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Cytotoxic drugs in combination with the CXCR4 antagonist
AMD3100 as a potential treatment option for
pediatric rhabdomyosarcoma
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Abstract. Rhabdomyosarcoma (RMS) is the most common
type of pediatric soft tissue sarcoma. The prognosis of
advanced stage RMS remains poor, and metastatic invasion
is a major cause of treatment failure. Therefore, there is an
urgent need for treatment alternatives focusing on metastatic
invasion and drug resistance. The stromal cell-derived
factor-1 (SDF-1)/chemokine receptor 4 (CXCR4) axis is a
crucial factor for metastatic invasion in RMS. Clinical data
has revealed that high CXCR4 expression is associated with
a poor outcome and a high metastatic rate in several malig-
nancies, including RMS. Thus, targeting CXCR4 in addition
to classical chemotherapy may improve the effectiveness
of RMS treatment. In the present study, flow cytometry and
reverse transcription-quantitative PCR were used to assess the
effects of the combined treatment with a CXCR4 antagonist
and chemotherapy on CXCR4 expression in the embryonal
RMS (RME) cell line RD and in the alveolar RMS (RMA)
cell line RH30. The functional effect of CXCR4 expression
on the migratory behavior of RMS cells was analyzed using
Transwell assays. Treatment with cytotoxic agents modulated
CXCR4 expression in RMS cells in a dose-, drug- and cell
line dependent manner; however, this was not observed in
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RD cells with vincristine. The expression levels of CXCR4
significantly increased the migratory behavior of RMA
and did not affect RME cell migration towards stromal
cell-derived factor-la (SDF-1a)). AMD3100 markedly reduced
the migration of RH30 cells in the Transwell assays compared
with SDF-1a alone, and the cytotoxic agents doxorubicin and
vincristine increased this effect. The results of the combined
treatment in RMS cells using the CXCR4 antagonist AMD3100
together with cytotoxic drugs demonstrated that this approach
may be a promising alternative for the treatment of advanced
stage pediatric RMS. The observed effects of circumventing
metastatic invasion and drug resistance should be further
investigated in vivo.

Introduction

Rhabdomyosarcoma (RMS) is the most common type of pedi-
atric soft tissue sarcoma worldwide (1) and accounts for 7% of
all pediatric malignant tumors (2). Embryonal RMS (RME)
and alveolar RMS (RMA) are the two main histological
subtypes; RME represents ~70% and RMA ~20% of all RMS
cases (3). RME and gene fusion-negative RMA are known to
be prognostically favorable, whereas paired box gene 3-fork-
head (PAX3-FKHR) or PAX7-FKHR gene fusion-positive
RMA frequently leads to metastatic progression (4-6), which
is present in nearly 20% of RMS cases at time of diag-
nosis (7). Even with multimodal treatment, including systemic
chemotherapy, surgery and/or radiotherapy, the prognosis of
advanced stage RMS remains poor (8). Major treatment issues
are metastatic invasion, local tumor recurrence and drug
resistance (9). Several genes responsible for metastatic inva-
sion have been identified in different types of cancer, including
prostate, lung, breast and pancreatic cancer (10,11). One of
the genes of the metastatic cascade encodes the chemokine
receptor 4 (CXCR4), a 7-transmembrane G protein-coupled
receptor (12) that is upregulated in RMS cell lines as well as in
lung, pancreatic and prostate tumors (13).

CXCR4 has been described as a marker of poor prognosis
in acute lymphoblastic leukemia (ALL) and acute myeloid
leukemia (AML) (14). A clinical study of 40 patients with RMS
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has demonstrated that high levels of CXCR4 are associated
with unfavorable clinical features, bone marrow involvement
and poor outcomes (15). In addition to its physiological role,
multiple preclinical trials have demonstrated that CXCR4 and
its ligand stromal cell-derived factor la (SDF-1a) crucially
influence metastatic invasion, proliferation and angiogenesis
in different tumor types such as breast cancer (16), pancreatic
cancer (17), colon cancer (18) and RMS (19-23). Chemotherapy
appears to be involved in drug resistance and may promote
metastasis by the induction of chemokines and chemokine
receptor expression. Such metastasis promotion was observed
in tumor models of melanoma (24,25), head and neck (26),
ovarian and breast cancer (27,28).

Previous studies have demonstrated that the combination
of chemotherapeutic drugs and CXCR4 inhibitors/antagonists
such as AMD3100, AMDI11070 and AMD3465 are successful
treatments for various malignancies such as ALL (29,30),
AML (14) and prostate cancer (31). AMD3100 is a member
of the bicyclam family, which was first identified as an
antiretroviral small molecule and was demonstrated to bind
selectively as an antagonist to CXCR4 (32,33). AMD3100
inhibited SDF-la-induced HER2/Neu activation in vitro in
breast cancer cells and modestly improved the overall survival
of mice with metastatic ovarian cancer by inhibiting tumor
growth in vivo (34-37). Additionally, AMD3100 has been
reported to bind selectively as an antagonist to CXCR4, thus
inhibiting the growth of ovarian cancer cells and intraperito-
neal dissemination (38).

The aim of the present study was to evaluate the effects of
different cytotoxic drugs on CXCR4 expression levels and to
study the impact of a combination of CXCR4 inhibition and
chemotherapy on the treatment of RMS in vitro.

Materials and methods

Cell lines and cell culture. The RMA cell line RH30 (ACC
no. 489; DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH) and the RME cell line RD (ATCC®
CCL-136; American Type Culture Collection) were routinely
cultured in DMEM (Biochrom, Ltd.) supplemented with
10% fetal bovine serum (FBS; Biochrom, Ltd.), 2 mM
L-glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin
(Biochrom, Ltd.). Mycoplasma-negative RMS cell lines were
cultured in a humidified atmosphere incubator (BBD 6220;
Heraeus Holding GmbH) with 5% CO, at 37°C.

Patient characteristics. The RMS tissues were collected
by resection between January 2015 and January 2019 at the
University Hospital of Tuebingen. Patients (3 female and
3 male) with histologically proven primary and/or recurrent
rhabdomyosarcoma (n=6) were prospectively recorded in
this study. Diagnosis of rhabdomyosarcoma was histopatho-
logically confirmed by the local Department of Pathology in
Tuebingen as well as by the Reference Pathology (Institute of
Pathology, University of Schleswig-Holstein, Kiel, Germany)
of the Society for Paediatric Oncology and Haematology. The
mean age of the patients was 26 months (range, 13-40 months).
Written informed consent to participate in this study was
obtained from the parents of all patients. This study was
approved by the Ethical Committee of the Medical Faculty of
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the University Hospital Tuebingen (approval no. 354/2018A,
amendment no. 354/2018B02).

Immunohistochemistry of CXCR4. Formalin-fixed and
paraffin-embedded RMS specimens were cut into 4-ym
sections and deparaffinized with xylol and ethanol (Carl
Roth GmbH & Co. KG). Standard and automated hema-
toxylin and eosin staining (Sakura Prisma, Sakura Finetek
Germany GmbH) at room temperature was performed for
the evaluation of tumor tissue and areas of necrosis. For
demasking the epitopes, samples were treated with hot
citrate buffer (100°C; pH 6.0). Paraffin sections were then
blocked with 3% goat serum (Dako; Agilent Technologies,
Inc.) and incubated overnight at 4°C with mouse monoclonal
anti-CXCR4 antibody (1:50; cat. no. sc-53534; Santa Cruz
Biotechnology, Inc.). The following day, antibody binding
was identified using VECTASTAIN Universal Elite ABC
kit (LINARIS GmbH) and DAB solution (Dako; Agilent
Technologies, Inc.). The slides were then analyzed using a
transmitted light Zeiss Axioskop 40 microscope (Carl Zeiss
AG; original magnification, x100).

Reagents, chemotherapeutics and antibodies. The CXCR4
antagonist AMD3100, also referred to as Plerixafor, was
purchased from Sigma-Aldrich (Merck KGaA) and was
pre-incubated for 30 min in all experiments before cytotoxic
drug addition. CXCR4 mouse anti-human/CD184 antibody
[clone 12G5; conjugated to allophycocyanin (APC); cat.
no. 560936] was obtained from Becton, Dickinson and
Company. Recombinant human SDF-la was purchased
from ImmunoTools GmbH. Doxorubicin, vincristine and
dactinomycin were obtained from the pharmacy of the
University Hospital of Tuebingen. Paclitaxel was obtained
from Enzo Life Sciences. The doses of cytotoxic agents used
in the following experiments were LD, g, of doxorubicin
(0.2/0.5 pg/ml), vincristine (0.001/0.0025 ug/ml) and dactino-
mycin (0.01/0.025 pg/ml). For paclitaxel, 0.01 and 1 ug/ml was
used in RH30 cells, and 0.01 and 0.1 xg/ml was used in RD
cells.

Flow cytometry. The percentage of CXCR4-positive cells
was measured by fluorescence-activated cell sorting (FACS).
RMS cells RH30 and RD were seeded in a 6-well plate at a
density of 1x10° cells/well and treated with or without cyto-
toxic drugs in the presence or absence of 10 yM AMD3100
for 24 h. After incubation, the adherent cells were collected
by trypsinization, washed twice with PBS (Biochrom, Ltd.)
and stained with CXCR4 mouse anti-human/CD184 antibody
(1:100; cat. no. 560936; Becton, Dickinson and Company) for
30 min at room temperature in the dark. Subsequently, the cells
were washed again with 200 pl CellWASH solution (Becton,
Dickinson and Company). The surface expression and the
mean fluorescence intensity (MFI) of CXCR4 was analyzed
using a BD FACS Canto II flow cytometer (Becton, Dickinson
and Company) and evaluated with BD FACS Diva software
v.8.0 (Becton, Dickinson and Company).

Reverse transcription-quantitative PCR (RT-gPCR). To
evaluate the gene expression level of CXCR4, total RNA was
isolated from RMS cells pretreated for 24 h with or without
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cytotoxic drugs using the RNeasy Plus Mini kit (Qiagen
GmbH) according to the manufacturer's instructions. cDNA
synthesis was performed using the High-Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. PCR ampli-
fication of the respective genes was performed in a total
volume of 20 ul using 40 ng cDNA, 500 nM forward and
reverse primers and 2X GoTaq qPCR Master Mix (Promega
Corporation) according to the manufacturer's protocol.
The following amplification protocol was applied: 95°C for
5 min, followed by 40 cycles of 60°C for 30 sec and 72°C for
30 sec. The following primers were used: CXCR4 forward,
5'-GGTTCCTTCATGGAGTCATAGTC-3"' and reverse,
5'-CGGTTACCATGGAGGGGATC-3"; and TATA-binding
protein (TBP) forward, 5’-GCCCGAAACGCCGAATAT-3'
and reverse, 5'-CCGTGGTTCGTGGCTCTC-3'. The
specificity of the PCR amplicons was confirmed by analysis
of the melting curves. For qPCR amplification and data
analysis, CFX96 Real Time PCR Detection System (Bio-Rad
Laboratories, Inc.) was used. To standardize gene expres-
sion and perform accurate RT-qPCR analysis, normalization
relative to the consistently expressed housekeeping gene
TBP was performed. Relative quantification of gene expres-
sion was calculated using the AACq method as previously
described (39).

Transwell migration assay. Transwell migration assays were
performed in 24-well plates (Corning, Inc.) using Transwell
inserts with an 8-ym pore size (Becton, Dickinson and
Company). RMS cells were seeded into 6-well plates (Corning
Inc.) at 5x10° cells/well and pretreated with or without
0.2 pug/ml doxorubicin, 0.001 pg/ml vincristine and/or 10 uM
AMD3100. After 24 h, 750 ul of the culture medium with or
without 300 ng/ml human recombinant SDF1-a was pipetted
into the lower chambers of 24-well plates. Transwell inserts
were placed into each well, and pretreated RH30 and RD cells
were seeded into the upper chamber of the inserts at a density
of 5x10* cells/well in culture medium without FBS. RMS
cells were either treated or left untreated for 24 h and then
cultured in a humidified atmosphere at 37°C with 5% CO,.
Subsequently, the inserts were moved to 4% paraformaldehyde
(Carl Roth GmbH & Co. KG), incubated for 15 min at room
temperature, washed twice with PBS and stained with Giemsa
(Sigma-Aldrich; Merck KGaA). The migrated cells bound
to the lower surface of the membrane were counted with an
inverted Axiovert 135 light microscope at magnification, x10
(Carl Zeiss AG) using three different areas of each membrane,
and the mean was calculated with AxioVision Rel v.4.8 soft-
ware (Carl Zeiss AG).

Evaluation of drug interaction. To evaluate the effect of the
combination of AMD3100 with chemotherapeutic agents,
the coefficient of drug interaction (CDI) was calculated as
described by Foucquier and Guedj (40). According to the bliss
independence model, which dissects additive from synergistic
and antagonistic effects respectively, CDI was calculated by
the formula CDI = [(A + B) - (A x B)] / AB where AB is the
ratio of the absorbance in the combination of drugs vs. that of
the control; and A or B is the ratio of the absorbance of the
single agent group to that of the control group. CDI values <1,
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=1 or >1 indicate that the drugs act in a synergistic, additive or
antagonistic manner, respectively.

Western blotting. To analyze the total protein expression
levels of CXCR4, 5x10° RH30 cells were seeded in 6-well
plates and treated with or without 10 uM AMD3100 for
24 h. RMS cells were next washed with ice-cold PBS and
lysed with cell lysis buffer (Cell Signaling Technology, Inc.)
on ice. The extracts were centrifuged at 4°C and 14,000 x g
for 20 min, and the protein concentration of the supernatant
was determined by a Bradford assay. Protein samples (30 ug)
were subjected to 10% SDS-PAGE and transferred to a
nitrocellulose membrane (VWR International GmbH).
Subsequently, the membranes were blocked for 1 h at
room temperature with 10% non-fat dried milk (Carl Roth
GmbH & Co. KG) in TBS (Sigma-Aldrich; Merck KGaA)
containing 0.1% Tween-20 (Carl Roth GmbH & Co. KG).
For immunoblotting, the membranes were incubated over-
night at 4°C with an antibody against CXCR4 (1:100; cat.
no. ACR-014; Alomone Labs). Anti-GAPDH antibody
(1:1,000; cat. no. 2118S; Cell Signaling Technology, Inc.) was
used as a loading control. After incubation with a secondary
anti-rabbit IgG antibody conjugated to horseradish peroxidase
(1:3,000; cat. no. 7074S; Cell signaling Technology, Inc.), the
proteins were visualized by the WesternSure® PREMIUM
Chemiluminescent Substrate (LI-COR Biosciences). Specific
bands were quantified with the Odyssey Fc Imaging System
(LI-COR Biosciences), and the levels of CXCR4 protein were
expressed as the ratio of signal intensity of the target protein
relative to that of GAPDH.

Statistics. Data are expressed as the mean + standard error of
the mean. All experiments were repeated at least three times.
A Shapiro-Wilk test was performed to determine the normal
distribution of the data. All data were tested for significance
using an unpaired Student's t-test with Welch's correction
or one-way ANOVA (with Bonferroni correction) using
GraphPad Prism v.7.0 (GraphPad Software, Inc). P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression of CXCR4 in RMS cell lines. CXCR4 expression
levels were analyzed in two RMS cell lines RH30 and RD
by RT-qPCR and flow cytometry. The results of the flow
cytometry assay demonstrated that 86.8% of the alveolar RMS
cells (RH30) and 12.9% of the embryonal RMS cells (RD) were
CXCR4-positive (Fig. 1A). RH30 cells exhibited significantly
higher mean fluorescence intensity (MFI) values for CXCR4
compared with those in RD cells (Fig. 1B). RT-qPCR was
performed to confirm this expression pattern. As illustrated
in Fig. 1C, CXCR4 transcripts were detected by RT-qPCR
in both RH30 and RD RMS cell lines and were present at
significantly higher levels in RH30 cells compared with RD
cells. In addition, immunohistochemical analysis of CXCR4
expression was performed in paraffin sections obtained from
six recently diagnosed primary RMS cases; intense nuclear
staining of CXCR4 was observed in RMS tissues, whereas
lower intensity of CXCR4 was present in regular adjacent
vascular structures (Fig. 1E).
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Figure 1. Analysis of CXCR4 expression in rhabdomyosarcoma cell lines and immunohistochemical staining of CXCR4 in RME. (A) Flow cytometric
analysis of CXCR4 membrane expression (in %; n=3). (B) Bar graphs represent the MFI of the flow cytometric analysis of CXCR4 (n=3). (C) mRNA level of
CXCRA4 relative to the housekeeping gene TBP in RH30 and RD cells (n=3). (D) Hematoxylin and eosin staining and (E) CXCR4 staining of RME paraffin
sections. Original magnification, x100. Error bars represent SEM. “P<0.01, ““P<0.001 and “*"P<0.0001. RME, embryonal rhabdomyosarcoma; CXCR4, CXC
chemokine receptor 4 MFI, mean fluorescence intensity; TBP, TATA-binding protein.

Effects of cytotoxic drugs in combination with the CXCR4
antagonist AMD3100. MTT assays were performed to obtain
the dose-response curves and the corresponding ICs, values
of chemotherapeutics in RD and RH30 cells (Fig. S1). In
addition, further MTT assays were performed to evaluate
the potential effects of the CXCR4 antagonist AMD3100, or
the additive or synergistic effects of chemotherapeutic agents
in combination with AMD3100. However, no significant
effects of AMD3100 on RD or RH30 cells were observed,
and no additive or synergistic effects were observed in RD or
RH30 cells when combining chemotherapeutic agents with
AMD3100 compared with the effects of the corresponding
chemotherapeutic agents alone (Fig. S2).

CXCRA4 expression after treatment with cytotoxic drugs. The
present study next investigated whether the quantity of CXCR4
mRNA in RMS cells was sensitive to cytotoxic treatment.

As presented in Fig. 2, CXCR4 mRNA expression was
significantly enhanced in the RH30 and RD cells after treat-
ment with 0.5 zg/ml doxorubicin or 0.025 yg/ml dactinomycin
compared with that in the untreated cells. Of note, vincristine
and paclitaxel led to a significant downregulation of CXCR4
mRNA expression in RH30 cells compared with the untreated
cells (Fig. 2C and G); however, this was not observed in RD
cells (Fig. 2D and H).

Flow cytometry analysis was utilized to confirm this
expression pattern. Similar to the RT-qPCR results in Fig. 2, the
number of CXCR4-positive cells and the MFI values in the two
RMS celllines increased significantly when treated with doxoru-
bicin (Fig. 3A-a and B-a) and dactinomycin (Fig. 3A-c and B-c)
compared with those in the control group. In addition, vincris-
tine and paclitaxel also induced a significant reduction of
CXCR4-positive cells and MFI values in RH30 cells compared

with the untreated cells (Fig. 3A-b and A-d), in contrast to the
results observed in RD cells (Fig. 3B-b and B-d).

Effects of AMD3100 treatment on CXCR4 expression.
AMD3100 prevents the binding of the anti-CXCR4 antibody
12GS5 in Jurkat and SUP-T1 cells (41,42) as they bind the same
epitope. The present study used this competitive binding to
monitor AMD3100 binding to CXCR4 in RMS cell lines (43).

To investigate the optimal time and dose of AMD3100
binding, a competition assay with an anti-CXCR4 anti-
body (12G5 conjugated to APC) was performed by flow
cytometry. The RH30 cell line was used due to its high levels
of CXCR4 expression (Fig. 4). Compared with the untreated
control, treatment with AMD3100 significantly reduced the
binding of the anti-CXCR4 antibody to CXCR4 (Fig. 4A).

The effect of AMD3100 on CXCR4 protein expression was
investigated by western blotting. AMD3100 exerted no effect
on CXCR4 protein levels in RH30 cells (Fig. 4B).

Migratory response of RMS cells to chemotherapeutic agents
in combination with AMD3100. Corroborating the previously
reported findings, a significantly stronger migratory response
to SDF-1a (300 ng/ml) was only observed in RH30 cells
compared with that of the untreated control; by contrast, this
was not observed in RD cells (Fig. SA and B).

The functional impact of CXCR4 inhibition by AMD3100
alone and in combination with doxorubicin or vincristine on
the migration of RMS cell lines was assessed using a Transwell
migration assay. Treatment of RH30 cells, which exhibited
high CXCR4 expression levels, with AMD3100 significantly
reduced their migratory ability (Fig. 5C and E). This effect
was not observed in RD cells, which have low levels of CXCR4
expression (Fig. 5D and F).
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Figure 2. CXCR4 mRNA levels in RMS cells after chemotherapeutic agents’ treatment. (A-F) CXCR4 mRNA expression levels were analyzed by reverse
transcription-quantitative PCR in RMS cell lines RH30 (left) and RD (right) after 24 h of treatment with (A and B) 0.2 and 0.5 pg/ml doxorubicin (n=3), (C
and D) 0.001 and 0.0025 pg/ml vincristine (n=4), (E and F) 0.01 and 0.025 pg/ml dactinomycin or (G and H) 0.01 and 0.1 pzg/ml paclitaxel in RD cells and 0.01
and 1 pg/ml paclitaxel in RH30 cells (n=4). Error bars represent SEM. "P<0.05, “P<0.01, ““P<0.001, “*"P=<0.0001 vs. untreated control (100%). CXCR4, CXC

chemokine receptor 4; RMS, rhabdomyosarcoma; TBP, TATA-binding protein.

Doxorubicin significantly reduced the migration of
RH30 cells compared with SDF-1a treatment alone; this
effect was amplified synergistically with the addition of
AMD3100 (Fig. 5C). There was no change in the migra-
tion of RD cells with doxorubicin compared with SDF-1a
treatment alone; however, the combination of doxorubicin

and AMD3100 led to a significant synergistic impairment
of RD cell migration compared with SDF-la treatment
alone (Fig. 5D).

The migration of RH30 cells was also significantly inhib-
ited by vincristine compared with SDF-1la treatment alone,
and this effect was synergistically and significantly stronger
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vs. the untreated control (1). CXCR4, CXC chemokine receptor 4.

with the addition of AMD3100 (Fig. 5E). Vincristine alone or
in combination with AMD3100 had no effect on the migration
of RD cells (Fig. 5F).

Effects of AMD3100 treatment on clonal growth. The impact
of the CXCR4 antagonist AMD3100 on tumor cell prolifera-
tion was quantified in colony forming assays. As presented in
Fig. S3, the relative number of clones was significantly
decreased in the presence of 10 and 15 M AMD3100 in the
embryonal RMS cell line RD, but not in the alveolar RMS cell
line RH30.
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Discussion

The CXCR4-SDFla axis is involved in the migration and
metastatic invasion of RMS cells in vitro (21-23). Emerging
evidence suggests that CXCR4 also serves a decisive role
in metastatic disease (44-47). CXCR4 expression levels are
considered to be a prognostic marker for clinical outcome in
soft tissue sarcoma (48). In RMS, high CXCR4 expression is
associated with an aggressive alveolar subtype, unfavorable
primary site, bone marrow infiltration and a poor clinical
outcome (15). To improve this poor clinical prognosis, it is
mandatory to understand the mechanisms influencing the
metastatic behavior of these cells in the presence of cytotoxic
agents and to investigate how chemotherapeutics regulate the
CXCR4 receptor and how this affects RMS cell migration.

The present study examined how a combination therapy
combining chemotherapy and CXCR4 modulation modulates
CXCR4 expression and CXCR4-mediated migration. First,
RT-qPCR and flow cytometry analysis were performed to
assess the basal CXCR4 expression levels in RMA (RH30)
and RME (RD) cell lines, and the results demonstrated that
CXCR4 receptor expression was significantly higher in RH30
cells compared with that in RD cells. This is in agreement with
previous studies, which have reported that CXCR4 expression
levels are higher in alveolar compared with embryonal RMS
cell lines (22,49). Additionally, in a clinical series of 40 RMS
cases, significantly higher expression of CXCR4 was identified
in the alveolar subtype of RMS (15).

The effects of chemotherapeutic agents on the expression
level of CXCR4 in RMS cells were subsequently analyzed.
Both mRNA levels and membrane expression of CXCR4 were
significantly enhanced under treatment with the topoisom-
erase II inhibitors doxorubicin and dactinomycin in the RMS
cell lines RD and RH30 compared with the untreated control
cells (50). The present study demonstrated for the first time that
chemotherapeutics such as vincristine and paclitaxel induced
a significant downregulation of CXCR4 at the mRNA and
protein level in RMA cells, but not in RME cells. A possible
explanation for this observation may be that chemotherapeutic
drugs such as vincristine exert a destabilizing effect on micro-
tubules and may prevent their depolymerization (51). Another
explanation may be that vincristine and paclitaxel influence
the stabilization of certain receptors or the membrane traf-
ficking system; this needs to be clarified in detail in further
studies. The upregulating effect of doxorubicin and dactino-
mycin is in accordance with previously published findings that
chemotherapeutic agents can upregulate CXCR4 expression in
different tumor models, such as pediatric AML, head and neck
cancer and melanoma (14,25,26,52).

Meta-analyses have reported that high CXCR4 expres-
sion levels are associated with a poor outcome/prognosis and
high metastatic rates in breast cancer (46), lung cancer (53)
and sarcoma (47,54). CXCR4 has also been demonstrated
to be involved in cell migration and invasion in soft tissue
sarcoma (48). High levels of CXCR4 are associated with
bone marrow involvement and poor outcome in RMS (15).
Thus, increased chemokine receptor CXCR4 expression after
cytotoxic treatment with doxorubicin and dactinomycin may
represent a mechanism of therapy resistance and metastatic
behavior in pediatric RMS. To gain an insight into this
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Figure 5. Migration of RMS cells in response to SDF-1a and after preincubation with AMD3100, with or without chemotherapeutic agents. (A and B) Migration
behavior of (A) RH30 and (B) RD cells in response to 300 ng/ml SDF-1a (n=5) relative to the control. (C-F) After preincubation with 10 xM AMD3100 without
or with (C and D) 0.2 pg/ml doxorubicin (n=4-5) or (E and F) 0.001 pg/ml vincristine (n=3-4), RMS cells were stimulated with 300 ng/ml SDF-1a, and the
changes in migration were recorded. The untreated control with SDF-1a was set as 1. Error bars represent SEM. "P<0.05, “P<0.01, ““P<0.001, “*"P<0.0001.

RMS, rhabdomyosarcoma; SDF-1a, stromal cell-derived factor-1a.

mechanism, Transwell assays were performed in the present
study, and the migratory behavior of RH30 and RD cells in
response to SDFla was studied. SDF-1a, a selective ligand
of CXCRA4, serves a pivotal role in the metastatic behavior
of tumor cells that express high levels of CXCR4 (21). In
accordance with the study by Tarnowski et al (55), the results
of the present study confirmed a significant chemotactic
response to SDF-1a. in RMA (RH30) cells compared with that
of cells in control medium devoid of SDF-1a. This effect was
not observed in RME (RD) cells. CXCR4 expression can be

induced by the fused oncoproteins PAX3-FKHR, which are
strongly expressed in RMA but not in RME cells (56), leading
to enhanced migration and adhesion (22). This finding was
supported by the present study. Furthermore, significantly
reduced cell migration following treatment with the CXCR4
antagonist AMD3100 was observed in RH30 cells, but not in
RME cells compared with the untreated controls. As previ-
ously described (22), these results may be attributed to the high
CXCR4 levels of RMA cells and the low CXCR4 expression
in RME cells.
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The functional impact of CXCR4 modulation on the
migration of RMS cell lines was evaluated in the present
study using AMD3100 alone and in combination with doxo-
rubicin or vincristine. The migration of RMA cells that were
pre-treated with vincristine or doxorubicin was significantly
decreased by AMD3100, whereas the migration of RME cells
towards the medium containing SDF-1a was not significantly
influenced by AMD3100. Similar to these results, the study by
Sison et al (14) demonstrated that the chemotherapeutic agents
cytarabine, daunorubicin, etoposide and methotrexate led to
an enhanced expression of CXCR4 in the leukemia cell lines
MOLM-14, MV4-11 and 697. These authors also demonstrated
an enhanced SDF-1a mediated chemotaxis of MOLM-14 cells
treated with cytarabine (14). In the present study on RMS cells,
all the tested chemotherapeutic agents reduced SDF-1a-induced
migration of RMA cells. The reason for this difference may
be that Sison et al (14) only analyzed viable (annexin-negative)
leukemic cells. The present study did not exhibit increased
RMA cell migration induced by chemotherapeutic drugs
possibly due to methodical reasons or due to the fact that the
biological behavior of RMS cells cannot be compared with
that of leukemic cells. Another potential explanation may be
the impact of a different chemokine receptor CXCR7. CXCR7
is expressed in RMS cells, is encoded on the same chromo-
some as CXCR4 (23) and has a greater affinity for SDF-1a (57).
Kalatskaya et al (32) has revealed that AMD3100 also functions
as an agonist for CXCR?7. Further studies regarding the assess-
ment of chemotherapeutic treatment on CXCR7 expression in
conjunction with CXCR4 are needed to reveal new aspects of
the role of the CXCR4-CXCR7-SDF-1a axis.

The results of the present study demonstrated for the first
time that doxorubicin and vincristine in combination with
AMD3100 markedly reduced the migration of RMA cells
compared with the control cells. In the RME cell line RD, this
effect could only be accomplished with doxorubicin. This was
in line with a previous study on an ALL mouse model, which
reported that the combination of AMDI11070 and vincristine
resulted in lower numbers of leukemic cells in the bloodstream
and higher overall survival rates compared with the effects of
monotherapy with vincristine (29). In small cell lung cancer,
only the combination of chemotherapy and AMD3100 exhib-
ited anti-metastatic effects (58).

Of note, AMD3100 exerted different effects on the
proliferation and clonogenicity in embryonic RMS cells RD
compared with those in alveolar RMS cells RH30. The reason
why these tumor cell lines exhibited different susceptibility to
growth reduction by a CXCR4 antagonist may be due to their
different subtypes. Although RD cells express significantly
lower levels of CXCR4 on their surface, their growth response
is significantly more affected by AMD3100 compared with
that of RH30 cells, which have higher expression levels of
the CXCR4 receptor. On the other hand, CXCR4 and CXCR7
levels are (counter-) balanced with CXCR?7, exhibiting a higher
affinity for SDF-1a compared with CXCR4. Since AMD3100
can bind to CXCR?7, high expression of CXCR7 may account
for the reduced growth rate of RD cells (32,57).

It has previously been demonstrated that AMD3100, a
reversible inhibitor of CXCR4, binds to the SDF-1a binding site
of CXCR4 and thus prevents the binding of the anti-CXCR4 anti-
body 12G5 (29,59). The present study also observed a reduced
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number of CXCR4-positive cells after AMD3100 treatment
compared with untreated cells in the flow cytometry experi-
ments. However, this was not reflected by the reduced CXCR4
protein levels in AMD3100-treated cells detected by western
blotting. This suggested that a reduction of CXCR4-positive
cells reflected impaired anti-CXCR4 antibody binding at the
receptor site occupied by AMD3100 or downregulation of
the surface receptor, leading to an increased concentration of
CXCR4 intracellularly while maintaining stable protein content.

Previous studies have suggested that in RMS, as in other
tumor entities, in addition to the blockade of CXCR4, inhibition
of CXCRY7 is also important in the regulation of angiogenesis,
stem cell trafficking and mediating organ-specific metastases of
cancer (60). The genes for CXCR7 and CXCR4 are both located
on chromosome 2q37.3, and CXCR7 and CXCR4 share ligand
specificity for SDF-1a, suggesting that a functional synergy
of the two receptors is likely (61-63). In addition, the CXCR4
antagonist AMD3100 increases CXCR7 expression (32,52).
The migration data from the present study, however, suggested
that factors other than SDF-1a may also modulate/contribute
to the migratory behavior of RMS cells, since doxorubicin
increased CXCR4 receptor expression but reduced migration
in RH30 cells, whereas vincristine decreased both CXCR4
expression and migratory behavior in the same tumor cell line.
By contrast, in RD cells, both chemotherapeutic drugs did not
change the migratory behavior.

The sheer expression level of chemokine receptors
may not necessarily be associated with functionality, as
membrane-expressed receptors such as CXCR4 have been
identified to be functionally inactive (64,65). This functionality
has been investigated in detail with regard to its role in migra-
tory behavior (66). Thus, further investigations are necessary to
identify and illuminate factors that control, regulate and modu-
late the CXCR4-CXCR7-SDF-1a axis in (RMS) tumor cells.

As demonstrated by Guo et al (12), not only epigenetic and
transcriptional, but also autocrine mechanisms serve arole in the
regulation of CXCR4/SDF-1a expression. In the present study,
all the investigated cytostatic drugs modulated the expression
levels of CXCR4 in RMS cells. However, a number of other
factors are known to also have a modulatory effect on CXCR4
expression (67); these include nuclear respiratory factor 1 (68),
specificity protein 1 (69), Serum- and glucocorticoid-induc-
ible kinase 3 and Spartin activate atrophin-l-interacting
protein 4 (70,71) as well as hypoxia (56,72,73). It would therefore
be of great interest to investigate in more detail the chemothera-
peutic effects on the factors that control CXCR4 expression and
turnover. In vivo studies may also help clarify the hierarchy
and interplay of the factors that control CXCR4 expression in
sarcomas and may identify targets for therapeutic options.

Considering the results of the present study and the
published data, intensification of pharmacological therapy
by inhibition of CXCR4 with AMD3100 is a promising
approach in the treatment of pediatric RMS. This treatment
may be particularly advantageous for advanced stages of RMS
regarding metastasis and drug resistance. Thus, low CXCR4
expression levels achieved through a combination of chemo-
therapeutic agents with AMD3100 may help decrease cancer
cell migration, which lowers the risk of tumor recurrence.
Further studies will be necessary to translate these promising
results into preclinical trials.
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