B) H&E staining of rapamycin-treated vs. vehicle-treated control tumors
showing more differentiated and highly organized tissue in the rapamycin-treated group with a decrease in viable cells as compared to the control group.
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Fig. 2. Effect of rapamycin treatment on the biomarkers representing proliferation and apoptosis in RMS xenograft tumors. (A) PCNA, TUNEL, and BCL-2 immune histo-
chemical staining. This figure shows the decreased proliferation associated with reduced cell cycle progression. (B) Staining for pro-apoptotic effect in the control versus
rapamycin group shows increased apoptosis in the rapamycin group in comparison to the control as seen in TUNEL green positive cell staining. BCL-2 expression as an anti-
apoptotic protein is seen more in the control group in comparison to the treatment groups. (C) Western blot analysis: showing inhibition of PCNA and cyclins D1 and
decreased anti-apoptosis BCL-2 expression (p = 0.002, 0.004 and 0.041 respectively). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

We observed an intense nuclear staining for PCNA in vehicle-trea-
ted control tumors whereas only few cells positive for PCNA
staining could be visualized in rapamycin-treated tumors
(Fig. 2A). Lower PCNA expression may correlate with a better prog-
nosis [16]. Similarly, cyclin D3 and E which are important regula-
tors of cell cycle in G1/S phase [17], were found to be highly
expressed in control tumors and showed significant reduction in
their expression following rapamycin treatment (Fig. 2A). Similar
effect of rapamycin was noted on the expression of cyclin D1
(Fig. 2C). After ascertaining that rapamycin inhibits proliferation,
we also measured the apoptotic effects of rapamycin in A204 tu-
mors. As expected, we observed an enhanced number of TUNEL-
positive cells in rapamycin-treated tumors whereas vehicle-trea-
ted tumors showed only a few cells positive for TUNEL (Fig. 2B).
Consistently, the expression of anti-apoptotic protein BCL-2 [15],
was diminished significantly (p < 0.05) in rapamycin-treated group
as compared to control (Fig. 2B and C).

3.3. Rapamycin targets Hh and mTOR signaling pathways in RMS
xenograft tumors

Hh signaling pathway is known to be induced in ERMS sarco-
mas [18]. In addition, mTOR/AKT is also known to be involved in
the pathogenesis of RMS and other sarcomas [13]. Therefore, we
employed A204 xenograft tumors to study whether these path-
ways are important in terms of pathogenesis of the neoplasm
and whether a known inhibitor of mTOR, rapamycin can abrogate
the activation of these pathways in this model of poorly differenti-
ated RMS. In this regard, previously rapamycin was shown to inhi-
bit a downstream target of Hh signaling, GLI1 [19]. As shown in

Fig. 3A, rapamycin treatment decreased significantly the expres-
sion of Hh effecter genes, GLI1 and GLI2 as well as PTCH1 and
PTCH2 that are typically upregulated via a regulatory feedback
loop. This reduction in the expression of these proteins was also
confirmed by immune-fluorescence staining (Fig. 3B). In addition,
as expected, rapamycin significantly reduced mTOR signaling path-
way together with the expression of p-AKT (Fig. 3B and C). These
data suggest that rapamycin under certain experimental condi-
tions can reduce not only mTOR signaling pathway but also Hh
pathway in the same experimental setting. The decrease in these
two pathways by rapamycin was accompanied by a decrease in
mRNA expression of cell cycle regulatory proteins including cyclin
D1 which was reduced by more than 80% (data not shown). Cyclin
D1 is a downstream transcription target for both Hh and mTOR sig-
naling pathways [20,21].

3.4. Rapamycin treatment inhibits epithelial mesenchymal transition

Both Hh and mTOR signaling pathways regulate epithelial-mes-
enchymal transition (EMT) as well as angiogenesis [22,23]. We
therefore, tested whether treatment with rapamycin can modulate
the expression of proteins that regulate EMT and angiogenesis. As
shown in Fig. 4A, we found a significant decrease in the expression
of EMT regulating proteins fibronectin, twist and vimentin. Simi-
larly, angiogenesis related protein VEGF was also reduced. The
transcription factors twist and slug, known to be involved in the
regulation of EMT, show 64% and 72% inhibition, respectively,
while N-Cadherin which also reflects mesenchymal characteristics
was reduced by 53% (Fig. 3B).
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Fig. 3. Effects of rapamycin on the mTOR and Hh signaling pathways. (A) Shows RT-PCR mRNA expression for the rapamycin-treated group versus the control group. Major
inhibitory effect is seen in the rapamycin-treated group in GLI-1,Gli-2,Ptch-1 and Ptch-2. (B) Immuno-staining showing inhibition of GLI-1 and Ptch-1. Decreased AKT
activation is seen in the form of decreased pAKT staining. (C) Western blot analysis showing effector molecules in the AKT/mTOR pathway and the inhibition seen
AKT,mTOR,4EBP-1 and P70S6 in the rapamycin-treated group (p = 0.0005, 0.022, 0.001 and 0.001 respectively).

A VEGF Fibronectin i Vimetin

Control

g
(3]
>
£
s
2
5]
=4
B 12 - = Control = Rapamycin
Control Rapamycin ’ P 0.002 (a)
[ 1 [ ] ) ' P=0.0001(b)
M ___;_“ 7 |TWiSt g 0.8 1 P=0.0001(c)
E 0.6 -
| — e— a— |Slug 3
k . i l ‘ N-Cadherin é“j 041

[ = |3 _Actin 021

Twist Slug Ncad

Fig. 4. Effects of rapamycin treatment on the expression of biomarkers representing epithelial-mesenchymal transition (EMT). (A): VEGEF, fibronectin, twist and vimentin
immune florescence staining. Inhibition in the expression of VEGF (vascular endothelial growth factor), twist, fibronectin and vimentin is seen in the rapamycin-treated
group. (B) EMT markers twist, slug and N-Cadherin are also decreased significantly (p = 0.002, 0.0001 and 0.0001 respectively).

4. Discussion ularly for metastatic and recurrent RMS [2]. This study provides
novel observations that blocking the driver oncogenic Hh and
RMS represents the most common soft-tissue sarcoma in chil- mTOR signaling pathways by the administration of rapamycin

dren [1,2]. Current modalities of therapy are unsatisfactory partic- abrogates the tumor growth and aggressiveness of fast growing
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human RMS xenograft tumors. In previous studies employing RMS
cell lines (A204, RH1 and RH30) the efficacy of rapamycin to inhibit
proliferation and to induce apoptosis was demonstrated [24,25].
The use of mTOR mutant cell lines conferred resistance to the drug
therapy indicating a direct effect through its binding to the mTOR
protein using the FKBP-12 receptor. The pro-apoptotic effect of
rapamycin in this study was thought to be independent of p53
[25]. In an independent study, Rh10, Rh28, Rh30, Rh30r, Rh41
and Rh18 RMS cell lines were used to test the efficiency of rapamy-
cin. Rapamycin showed variable levels of inhibition in the different
RMS cell lines used [26]. Similarly, temsirolimus (CCI-779), a rapa-
mycin ester analogue showed an inhibitory effect on tumor growth
which was accompanied by the inhibition of mTOR and its down-
stream effectors S6 and 4E-BP1. This inhibitory effect was consid-
ered to be due to an anti-angiogenic effect of mTOR inhibition
affecting HIF-1a and VEGF [23]. However, our study provides addi-
tional evidence that rapamycin may be highly efficacious in tumors
expressing both mTOR and Hh signaling pathways as tumor driv-
ing oncogenic signals. Earlier we also showed that enhancing the
levels of wild-type p53 either by stabilizing this protein or by con-
verting mutated p53 to its wild-type conformation may kill RMS
[15].

Clinical studies using temsirolimus in patients with recurrent/
refractory solid tumors have been completed [24]. Generally,
mTOR inhibitors found to be well tolerated in children. Thus, rap-
amycin and other mTOR inhibiting analogues represent attractive
agents for use in patients with RMS. Although, we observed an
impressive therapeutic effect of rapamycin as a single drug, its fur-
ther exploration in combination with well-established chemother-
apeutic regimens or in combination with other biological agents
may be a promising approach to RMS therapy. In summary, this
study provides evidence that rapamycin usage serve as a potential
therapeutic intervention for refractory and recurrent RMS either as
single agent or in combination with other chemotherapeutic
agents. Further, our data provide evidence that rapamycin may
attenuate metastatic potential of these tumors by targeting
mTOR/Hh signaling pathways concomitantly.

Acknowledgments

SZK is a recipient of the Dixon Fellowship Training Program
Award for the academic year 2012-2013. The financial support
from the Kaul Pediatric Research Institute (KPRI) Award to JGP
and MA is also acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.05.001.

References

[1] R.B. Raney, H.M. Maurer, J.R. Anderson, RJ. Andrassy, S.S. Donaldson, S.].
Qualman, M.D. Wharam, E.S. Wiener, W.M. Crist, The intergroup
rhabdomyosarcoma study group (IRSG): major lessons from the IRS-I
through IRS-IV studies as background for the current IRS-V treatment
protocols, Sarcoma 5 (2001) 9-15.

S. Ognjanovic, A.M. Linabery, B. Charbonneau, J.A. Ross, Trends in childhood
rhabdomyosarcoma incidence and survival in the United States, 1975-2005,
Cancer 115 (2009) 4218-4226.

D. Joshi, J.R. Anderson, C. Paidas, ]. Breneman, D.M. Parham, W. Crist, Age is an
independent prognostic factor in rhabdomyosarcoma: a report from the soft
tissue sarcoma committee of the children’s oncology group, Pediatr. Blood
Cancer 42 (2004) 64-73.

L. Cao, Y. Yu, S. Bilke, R.L. Walker, L.H. Mayeenuddin, D.O. Azorsa, F. Yang, M.
Pineda, LJ. Helman, P.S. Meltzer, Genome-wide identification of PAX3-FKHR

[2

3

[4

binding sites in rhabdomyosarcoma reveals candidate target genes important

for development and cancer, Cancer Res. 70 (2010) 6497-6508.

E. Davicioni, M.J. Anderson, F.G. Finckenstein, J.C. Lynch, S.J. Qualman, H.

Shimada, D.E. Schofield, ].D. Buckley, W.H. Meyer, P.H. Sorensen, T.J. Triche,

Molecular classification of rhabdomyosarcoma-genotypic and phenotypic

determinants of diagnosis: a report from the children’s oncology group, Am.

J. Pathol. 174 (2009) 550-564.

D. Williamson, E. Missiaglia, A. de Reynies, G. Pierron, B. Thuille, G. Palenzuela,

K. Thway, D. Orbach, M. Lae, P. Freneaux, K. Pritchard-Jones, O. Oberlin, ].

Shipley, O. Delattre, Fusion gene-negative alveolar rhabdomyosarcoma is

clinically and molecularly indistinguishable from embryonal

rhabdomyosarcoma, J. Clin. Oncol. 28 (2010) 2151-2158.

[7] A.Zibat, E. Missiaglia, A. Rosenberger, K. Pritchard-Jones, J. Shipley, H. Hahn, S.
Fulda, Activation of the hedgehog pathway confers a poor prognosis in
embryonal and fusion gene-negative alveolar rhabdomyosarcoma, Oncogene
29 (2010) 6323-6330.

[8] W.M. Crist, J.R. Anderson, ].L.. Meza, C. Fryer, R.B. Raney, F.B. Ruymann, J.
Breneman, S.J. Qualman, E. Wiener, M. Wharam, T. Lobe, B. Webber, H.M.
Maurer, S.S. Donaldson, Intergroup rhabdomyosarcoma study-IV: results for
patients with nonmetastatic disease, J. Clin. Oncol. 19 (2001) 3091-3102.

[9] S. Chan, Targeting the mammalian target of rapamycin (mTOR): a new
approach to treating cancer, Br. J. Cancer 91 (2004) 1420-1424.

[10] E.K. Rowinsky, Targeting the molecular target of rapamycin (mTOR), Curr.
Opin. Oncol. 16 (2004) 564-575.

[11] D. Madhala-Levy, V.C. Williams, S.M. Hughes, R. Reshef, O. Halevy, Cooperation
between Hh and IGF-I in promoting myogenic proliferation and differentiation
via the MAPK/ERK and PI3K/Akt pathways requires Smo activity, J. Cell.
Physiol. 227 (2012) 1455-1464.

[12] B.]u, ]. Spitsbergen, C.J. Eden, M.R. Taylor, W. Chen, Co-activation of hedgehog
and AKT pathways promote tumorigenesis in zebrafish, Mol. Cancer 8 (2009)
40.

[13] EF. Petricoin 3rd, V. Espina, R.P. Araujo, B. Midura, C. Yeung, X. Wan, G.S.
Eichler, DJ. Johann Jr.,, S. Qualman, M. Tsokos, K. Krishnan, L.J. Helman, L.A.
Liotta, Phosphoprotein pathway mapping: Akt/mammalian target of
rapamycin activation is negatively associated with childhood
rhabdomyosarcoma survival, Cancer Res. 67 (2007) 3431-3440.

[14] S. Floor, W.C. van Staveren, D. Larsimont, J.E. Dumont, C. Maenhaut, Cancer
cells in epithelial-to-mesenchymal transition and tumor-propagating-cancer
stem cells: distinct, overlapping or same populations, Oncogene 30 (2011)
4609-4621.

[15] J. Xu, L. Timares, C. Heilpern, Z. Weng, C. Li, H. Xu, J.G. Pressey, C.A. Elmets, L.
Kopelovich, M. Athar, Targeting wild-type and mutant p53 with small
molecule CP-31398 blocks the growth of rhabdomyosarcoma by inducing
reactive oxygen species-dependent apoptosis, Cancer Res. 70 (2010) 6566-
6576.

[16] G. Tokuc, O. Dogan, 1. Ayan, R. Kebudi, S. Dogan, M. Demiryont, H. Camlica,
Prognostic value of proliferating cell nuclear antigen immunostaining in
pediatric rhabdomyosarcomas, Acta Paediatr. Jpn. 40 (1998) 573-579.

[17] J. Zhang, S. Hu, D.E. Schofield, P.H. Sorensen, T.J. Triche, Selective usage of D-
type cyclins by ewing’s tumors and rhabdomyosarcomas, Cancer Res. 64
(2004) 6026-6034.

[18] J.G. Pressey, J.R. Anderson, D.K. Crossman, J.C. Lynch, F.G. Barr, Hedgehog
pathway activity in pediatric embryonal rhabdomyosarcoma and
undifferentiated sarcoma: a report from the children’s oncology group,
Pediatr. Blood Cancer 57 (2011) 930-938.

[19] LD. Louro, P. McKie-Bell, H. Gosnell, B.C. Brindley, R.P. Bucy, ].M. Ruppert, The
zinc finger protein GLI induces cellular sensitivity to the mTOR inhibitor
rapamycin, Cell Growth Differ. 10 (1999) 503-516.

[20] Y. Lee, R. Kawagoe, K. Sasai, Y. Li, H.R. Russell, T. Curran, P.]. McKinnon, Loss of
suppressor-of-fused function promotes tumorigenesis, Oncogene 26 (2007)
6442-6447.

[21] S. Huang, L.N. Liu, H. Hosoi, M.B. Dilling, T. Shikata, P.J. Houghton, P53/
p21(CIP1) cooperate in enforcing rapamycin-induced G(1) arrest and
determine the cellular response to rapamycin, Cancer Res. 61 (2001) 3373-
3381.

[22] SJ. Scales, F.J. de Sauvage, Mechanisms of hedgehog pathway activation in
cancer and implications for therapy, Trends Pharmacol. Sci. 30 (2009) 303-
312.

[23] X. Wan, N. Shen, A. Mendoza, C. Khanna, LJ. Helman, CCI-779 inhibits
rhabdomyosarcoma xenograft growth by an antiangiogenic mechanism linked
to the targeting of mTOR/Hif-1alpha/VEGF signaling, Neoplasia 8 (2006) 394-
401.

[24] H. Lunenburger, C. Lanvers-Kaminsky, B. Lechtape, M.C. Fruhwald, Systematic
analysis of the antiproliferative effects of novel and standard anticancer agents
in rhabdoid tumor cell lines, Anticancer Drugs 21 (2010) 514-522.

[25] H. Hosoi, M.B. Dilling, T. Shikata, L.N. Liu, L. Shu, R.A. Ashmun, G.S. Germain,
R.T. Abraham, P.J. Houghton, Rapamycin causes poorly reversible inhibition of
mTOR and induces p53-independent apoptosis in human rhabdomyosarcoma
cells, Cancer Res. 59 (1999) 886-894.

[26] PJ. Houghton, C.L. Morton, E.A. Kolb, R. Gorlick, R. Lock, H. Carol, C.P. Reynolds,
J.M. Maris, S.T. Keir, C.A. Billups, M.A. Smith, Initial testing (stage 1) of the
mTOR inhibitor rapamycin by the pediatric preclinical testing program,
Pediatr. Blood Cancer 50 (2008) 799-805.

(5

[6


http://dx.doi.org/10.1016/j.bbrc.2013.05.001
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0005
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0005
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0005
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0005
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0005
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0010
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0010
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0010
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0015
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0015
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0015
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0015
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0020
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0020
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0020
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0020
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0025
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0025
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0025
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0025
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0025
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0030
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0030
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0030
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0030
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0030
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0035
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0035
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0035
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0035
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0040
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0040
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0040
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0040
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0045
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0045
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0050
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0050
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0055
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0055
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0055
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0055
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0060
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0060
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0060
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0065
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0065
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0065
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0065
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0065
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0070
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0070
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0070
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0070
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0075
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0075
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0075
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0075
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0075
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0080
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0080
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0080
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0085
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0085
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0085
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0090
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0090
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0090
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0090
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0095
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0095
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0095
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0100
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0100
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0100
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0105
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0105
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0105
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0105
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0110
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0110
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0110
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0115
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0115
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0115
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0115
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0120
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0120
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0120
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0125
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0125
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0125
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0125
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0130
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0130
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0130
http://refhub.elsevier.com/S0006-291X(13)00771-7/h0130

	Rapamycin targeting mTOR and hedgehog signaling pathways blocks human rhabdomyosarcoma growth in xenograft murine model
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Tumor xenograft study
	2.3 Real-time PCR
	2.4 Western blotting
	2.5 Immunofluorescent staining

	3 Results
	3.1 Rapamycin treatment inhibits gross tumor growth in xenograft tumors
	3.2 Rapamycin treatment inhibits proliferation and induces apoptosis in xenograft tumors
	3.3 Rapamycin targets Hh and mTOR signaling pathways in RMS xenograft tumors
	3.4 Rapamycin treatment inhibits epithelial mesenchymal transition

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


