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Abstract

Alveolar rhabdomyosarcoma (ARMS) is an aggressive pediatric cancer of skeletal muscle. More than 70% of ARMS
tumors carry balanced t(2;13) chromosomal translocation that leads to the production of two novel fusion genes,
PAX3-FKHR and FKHR-PAX3. While the PAX3-FKHR gene has been intensely studied, the reciprocal FKHR-PAX3
gene has rarely been described. We report here the cloning and functional characterization of the FKHR-PAX3 gene
as the first step towards a better understanding of its potential impact on ARMS biology. From RH30 ARMS cells, we
detected and isolated three versions of FKHR-PAX3 cDNAs whose C-terminal sequences corresponded to PAX3c,
PAX3d, and PAX3e isoforms. Unlike the nuclear-specific localization of PAX3-FKHR, the reciprocal FKHR-PAX3
proteins stayed predominantly in the cytoplasm. FKHR-PAX3 potently inhibited myogenesis in both non-transformed
myoblast cells and ARMS cells. We showed that FKHR-PAX3 was not a classic oncogene but could act as a
facilitator in oncogenic pathways by stabilizing PAX3-FKHR expression, enhancing cell proliferation, clonogenicity,
anchorage-independent growth, and matrix adhesion in vitro, and accelerating the onset of tumor formation in
xenograft mouse model in vivo. In addition to these pro-oncogenic behaviors, FKHR-PAX3 also negatively affected
cell migration and invasion in vitro and lung metastasis in vivo. Taken together, these functional characteristics
suggested that FKHR-PAX3 might have a critical role in the early stage of ARMS development.

Citation: Hu Q, Yuan Y, Wang C (2013) Structural and Functional Studies of FKHR-PAX3, a Reciprocal Fusion Gene of the t(2;13) Chromosomal
Translocation in Alveolar Rhabdomyosarcoma. PLoS ONE 8(6): e68065. doi:10.1371/journal.pone.0068065

Editor: Sumitra Deb, Virginia Commonwealth University, United States of America

Received February 13, 2013; Accepted May 23, 2013; Published June 14, 2013

Copyright: © 2013 Hu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by NCI/NIH (http://m.cancer.gov/) CA074907 to Chiayeng Wang. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

* E-mail: chiayeng@uic.edu

☯ These authors contributed equally to this work.

Introduction

Chromosomal translocation is the most commonly observed
genomic abnormality associated with hematological
malignancies and sarcomas in humans. Most chromosomal
translocations in cancer involve reciprocal exchange of DNA
between two chromosomes, resulting in the formation of two
novel fusion proteins [1]. Expression of both fusion gene
products in tumor samples is infrequent. Typically, the fusion
gene that inherits major functional domains from the parental
proteins is consistently expressed and holds oncogenic
property. By contrast, the reciprocal fusion gene is variably
expressed (0-90%) and its function poorly understood. It is only
recently that research, mainly in hematological cancers,
suggests that the reciprocal fusion genes are more than
passive byproducts of the translocations but rather active
participants in the disease etiology. Several reciprocal fusion

genes, mostly non-oncogenic themselves, can work in
conjunction with the oncogenic fusion partners to promote
oncogenesis and alter pathogenic specificity [2–6]. Collectively,
these studies show that reciprocal fusion genes can contribute
to human oncogenesis and that their variable expression
pattern in patient-derived samples may not reflect their roles in
the early stage of cancer development.

Rhabdomyosarcoma (RMS) is a heterogeneous group of
malignant neoplasms of immature skeletal muscle. It is the
most frequent type of soft tissue sarcoma found in children.
The most common RMS is the embryonal type (ERMS) and the
most aggressive is the alveolar type (ARMS). Over 75% of the
ARMS are characterized by recurrent balanced chromosomal
translocations [7–10]. The most prevalent is the t(2;13)
(q35;q14) rearrangement that disrupts the transcription factor
genes PAX3 on chromosome 2 and FKHR (FOXO1A) on
chromosome 13. The translocation breaks within intron 7 of the
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PAX3 gene and intron 1 of the FKHR gene, leading to the
formation of two fusion genes, PAX3-FKHR on derivative
chromosome 13 and FKHR-PAX3 on derivative chromosome 2
[11,12]. The focus of the present study is on FKHR-PAX3, the
reciprocal fusion gene of PAX3-FKHR that is linked to the
development of ARMS.

Because high levels of PAX3-FKHR transcript and protein
are detected in all t(2;13)-positive ARMS tumors and tumor-
derived cell lines, and continuous expression of PAX3-FKHR is
critical for maintaining ARMS phenotypes and cell survival [13],
research efforts have focused exclusively on characterizing
PAX3-FKHR gene products and their contribution to
rhabdomyosarcomagenesis. The PAX3-FKHR fusion protein
combines an intact PAX3 DNA binding domain (DBD) at its N-
terminus to a bisected FKHR DBD and the intact FKHR
activation domain (AD) at its C-terminus. This results in the
formation of a powerful transcription factor with an enhanced
transactivation activity [14,15] and broadened gene targets
[16–21] compared to PAX3. Both in vitro transformation and in
vivo tumorogenesis studies have strongly supported an active
participation of PAX3-FKHR throughout the ARMS oncogenic
process [22–25]. Despite these advances and breakthroughs,
PAX3-FKHR driven rhabdomyosarcomagenesis remains
difficult to model in vivo. Recent work has shown that PAX3-
FKHR alone is incapable of driving ARMS development in
mouse models unless accompanied by additional gene
mutations. Some mutations that have been suggested to
cooperate with PAX3-FKHR include inactivation of p53 and
cdkn2d, and activation of Ras, N-Myc, and IRIZIO [26–29].
These mutations all lead to disruption in the p53 and Rb
pathways. However, these mutations do not occur at high
frequency in ARMS and most tumors derived from these
pairings with PAX3-FKHR do not recapitulate the characteristic
alveolar feature of the disease. Thus, it remains to be seen
whether they are the natural cooperating partners of PAX3-
FKHR or are acquired as secondary mutations during later
stages of tumor evolution.

In contrast to PAX3-FKHR, the reciprocal FKHR-PAX3 fusion
gene has received little attention in ARMS research primarily
due to its inconsistent expression pattern. Although the FKHR-
PAX3 genomic rearrangement is present in over 90% of tumor
samples examined [30], FKHR-PAX3 transcripts are reported
in only ~60-70% of the samples [30–32]. It is noteworthy that
this frequency of expression is within the range (~60-95% [33])
reported for those reciprocal fusion genes that have recently
been shown to carry leukemogenic functions. In view of these
new developments on leukemia-associated reciprocal fusion
genes and on the requirement for cooperating genetic events in
PAX3-FKHR-driven ARMS, it seems premature to dismiss a
biological contribution of FKHR-PAX3 in ARMS solely based on
its expression pattern in well-established tumor samples. Thus,
we have taken the first step towards characterizing FKHR-
PAX3 fusion gene products and their potential role in
oncogenic transformation and tumorogenesis. In this study, we
isolated and cloned three FKHR-PAX3 isoforms from ARMS
cells, and showed that FKHR-PAX3’s effects on various
transforming phenotypes are suggestive of its involvement at
the early stage of the disease development.

Materials and Methods

Materials
The reagents for PAX3-FKHR and CAT reporter constructs

were as described [18,20,21]. The wild-type FKHR-GFP, triple-
mutant FKHR-GFP and IGFBP1-Luc DNA constructs were
provided by Dr. Terry Unterman (University of Illinois at
Chicago). The pLKO-Tet-On DNA construct was provided by
Dr. Marc Bissonnette (University of Chicago). Lentiviral DNAs
and particles of plenti-EF1a-FKHR-PAX3-Rsv-GFP-Bsd and
plenti-EF1a-(Null)-Rsv-GFP-Bsd were generated by AMS
Biotechnology (Amsbio). Antibodies were purchased for MyoD
and MyoG (BD Biosciences), myosin heavy chain and α-tubulin
(Developmental Studies Hybridoma Bank), PAX3 (abcam),
FAK (Santa Cruz), and FKHR, p-Y397, p-Y576/577, and p-
Y925-FAK (Cell signaling). MG132 (carbobenzoxyl-leucyl-
leucyl-leucinal) and 5’Aza-C (5-aza-2′deoxycytidine) were from
Selleck-Chemicals.

RNA, RT-PCR, qRT-PCR
Total RNA was prepared using Trizol reagent (Invitrogen).

The cDNAs were prepared from DNase-treated RNA using
First-strand cDNA synthesis kit (Fermentas). Quantitative PCR
detection of gene expression was performed with QuantiFast
SYBR Green with the rotor gene Q machine (Qiagen) using the
following primers:

PAX3-FKHR:

5’GCACTGTACACCAAAGCACG3’(forward);
5’AACTGTGATCCAGGGCTGTC3’(reverse);

FKHR:

5’GCAGATCTACGAGTGGATGG3’(forward);
5’AACTGTGATCCAGGGCTGTC3’(reverse);

PAX3:

5’CAGCACCGTTCACAGACCTCA3’(forward);
5’CTAGTCTCTGACTGCAGCT3’(reverse);

FKHR-PAX3:

5’TACGCCGACCTCATCACCAAGGCCATCGA3’ (forward);
5’CTAGTCTCTGACTGCAGCT3’(reverse);

GAPDH:

5’CATGAGAAGTATGACAACAGCCT3’(forward);
5’AGTCCTTCCACGATACCAAAGT3’ (reverse)

Primers used in PCR/southern hybridization for detecting
FKHR-PAX3 isoforms were:

5’AAGAGCAGCTCGTCCCGCCGCAAC3’(forward, F4);
5’TTGATACCGGCATGTGTGGCTTA3’(reverse, uPAX3c);
5’TTCAGAGCAGATTCTTCATATCTAG3’(reverse, uPAX3d);
5’TGGAATGTTCTAGCTCCTCG3’(reverse, uPAX3e);
5’AGAGCAGATTCTTCATATCTA3’(reverse, uPAX3g);
5’ATGTTTTGATATGTAACCATG3’(reverse, uPAX3h);
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DNA constructs
The full-length FKHR-PAX3 cDNAs from RH30 cells were

isolated by RT-PCR using following primers:

5’ AGATCCCGTAAGTCGGGCGGCCTGGTA3’ (forward,
uFK-2f);

5’ TTGATACCGGCATGTGTGGCTTA3’ (reverse, uPAX3c);
5’ TCAGAGCAGATTCTTCATATCTAG3’ (reverse, uPAX3d);
5’ ATGGAATGTTCTAGCTCCTCG3’ (reverse, uPAX3e).

The cDNAs containing only the open reading frame (ORF)
sequence of FKHR-PAX3 isoforms were prepared using
following primers:

5’
ATCTGGATCCGCCACCATGGCCGAGGCGCCTCAGGTGGT
G3’ (forward);

5’ GATCTCGAGCTAAAAAGTCCAAGGCTTACT3’ (reverse,
isoform c);

5’ GATCTCGAGTTACGCGATATCTGGCTTGAG3’ (reverse,
isoform d);

5’ AGTACTCGAGTTATTGCTCCAGGTCTTCCTC3’
(reverse, isoform e).

All PCR generated DNA fragments were cloned into TOPO-
TA vector for sequence verification. Sequence data of full-
length FKHR-PAX3 isoforms c, d, and e have GenBank
accession numbers of JX141474, JX141475, JX141476,
respectively. The FP3-GFP construct was generated by in-
frame joining of the FKHR-PAX3 ORF sequence upstream to
the GFP sequence in the pEGFP-C1 vector using the BamHI/
XhoI cloning sites. The PAX3-FKHR target-specific shRNA
construct was generated by cloning the double stranded
shRNA template oligonucleotides against the sequences
surrounding the PAX3-FKHR fusion site (sense strand: 5’
CCGGGCCTCTCACCTCAGAATTCAATTCGTCATTTCAAGA
GAATGACGAATTGAATTCTGAGGTGAGAGGCTTTTT3’;
antisense strand: 5’
AATTAAAAAGCCTCTCACCTCAGAATTCAATTCGTCATTCT
CTTGAAATGACGAATTGAATTCTGAGGTGAGAGGC3’) into
the EcoRI/AgeI sites of the pLKO-Tet-On lentiviral vector DNA.
Lentiviral particles were prepared from the 72 hour-conditioned
media of 293T-17 cells that were transfected with a
combination of pLKO-Tet-On lentiviral vector, gag, Rev, VSV-G
DNA constructs.

Cell culture
Murine C2C12 myoblasts and NIH3T3 fibroblasts, human RD

ERMS, RH30 ARMS and 293T-17 embryonic kidney cell lines
were purchased from ATCC. Human RH4 and RH28 ARMS
cell lines were obtained from St. Jude Children’s Research
Center [19]. All cell lines except C2C12 were maintained in
Dulbecco's modified Eagle’s high glucose base medium
supplemented with 10% fetal bovine serum (FBS). C2C12
myoblast cells were maintained in 15% FBS growth media and
switched to 2% horse serum medium for myogenic
differentiation [21]. Cells were replenished with fresh
differentiation medium on a daily basis until end of
experimentation. The FKHR-PAX3 or PAX3-FKHR stable
expression clones were prepared from transfecting cells with

pcDNA3-FKHR-PAX3 or pcDNA3-PAX3-FKHR DNA using
lipofectamine method followed by a 14-day drug selection (400
μg/ml Geneticin). Early passage drug-resistant clones were
expanded and frozen down within one week after final drug
selection. To generate PAX3-FKHR and FKHR-PAX3 co-
expressing cells, early passage PAX3-FKHR clones were
infected with lentiviral particles carrying either control plenti-
EF1a-(Null)-Rsv-GFP-Bsd or plenti-EF1a-FKHR-PAX3-Rsv-
GFP-Bsd DNA followed by a 10-day drug selection (10 μg/ml
blasticidin). The first confluent plate was designated as
passage zero. To generate conditional PAX3-FKHR
knockdown stable cells, ARMS cells were infected with
lentiviral particles carrying pLKO-Tet-On DNA containing either
scrambled or sh-PAX3-FKHR specific sequences followed by a
10-day drug selection (2 μg/ml puromycin). Conditional
knockdown of PAX3-FKHR expression was achieved by
treating cells with 10 μg/ml doxycycline (DOX). Routinely, cells
were replenished with DOX containing medium every other day
if experiment was to last more than two days.

Immunodetection
Western blot analysis and immunofluorescence detection of

MHC-positive C2C12 myotubes were carried out as previously
described [21]. In brief, whole cell extracts were prepared in
RIPA buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl-, 1%
NP-40, 10% glycerol, 10 μg/ml aprotinin, 10 μg/ml pepstatin A,
10 μg/ml leupeptin, 500 μM orthovanadate, 1 μM
phenylmethylsulfonyl fluoride). Following SDS-PAGE, proteins
were detected by chemiluminescent antibody detection kit
(NEN Life Science). For visualizing MHC-positive myotubes by
immunofluorescence, differentiated C2C12 cells were fixed
with 1% paraformaldehyde and stained with anti-MHC antibody
(MF20) followed by Alexa Fluor 488-conjugated secondary
antibodies (Life technology). Afterwards, cells were
counterstained with DAPI. Images were recorded using the Q-
Capture Pro 5.0 image capture program (Leica DM/RB
microscope).

Promoter-reporter assays
Chloramphenicol acetyl transferase (CAT) and Firefly

luciferase (Luc) reporter genes were used to measure
transcription. Beta-galactosidase DNA (LacZ) driven by the
CMV promoter was used for normalizing transfection efficiency.
The CAT assay was as described [20], and Luc assay was
carried out using the ONE-Glo™ Luciferase Assay (Promega).
CAT and Luc activities were quantified by scintillation and
luminometer, respectively.

Clonogenic and Soft agar assays
For testing clonogenic (anchorage-dependent) function, cells

were seeded in triplicate at a density of 5 x 103 (RD and RH30)
or 2.5 x 103 (NIH3T3) cells/p100 mm dish and grown for 15
days with a single medium change at the mid-time point. Cells
were fixed in 4% formalin and colonies were visualized with
crystal violet blue staining. Soft agar assay was performed as
previously described [34]. In brief, cells were seeded in
triplicate at a density of 1 x 104 cells/well in 0.3% Noble agar
laid over a 2% Noble agar under-layer into six-well tissue
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culture plates. Fresh media were added every three days
during colony growth. Quantitation was determined from
counting colonies equal or greater than 200 μm in size from an
average of five randomly selected fields per well. Images of
colonies were captured using the MicroFire camera and
PictureFrame application (Optronics).

Cell adhesion, scratch wound, and invasion assays
All assays were performed as described [13]. In brief, matrix

based adhesion assay was measured from seeding cells (2 x
104 cells/well) that were suspended in 1% BSA containing
serum-free into a 48 well-microtiter plate pre-coated with BSA
and designated extracellular matrix (ECM) elements (Cell
Biolabs). Cells were allowed to attach for one hour before
rinsing with PBS to remove unattached cells. Attached cells
were fixed, stained with crystal violet solution, and released
from plates for quantitative absorbance analysis at OD590 nm.
Trypsinization assay was measured by treating triplicate 6-well
plates of exponentially growing cells with 250 μl of trypsin at
variable concentration for 30 sec followed by shaking for 1 min.
The detached cells were collected after adding 500 μl serum-
free DMEM to the wells. The remaining cells were treated with
another 250 μl of trypsin until all the cells detached and
harvested in the same manner. Cells were stained with trypan
blue and counted. Number of dead cells was negligible. The
adhesion index was determined as % of total cells that
detached after the initial trypsin treatment. Wound closure
activity was measured from confluent cells (2 x 105 cells/well) in
a 12-well culture plate. Cells were seeded one day before the
surface was uniformly scratched with a pipette tip across the
center of the well. The initial wound area and the movements of
the cells into the scratched area were captured on CCD Spot
camera attached to a Leica Digital Microscope (DM2500).
Quantitation of movement was calculated as the percentage of
the mean distance of leading edges of migrated cells over the
mean distance of the initial wound edges. Invasion activity was
determined at 24 hours (RH30) and 48 hours (RD) post-
seeding. Cells were incubated in serum free medium for 6
hours prior to being trypsinized and seeded in triplicate (2 x 104

cells/insert seeded, Cell Biolabs) into control or Matrigel
inserts. The lower chamber was filled with growth medium.
After 24 or 48-hour incubation, non-migrating cells from the
upper membrane were removed using wet Q-tips. Migrating
cells attached to the underside of membrane were fixed,
stained with crystal violet, and counted. Quantitation was
calculated as percentage of the mean number of cell migrating
through Matrigel membranes over the mean number of cells
migrating through control membranes.

In vivo tumor assay
Xenograft tumor induction was performed on 4-6 week-old

male athymic nude mice (Harlan). RD vs. RD–FKHR-PAX3 or
RH30 vs. RH30-FKHR-PAX3 cells (3 X 106 cells/50 μl PBS)
were injected intramuscularly into the hind leg muscle (n=10
per group). The tumor diameter was recorded in two
dimensions upon first sign of nodule formation. Tumor volume
was calculated using V=0.52x a x b2 formula where a and b are
the long and short diameter of the tumor, respectively. At the

end-point of experiment, the mice were sacrificed and tumors
and vital organs were excised and stored for further analysis. A
board certified pathologist (Dr. Joel Schwartz, UIC) evaluated
all the primary and secondary tumor pathology in this study.

Statistical analysis
The values represent mean ± s.d. of a minimum of three

independent experiments. The s.d. is the root mean square
deviation of the n-1 determinations. The Student’s t-test was
used to obtain the statistical significance with p< 0.05. pValue:
* p < 0.05, ** p < 0.001.

Ethics statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
Office of Animal Care and Institutional Biosafety committee at
the University of Illinois at Chicago approved the protocol
(number: A11-041). The animals were sacrificed by cervical
dislocation after sedation with CO2 from a bottled gas source,
and all efforts were made to minimize suffering.

Results and Discussion

For the past two decades, significant progress has been
made linking the molecular consequences of t(2:13)
translocation to ARMS initiation, progression, and
maintenance. While PAX3-FKHR is proven to be necessary
and contributes to many pathogenic features of ARMS, it is not
the sole one to drive the disease formation. A major challenge
in understanding ARMS etiology is the identification of the
accompanying genetic events for PAX3-FKHR-induced
rhabdomyosarcomagenesis. A promising candidate could be
FKHR-PAX3, the reciprocal fusion gene formed at the same
time as PAX3-FKHR. In this study, we characterized the
expression and regulation of FKHR-PAX3 gene products in
ARMS cells, and evaluated their role in the in vitro cellular
transformation and in vivo tumorogenesis processes. Our
results demonstrate that FKHR-PAX3 contributes to cell
transformation process associated with early phases of
tumorogenesis, thereby supporting FKHR-PAX3 as a
potentially critical biological factor in ARMS pathogenesis.

Cloning and expression of rhabdomyosarcoma FKHR-
PAX3 reciprocal fusion gene

The FKHR-PAX3 fusion joins the 5’-portion of the FKHR
gene to the 3’-portion of the PAX3 gene. The fusion protein is
predicted to combine the bisected FKHR DBD at its N-terminus
with the intact PAX3 AD at its C-terminus (Figure 1A). Previous
surveys detected low level of a FKHR-PAX3-specific RT-PCR
product in approximately 60-70% of the t(2;13) ARMS tumor
samples [30–32]. However, these studies did not evaluate
transcript structure or protein expression. Transcript structure is
of special interest because there are seven alternatively spliced
PAX3 isoforms (a, b, c, d, e, g, h) with divergent C-termini
[35–37]. The translocation breakpoint in PAX3 gene lies within
intron 7, suggesting that the primary FKHR-PAX3 transcript
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could undergo alternative splicing to produce five potential
isoforms (c, d, e, g and h; Figure 1B).

To evaluate this, we performed RT-PCR using a FKHR
forward primer (F4) paired with the isoform-specific 3’ UTR
PAX3 primer in four RMS lines, three t(2;13) positive ARMS
(RH4, RH28, and RH30) and one ERMS (RD, Figure 1C, top
and middle panels). Because of low expression and non-
specific PCR products, we verified that the detection of FKHR-
PAX3 mRNAs by southern hybridization using a DNA probe
that spanned the fusion site (Figure 1C, bottom panel). FKHR-
PAX3 isoforms c and d were detected in RH28 and RH30 cells
whereas isoform e was detected only in RH30 cells. Despite
repeated attempts, we were unable to detect FKHR-PAX3
isoforms g and h in any ARMS line (data not shown). This is
perhaps not surprising because PAX3 g and h isoforms are
primarily produced in melanocytes [37]. FKHR-PAX3 c and d
are the predominant isoforms in ARMS, a finding that is
consistent with the major PAX3 variants present in normal
muscle and RMS cells [38]. Results from qRT-PCR analysis
that compared the total amount of FKHR-PAX3 transcripts to
those of PAX3, FKHR, and PAX3-FKHR in ARMS cells showed
that the FKHR-PAX3 mRNA levels were within the same order
of magnitude as PAX3 or FKHR (Figure 1D, right panel). In
effect, all three genes, PAX3, FKHR, and FKHR-PAX3 were
weakly expressed relative to the supraphysiologic PAX3-FKHR
levels characteristic of ARMS cells (Figure 1D, left panel).

As expected, ERMS RD cells did not express FKHR-PAX3.
The absence of FKHR-PAX3 transcript in RH4 cells is in
agreement with the findings that this gene transcript is not
detected in all t(2;13) ARMS tumors [30–32]. However, we do
not believe that the variability in FKHR-PAX3 expression
equates to its lack of function in ARMS pathogenesis. This
point is particularly significant if FKHR-PAX3, like its reciprocal
counterparts of leukemic cancer, is only needed early in the
oncogenic process, a condition that no longer exists in the
cancer cells of an established tumor.

We obtained cDNA clones containing full-length open
reading frames of the three FKHR-PAX3 isoforms from RH30
cells by PCR amplification using the combination of a 5’-UTR of
FKHR forward primer corresponding to sequence proximal to
the FKHR transcription start site and an isoform specific 3’-
UTR PAX3 primer (Figure 1E, schematic on top). DNA
fragments of expected FKHR-PAX3 sizes were extracted from
gel, cloned, and a minimum of three independent clones of
each isoform type was sequenced. The DNA sequence of all
three FKHR-PAX3 cDNA isoforms contained coding and non-
coding sequences as predicted from the parent FKHR and
PAX3 genes (Figure 1E).

The DNA sequence of all three FKHR-PAX3 isoforms c, d,
and e had open-reading frames of 298, 303, and 324 amino
acids (Figure 2A, left panel), and produced in vitro translated
proteins of observed 35, 36, and 38 kd molecular weights on
SDS-PAGE analysis (Figure 2A, right panel). Because FKHR-
PAX3 specific antibody was not available, we used two
commercial antibodies, L27 against a N-terminal FKHR epitope
and C2 against a C-terminal PAX3 epitope, to detect in vivo
FKHR-PAX3 proteins in cell extracts. We validated that these
antibodies could detect ectopically expressed FKHR-PAX3

isoforms c and d in ERMS RD cells (Figure 2B). Subsequent
analysis of RH28 and RH30 cell extracts confirmed the
presence, albeit at low levels, of endogenous FKHR-PAX3
protein; the protein was undetectable in RH4 cells that did not
express the FKHR-PAX3 mRNAs (Figure 2C). Because in vivo
expressed FHKR-PAX3 may or may not be post-translationally
modified in cells, the endogenous FKHR-PAX3 band detected
in ARMS cells could contain more than one protein isoform. It
should be noted that the amount of extracts needed to detect
FKHR-PAX3, FKHR, and PAX3 proteins was over 20-times
higher than the amount needed to detect PAX3-FKHR under
the same conditions. The pattern and levels of PAX3, FKHR,
FKHR-PAX3, and PAX3-FKHR protein are consistent with their
relative RNA levels in these cells (Figures 1D and 2C).

Because ARMS cells preferentially expressed PAX3-FKHR
at high levels, we wondered whether the large amount of
PAX3-FKHR protein might interfere with FKHR-PAX3
expression, thus contributing to a diminished level of FKHR-
PAX3 observed in these cells. To test this, we transfected a
tetracycline-inducible shRNA to knockdown PAX3-FKHR
expression in RH28 and RH30 cells. As shown in Figure 2D,
doxycycline (DOX) treatment drastically reduced PAX3-FKHR
but not FKHR-PAX3 protein levels in both cell lines.
Interestingly, PAX3-FKHR knockdown led to a significant
increase of FKHR expression in RH28 but not RH30 cells. The
precise reason for this differential response is unknown. It
could be related to the genetic heterogeneity in the different
tumor cell lines, a notion supported by data in Figure 2E. In an
effort to identify other pathways regulating FKHR-PAX3, we
performed a small-scale chemical screen focusing on
pharmacological agents that are known to regulate FKHR
expression. Although most showed no effect, we did find two
agents, 26S proteasome inhibitor MG132 and hypomethylating
agent 5’ Aza-C, up-regulated both FKHR and FKHR-PAX3
expression in these ARMS cells. The effects of these agents
were cell line specific, with RH28 cells responding to MG132
and RH30 cells responding to 5’ Aza-C. The result of 5’ Aza-C
indicates that FKHR gene may be hypermethylated in RH30
cells, thus accounting for the differential response of PAX3-
FKHR knockdown in the two ARMS cell lines. However, the
most intriguing observation is that FKHR-PAX3 responds
similarly as FKHR to signals that are part of normal cell
function but differently from FKHR to pathogenic signal such as
PAX3-FKHR. While future analysis on additional cell lines will
be needed to confirm these regulatory patterns, the current
data seem to suggest a need for cells, possibly around the time
of gene fusion, to maintain FKHR-PAX3 expression. This idea
seems to be supported by the following studies when we
examined the effects of FKHR-PAX3 on PAX3-FKHR
expression (Figure 3).

FKHR-PAX3 promoted high levels PAX3-FKHR
expression in myogenic cells

Despite the disparity in the expressed levels between the two
fusion proteins in established cancer cells, we cannot exclude
the possibility that FKHR-PAX3 could have an effect on PAX3-
FKHR expression, for example, in early developing cancer
cells. To investigate this possibility, we tested if high level of
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Figure 1.  Cloning of FKHR-PAX3 cDNA.  (A) Schematic of PAX3, FKHR, PAX3-FKHR and the predicted FKHR-PAX3 protein
structures indicating the known functional domains. R: repressor; DBD: DNA binding domain; AD: activation domain. (B)
Diagrammatic illustration of the exon-intron organization of human PAX3 gene, and the five alternatively spliced mRNAs that could
result from processing of the FKHR-PAX3 primary transcript. PAX3c, PAX3d, and PAX3e use stop codons in intron 8, intron 9, and
exon 10. PAX3g and PAX3h are truncated isoforms of PAX3d and PAX3e, respectively, that splice out exon 8. (C) Expression of
FKHR-PAX3 transcript isoforms c, d, and e in ERMS (RD) and ARMS (RH4, RH28, RH30) cell lines as detected by RT-PCR and
confirmed by Southern hybridization. Top panel: schematic indicates the positions of the FKHR-specific primer (F4) and the isoform-
specific PAX3 PCR primer pairs, and the DNA probe spanning the FKHR-PAX3 fusion site used in the Southern analysis are
indicated (not to scale). (D) Quantitative RT-PCR analysis of PAX3, FKHR, PAX3-FKHR, and FKHR-PAX3 expression in ARMS cell
lines. The relative expression data are presented at two different scales on the Y-axis, high (left panel) and low (right panel) to
compensate for the high levels of PAX3-FKHR expression. The relative expression level of PAX3/GAPDH in RH4 cells was
assigned an arbitrary value of 1, and used as the reference to calculate fold change. (E) Nucleotide sequences of the cloned FKHR-
PAX3 isoforms c, d, and e cDNAs. Top panel: schematic of the FKHR and the isoform-specific PAX3 primer pairs used to clone the
full-length protein coding cDNA from RH30 cells. Primer location is approximate for illustrative purposes only. Sequence data is
annotated by text in: Plain: 5’ FKHR-UTR; plain/italic: 3’ PAX3-UTR; Bold: protein coding sequences; bold/capital/underline:
translation start codon; bold/capital/italic/underline: translational stop codons; underline: isoform-specific sequences.
doi: 10.1371/journal.pone.0068065.g001
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FKHR-PAX3 would affect PAX3-FKHR expression in the
context of both transformed and non-transformed muscle cells.
As shown in Figure 3A, we did not detect a change in the
PAX3-FKHR protein content in RH4 cells when ectopically
expressing FKHR-PAX3 to a level equal to that of PAX3-FKHR.
Of note, knockdown of endogenous FKHR-PAX3 expression in

RH28 and RH30 cells did not change PAX3-FKHR expression
nor affect the growth behavior and survival of these cells (data
not shown). Instead, we found that FKHR-PAX3 significantly
increased the number of non-transformed C2C12 myoblast
clones with sustained high PAX3-FKHR expression (Figure
3B). This is an especially intriguing result because

Figure 2.  Immunodetection of in vitro and in vivo expressed FKHR-PAX3 protein.  (A) Left panel: schematic of deduced sizes
and amino acid sequence variations for FKHR-PAX3 isoforms c, d, and e. Right panel: Autoradiographic image of S35-methionine
labeled in vitro translated FKHR-PAX3 protein isoforms. (B) Verification of PAX3-specific C2 and FKHR-specific L27 antibodies in
detecting in vivo expressed FKHR-PAX3 proteins. Top panel: diagrammatic illustration of the epitope locations within the FKHR-
PAX3 protein recognized by L27 and C2 antibodies. Bottom panel: western blot detection of FKHR-PAX3 in whole cell extracts (30
μg) prepared from RD cells that were transiently transfected with control expression vector (lane1), FKHR-PAX3 isoform c (lane 2),
and FKHR-PAX3 isoform d (lane 3) using C2 (left panel) and L27 (right panel) antibodies. (C) Western blot detection of the
endogenously expressed FKHR-PAX3 in RH28 and RH30 cells by L27 and C2 antibodies. Protein extract from FKHR-PAX3
negative RH4 cells was included as negative control. n.s.: non-specific bands resulting from high amount of protein extracts used
and long film exposure. (D) Effect of PAX3-FKHR knockdown on the endogenous level of FKHR-PAX3 in RH28 and RH30 cells.
Whole cell extracts were prepared from cells that stably expressed the inducible PAX3-FKHR shRNA treated with DMSO or DOX for
48 hours, and analyzed for FKHR and FKHR-PAX3 expression. (E) Effect of MG132 (10 μM for 12 hours) and 5’-Aza-C (1 μM for 48
hours) on endogenous FKHR-PAX3 expression levels in RH28 and RH30 cells. (C-E) A total of 400 μg of protein extracts were used
for the analyses. (D-E) Alpha-tubulin was used to normalize sample loading.
doi: 10.1371/journal.pone.0068065.g002
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recapitulating an ARMS-like high PAX3-FKHR expression in
non-transformed cells in long-term cultures has been difficult.
High expressers either succumb to growth arrest and cell death
or revert into low expressers after several passages [39,40].
Furthermore, the surviving low expressers were incapable of
forming tumors in xenograft models. A recent study reveals that
a co-oncogenic factor such as N-myc can prevent loss of
PAX3-FKHR high expressers in human muscle progenitor cells
and more significantly, only the high expressers can develop

ARMS-like tumors in a xenograft mouse model [29]. Results
from Figure 3B suggests that FKHR-PAX3 could substitute for
the effect of N-myc in allowing high PAX3-FKHR expression in
tumor progenitor cells that subsequently undergo clonal
expansion and acquire additional mutations that promote
cancer progression. Perhaps, the ability of FKHR-PAX3 to
escape a negative feed back regulatory loop from PAX3-FKHR
as observed in Figure 2D is critical for these early tumorogenic
events.

Figure 3.  FKHR-PAX3 preserved high level of PAX3-FKHR expression in myogenic cells.  (A) RH4 cells that do not express
endogenous FKHR-PAX3 were transfected with empty vector (lane 1) or FKHR-PAX3 expression vector (lane 2). After continuous
culture for 35 passages, cells were assayed for PAX3, FKHR, PAX3-FKHR, and FKHR-PAX3 expression by western blot. (B)
Western blot analysis on the ability of FKHR-PAX3 to sustain high PAX3-FKHR expression. Stable clones of C2C12 cells
expressing high levels of PAX3-FKHR were subjected to a second round of transfection to select for FKHR-PAX3 expression as
described in Materials and Methods. The first confluent plate was designated as passage zero and used to generate early (< 10)
and late (>35) passage cells. Cells were cultured at comparable density and passaged every three days. Immunoblot images were
from four representative control and FKHR-PAX3 expressing lines. L27 antibody was used to detect FKHR-PAX3, and α-tubulin was
used to normalize sample loading. Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g003
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FKHR-PAX3 localized in cytoplasm and lacked
transcription regulatory activity

PAX3 and PAX3-FKHR transcription factors are exclusively
nuclear whereas FKHR transcription activity is tightly regulated
through shuttling between nucleus and cytoplasm in response
to stimuli. All confirmed nuclear localization signals (NLS) of
PAX3 and FKHR, and a nuclear export signal (NES) of FKHR
are retained in PAX3-FKHR, implying that FKHR-PAX3 might
be unable to shuttle across the nuclear membrane. To test this,
we created a chimeric FP3-GFP to visualize FKHR-PAX3
localization in live cells, and compared it to the behavior of two
GFP-tagged FKHR controls: a wild-type FKHR-GFP whose
nuclear export can be blocked by Leptomycin B (LepB), and a
nuclear export defective triple-mutant FKHR-GFP with alanine
replacing amino acids T24, S253 and S319 [41]. As shown in
Figure 4A, in the absence of LepB, wild-type FKHR-GFP and
FP3-GFP resided primarily in cytoplasm whereas the triple
mutant stayed exclusively in the nucleus. In the presence of
LepB, wild-type FKHR-GFP accumulated in the nucleus as
expected whereas FP3-GFP remained mostly in the cytoplasm.
The cytoplasmic-specific localization of FP3-GFP was
confirmed by western blot using fractionated cytoplasmic and
nuclear preparations (Figure 4B). Alpha-tubulin and MyoG
were used as control markers for the cytoplasmic and nuclear
fractions, respectively. The low level of FP3-GFP detected in
the nuclear fraction was most likely due to contamination from
the cytoplasmic fraction as a similarly low level of α-tubulin was
also detected.

In addition, we were not able to detect any measurable
transcription activity in transient transfection studies of FKHR-
PAX3. Because FKHR-PAX3 retains part of the FKHR DBD,
we were most interested in knowing whether FKHR-PAX3
could transactivate an FKHR-responsive promoter such as
IGFBP. As shown in Figure 5A, FKHR-PAX3 neither
transactivated the IGFBP promoter nor altered the promoter’s
response to FKHR (Figure 5A). Even though FKHR-PAX3
helped C2C12 cells maintain high PAX3-FKHR expression, it
did not interfere with PAX3-FKHR transcriptional function. We
tested three PAX3-FKHR promoters, a PAX3-dependent (e5
[18]) and two PAX3-independent (the paired domain-
dependent MyoG [20]; the homeodomain-dependent PDGFαR
[18]) promoters. In each case, FKHR-PAX3 did not
transactivate these promoters nor did it interfere with their
transactivation by PAX3-FKHR (Figure 5 B–D). The lack of
transcription activity in FKHR-PAX3 is consistent with its
predominant presence in the cytoplasm. These results point to
novel mechanistic actions by FKHR-PAX3, which most likely
are not shared with PAX3-FKHR and its parent transcription
factor PAX3 and FKHR. Of note, we tested all three isoforms of
FKHR-PAX3 in our functional (Figures 3-5) and biological
studies (Figures 6-9), and found no difference in their behavior.

Whether there can be a role for FKHR-PAX3 in the nucleus
or in transcriptional regulation under different circumstances
will require additional investigation. Proteins without NLS are
known to enter nucleus by alternative mechanisms [42]. FKHR-
PAX3 may enter nucleus in response to stimuli that do not
normally control FKHR. FKHR-PAX3 clearly can respond
differently from FKHR towards the same regulatory signal

(Figure 2D). Previous studies with PAX3-FKHR have also
shown that this fusion protein can bind to novel DNA
sequences that are not recognized by its parent proteins
[18,20,21]. Therefore, FKHR-PAX3 could potentially target
different promoters than FKHR because it contains only part of
the FKHR DBD. There is obviously much work to be done to
elucidate the mechanism of FKHR-PAX3 action to explain how
it elicits the different biological effects reported below.

FKHR-PAX3 induced cell proliferation and blocked cell
differentiation

We employed a gain-of-function approach to assess the
biological properties of FKHR-PAX3. We began by examining
the effect of FKHR-PAX3 on proliferation, and found no
significant change in the growth rate in any of the cell lines
tested (Figure 6A). However, we noticed periodically that if the
plated cell density was lower than planned, the FKHR-PAX3
expressing cells appeared to have a faster initial proliferation
(e.g., RH4 panel, days 1 and 2). To investigate if this growth
burst was real, we deliberately seeded cells at a five-fold lower
density, and measured growth rate using the WST-1
proliferation kit to increase sensitivity and accuracy. We found
that FKHR-PAX3 consistently accelerated proliferation at low
cell density in transformed cells as demonstrated in Figure 6B.
This effect of FKHR-PAX3 on low-density growth was not
observed in non-transformed NIH-3T3 and C2C12 cells (data
not shown).

A major developmental defect in ARMS is the failure to exit
cell cycle and complete muscle differentiation, i.e., myotubes
formation. To assess whether FKHR-PAX3 blocked
myogenesis, we first examined the effect of FKHR-PAX3 on
the expression of myogenin (MyoG) and myosin heavy chain
(MHC), the respective early and late myogenesis marker, and
on the formation of terminally differentiated multinucleated
myotubes in a widely used C2C12 myogenic cell model. As
shown in Figure 6C, when cultured in differentiation medium,
FKHR-PAX3 effectively blocked C2C12 cells from expressing
MHC (top panel) and from forming myotubes (bottom panel),
but did not prevent these cells from expressing MyoG. PAX3-
FKHR has been dubbed a pangene based on its ability to
promote early differentiation by directly inducing MyoG
expression in undifferentiated cells while simultaneously
blocking terminal differentiation [43]. FKHR-PAX3, unlike
PAX3-FKHR, did not activate MyoG expression in the absence
of differentiation signals, indicating FKHR-PAX3 inhibited
myogenesis after cells’ commitment to differentiation. There is
evidence that most ARMS cells retain some myogenic potential
because they will express MHC and form myotubes upon
inhibition of PAX3-FKHR expression, as exemplified in Figure
2D (lanes 1 and 2). The results suggest that the low level of
FKHR-PAX3 in RH30 cells is insufficient to block terminal
differentiation. Indeed, RH30 cells did not form myotubes when
endogenous FKHR-PAX3 was knocked down (data not
shown). However, elevation of FKHR-PAX3 protein level
through ectopic expression was sufficient to block RH30 cells
from terminal differentiation under reduced PAX3-FKHR
expression (Figure 6D). This result indicates that the two fusion
proteins act independently in blocking myogenic differentiation.
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This is a particularly important finding because both PAX3-
FKHR and FKHR-PAX3 block myogenesis at a similar stage
(e.g., MyoG positive) where most ARMS tumor cell
differentiation is arrested.

FKHR-PAX3 promoted colony growth
The effect of FKHR-PAX3 on cell proliferation at low cell

density was intriguing as this might reflect its influence on cells’
ability in clonal expansion, a key property of transformed cells.
To this end, we measured the effects of FKHR-PAX3 on colony
formation using anchorage-dependent clonogenic (Figure 7A)

Figure 4.  FKHR-PAX3 localized predominantly in the cytoplasm of cells.  (A) NIH3T3 and RH30 cells were transfected with
vectors expressing wild-type FKHR-GFP, triple-mutant (T24A/S256A/S319A) FKHR-GFP, or FKHR-PAX3-GFP (FP3-GFP) by
lipofection. Cells were maintained in low serum medium (0.5% FBS) overnight prior to the addition of DMSO or LepB (2 μM) for six
hours. At the end of treatment, fluorescent microscopy (magnification: 200X) was used to visualize the GFP-tagged proteins as
indicated. (B) Western analysis confirmed the cytoplasmic localization of the FKHR-PAX3 protein in cells. RH30 cells were
transfected with FKHR-PAX3 and treated with or without LepB as described in (4A). MyoG and α-tubulin served as nuclear and
cytoplasmic specific controls, respectively, to evaluate the fractionation protocol. L27 antibody was used to detect FKHR-PAX3.
Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g004
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 and anchorage-independent soft agar (Figure 7B) growth
assays. We found that FKHR-PAX3 promoted colony formation
under both assay conditions in RD and RH30 cells. The effect
of FKHR-PAX3 on soft-agar colony formation was more
pronounced under low (Figure 7B, bottom panel) than high
(Figure 7B, top panel) serum conditions. FKHR-PAX3,
however, did not promote colony growth in non-transformed

cells such as NIH3T3, suggesting that FKHR-PAX3 lacked
intrinsic transformation activity. In this regard, FKHR-PAX3 has
a more restrictive transforming potential than PAX3-FKHR that
promotes robust colony growth in both transformed and non-
transformed cells [44–46].

Figure 5.  FKHR-PAX3 did not transactivate promoters that were responsive to FKHR (IGFBP1, A) and PAX3-FKHR (e5, B;
MyoG, C; PDGFαR, D).  C2C12 cells were transiently transfected with a total of 2 μg of DNA including 0.1 μg of LacZ, 0.5 μg of
promoter-reporter (Luc or CAT as indicated), and 0.2 μg of the pcDNA3 vector or vector expressing the transcription factor by
lipofection. After 48 hours, cells were harvested for LacZ, Luc, and CAT assays. Fold increase was calculated as the ratio of
reporter activity from cells expressing the indicated transcription factor to the activity in cells transfected with the empty expression
vector. Results were normalized to LacZ activity. The reporter activity in the presence of empty expression vector was assigned a
value of 1. ND: statistically no difference. Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g005
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Effects of FKHR-PAX3 on cell adhesion, mobility, and
invasion

We also examined how FKHR-PAX3 affected cell adhesion,
migration, and invasion, properties that are critical for tumor
progression and metastasis. Cell-matrix assays showed that
FKHR-PAX3 enhanced RD and RH30 cell attachment to
several extracellular matrix (ECM) proteins such as collagens (I
and IV) and laminin (Figure 8A). The FKHR-PAX3 expressing
RD and RH30 cells also showed greater resistance to trypsin

treatment, an indication of increased adhesion strengths
(Figure 8B). Because integrins are major cell surface ECM
receptors that signal through focal adhesion kinase (FAK)
activation, we examined how FKHR-PAX3 might affect this
process by measuring the levels of FAK protein and its
phosphorylation status. While FKHR-PAX3 did not alter the
total amount of FAK protein, it did increase p-Y397
autophosphorylation, the immediate response of FAK activation
cascade to integrin engagement with ECM (Figure 8C).

Figure 6.  FKHR-PAX3 promoted low-density cell proliferation and blocked terminal myogenic differentiation.  (A)
Comparison of cell proliferation in NIH3T3, RD, RH4, and RH30 cultures with or without FKHR-PAX3 (FP3) expression. Cells were
seeded in triplicate at 1 x 104 cells/well into a 24 well-plate. Proliferation was measured daily by counting the number of live cells
(trypan blue-negative) over five days beginning a day after the initial seeding. Cell death was minimal in all experiments. (B) The
effect of FKHR-PAX3 expression on low-density RD and RH30 growth. Cells were seeded in triplicate at 2 x 103 cells/well into a 24
well-plate. Cell growth was quantified daily using the WST-1 cell proliferation kit. (C) Top panel: Immunodetection of MyoG and
MHC expression in proliferating (GM) and differentiated (five days, DM) C2C12 cells with or without FKHR-PAX3. Bottom panel:
light (left panel, 100X magnification) and fluorescent (middle and right panels, (250X magnification) microscopic images of day-5
differentiated cells stained with MF20 antibody against MHC (middle) or with DAPI (right). (D) The effect of PAX3-FKHR knockdown
on MyoG and MHC expression in control and FKHR-PAX3 expressing RH30 cells. Cell extracts were analyzed by western blot as in
Figure 2D. (C-D) Alpha-tubulin was used to normalize sample loading. Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g006
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Figure 7.  FKHR-PAX3 enhanced anchorage-dependent and anchorage-independent colony growth.  (A) Photographic
images of crystal violet blue stained cell colonies in the clonogenicity assay at the end of a 15-day growth (10% FBS). (B)
Quantitative analysis of anchorage-independent soft agar colony formation under growth (10% FBS, top panel) and differentiation
(2% HS, bottom panel) conditions. Inset: representative micrographic images of RD cells showing that FKHR-PAX3 (isoform c)
enhanced both number and size of the colonies. (A-B) Assays were conducted as described in Materials and Methods.
Representative quantitative data from FKHR-PAX3 isoform d is shown.
doi: 10.1371/journal.pone.0068065.g007
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Interestingly, FKHR-PAX3 did not alter the levels of p-Y576,
-577, and -925, which are known to be critical for promoting cell
movement [47]. This result suggests that FKHR-PAX3 may
negatively impact cell motility by stimulating cell adhesion.
Indeed, we showed that FKHR-PAX3 expressing RD and RH30
cells were much less motile as demonstrated in the scratch

wound (Figure 8D). While the FKHR-PAX3-induced decreases
in cell movement through enhanced cell-cell and cell-ECM
contacts might be critical during primary tumor formation, these
same effects could be counterproductive at later stages such
as metastasis. In support of this idea, we found that FKHR-
PAX3 reduced the invasiveness of RD and RH30 cells as

Figure 8.  FKHR-PAX3 selectively increased cell adhesion over cell movement and invasion.  (A) FKHR-PAX3 increased
attachment of RD (top panel) and RH30 (bottom panel) cells to the indicated extracellular matrix components. (B) FKHR-PAX3
expression in RD (left panel) and RH30 (right panel) increased the strength of cell adhesion to culture dishes as indicated by a
reduced sensitivity to trypsin. (C) Western blot analysis of the effect of ectopic FKHR-PAX3 expression on FAK phosphorylation in
RD and RH30 cells. A total of 30 μg of whole cell extracts were analyzed. (D) FKHR-PAX3 reduced the migratory function in RD
(top panel) and RH30 (bottom panel) cells as measured by scratch wound assay. Left panel: quantification of migratory index; right
panel: representative micrographs of the scratched wound assays. (E) FKHR-PAX3 decreased the invasive potential of RD (left
panel) and RH30 (right panel) as determined by Matrigel assay. ND: statistically no difference. (A-B, D-E) Assays were conducted
as described in Materials and Methods. Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g008
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measured by migration through a Matrigel mix (Figure 8E). The
smaller inhibitory effect of FKHR-PAX3 on RD line is likely
related to its less aggressive nature of RD cells as evidenced
by the longer time needed to assay the scratch wound and
Matrigel assays for RD (48 hours) than for RH30 (24 hours).

FKHR-PAX3 accelerated ARMS xenograft tumor
formation in nude mice

Collectively, data from Figures 3 and 6-8 point to a likely role
of FKHR-PAX3 that favors tumor induction rather than tumor
progression. To further validate this idea, we compared the in
vivo tumor formation of RD and RH30 cells with or without
FKHR-PAX3 following intramuscular injection in nude mice. As
shown in Figure 9A, we consistently observed tumor onset

about 2-3 days earlier in mice injected with FKHR-PAX3
expressing cells compared to control vector expressing cells
(see inset for enlargement of tumor onset). However, FKHR-
PAX3 did not affect the overall rate of tumor growth from both
cell lines, consistent with the idea that FKHR-PAX3 actively
influences the early processes in a developing tumor. All mice
within the RD or RH30 groups were sacrificed at the same time
and examined for distal metastasis in major organs including
brain, lungs, kidneys, and liver. We found metastasis in the
lungs of both the RH30 mouse groups but not the RD mouse
groups. However, gross examination revealed that the tumor
spread (number and size) into the lungs was noticeably less
extensive in mice injected with FKHR-PAX3 expressing than
control RH30 cells (Figure 9B). This in vivo data result is

Figure 9.  FKHR-PAX3 induced early onset of tumor formation in nude mice xenograft model.  (A) RD (top panel) and RH30
(bottom panel) cells expressing empty vector or FKHR-PAX3 were injected intramuscularly into the hind legs of nude mice as
described in Materials and Methods. Data points represent mean ± s.d. of tumor volume (mm3) of all injected mice at the indicted
time points. Inset: an expanded view over the early tumor development period. (B) Dissecting microscopic images (magnification
25X) of lung organs of two representative mice from the control (left) and FKHR-PAX3 (right) group, showing clear evidence of more
extensive tumor mass and infiltration metastasis in the control group (red dashed lines: margins surrounding the tumor mass; blue
arrow heads: light-reflective artifacts). Representative data from FKHR-PAX3 isoform c is shown.
doi: 10.1371/journal.pone.0068065.g009
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consistent with the in vitro effect of FKHR-PAX3 on reducing
RH30 cell motility (Figure 8D and 8E). This result further
supports the participation of FKHR-PAX3 reciprocal fusion
gene in the initiation rather than progression phase of the
disease. The negative impact of FKHR-PAX3 on the invasive
characteristics offer a plausible explanation to why cancer cells
might down regulate FKHR-PAX3 expression as the tumor
evolves to become more aggressive. Because our main focus
of the xenograft tumor model in this study was to assess
FKHR-PAX3’s effect on primary tumor formation, a quantitative
assessment of the metastatic process could not be measured
in the current experiment. Future study using tail vein injection
model with traceable GFP-labeled tumor cells with or without
FKHR-PAX3 would be more suitable for testing its effect on
tumor metastasis systematically.

Conclusion

In this report, we present a detailed characterization of
FKHR-PAX3 gene products including cloning full-length cDNAs
and functional analyses in cellular and mouse tumor models.
We show that ARMS cells appropriately process primary
transcripts from the FKHR-PAX3 fusion gene as predicted from
our knowledge of the translocation sites and the genes
involved. The processed transcripts are translated in vitro and
in vivo into proteins of the expected size. Consistent with the
prior report using tumor samples, FKHR-PAX3 gene products
are not present in all t(2;13) positive ARMS cell lines. When it
is expressed, its transcript and protein levels are more
comparable to PAX3 and FKHR than to PAX3-FKHR. While it
is likely that FKHR-PAX3 is not essential in established cancer
cells based on its expression pattern, evidence provided from
this investigation points to a role in ARMS tumor initiation. Our
conclusion is based on three observations on the ability of
FKHR-PAX3 to: (1) enable a sustainable high PAX3-FKHR
expression in non-transformed cells, (2) block myogenic
differentiation, and (3) promote proliferation under suboptimal
growth conditions and induce early tumor formation in mice.
First, high levels of PAX3-FKHR are absolutely required for
oncogenic transformation and tumorogenesis, yet how
precisely the ARMS cells achieve such high levels of PAX3-
FKHR remains unknown. Our study offers FKHR-PAX3 as a
viable co-oncogenic factor for this purpose. The potential of
FKHR-PAX3 to escape negative regulation by PAX3-FKHR
might be an important feature at the start of cell transformation
process to enable a critical mass of these “transformable
starter” cells to accumulate at the site of an emerging tumor.
Because FKHR-PAX3 is created at the same time as PAX3-
FKHR, the timing is consistent with FKHR-PAX3’s contribution
to the early stages of tumorogenesis.

Second, FKHR-PAX3 shows robust inhibitory effects on
myogenesis as demonstrated in the C2C12 and PAX3-FKHR
knockdown ARMS cell models. Differentiation is a key target in
tumor initiation because it acts as a fail-safe device against
uncontrolled cell growth. During early phases of
tumorogenesis, there is a constant selective pressure at the
site of an emerging tumor, which favors cells with survival and
proliferative advantages [48,49]. This adaptation process

selects for genotypes that promote rapid tumor expansion. The
fact that both FKHR-PAX3 and PAX3-FKHR fusion proteins
can block myogenic differentiation and promote cell growth is
highly significant because they foster a rich environment for the
acquisition of additional mutations that contribute to
tumorogenesis. During later stages of ARMS development, the
cells may become less dependent on the need for FKHR-PAX3
because they have accumulated sufficient levels of genetic
mutations to complement PAX3-FKHR in growth and survival.

Third, FKHR-PAX3 can alter a number of growth related
properties in cells, particularly under stress conditions such as
low cell density (e.g., cell proliferation, colony formation) and
low nutrient (e.g., anchorage-independent growth). Additionally,
FKHR-PAX3 preferentially supports cell adhesion over
migration and invasion. These properties are most critical to
early stages of tumorogenesis when a small number of cells
escape differentiation and begin the colonization process. It is
critical that these cells remain tightly adhered to promote
continued proliferation and eventual clonal expansion while
cells successively accumulate mutations to further promote
tumor growth. The tight cell adhesion may place the tumor cells
at a selective disadvantage for metastasis at later
tumorogenesis stages, causing cells to lose FKHR-PAX3 either
through active gene repression or through extensive genomic
rearrangement involving the reciprocal fusion sequence. This
notion is supported by our in vivo data that shows FKHR-PAX3
expressing RH30 cells start to form tumor much earlier than
RH30 control cells, but do not generate lung metastasis as
extensively as the control cells.

In closing, the present study is the first to characterize the
products and roles of the reciprocal FKHR-PAX3 fusion gene in
solid tumor pathogenesis. The in vitro and in vivo analyses
support the notion that FKHR-PAX3 could act as a
collaborating partner with the oncogenic PAX3-FKHR fusion
protein in tumorogenesis. Because many of the FKHR-PAX3
functions observed in this study work similarly in ERMS and
ARMS cells, FKHR-PAX3 could also collaborate with genetic
mutations other than PAX3-FKHR. Although FKHR-PAX3 lacks
intrinsic transforming ability, it possesses pro-oncogenic
functions suggestive of its involvement in the early rather than
late stages of ARMS development. This yin-yang role of FKHR-
PAX3 might account for its variable expression in the
established ARMS samples. The detailed molecular
mechanism of FKHR-PAX3 action remains unclear and needs
further exploration. The mechanism of action of FKHR-PAX3 is
unlikely to be as straightforward as the proven transcription
factors PAX3, FKHR and PAX3-FKHR. Future studies are also
required to evaluate whether co-expression of FKHR-PAX3
and PAX3-FKHR is sufficient to transform normal cells and
induce ARMS tumors in animal models.

Acknowledgements

We thank An Pham for her technical assistance in western blot
analysis. We also thank Dr. Reed Graves for his helpful
suggestion and editing of the manuscript.

Role of FKHR-PAX3 in Rhabdomyosarcomagenesis

PLOS ONE | www.plosone.org 16 June 2013 | Volume 8 | Issue 6 | e68065



Author Contributions

Conceived and designed the experiments: CW. Performed the
experiments: CW QH YY. Analyzed the data: CW. Contributed
reagents/materials/analysis tools: CW QH YY. Wrote the

manuscript: CW. Other: Author contributions: Conceived and
designed: CW. Data analysis: CW. Performed experiments:
CW QH YY. Reagents/materials/analysis tools: CW QH YY.
Wrote paper: CW. QH YY have equal contribution to the study
described in this manuscript.

References

1. Mertens F, Antonescu CR, Hohenberger P, Ladanyi M, Modena P et al.
(2009) Translocation-related sarcomas. Semin Oncol 36: 312-323. doi:
10.1053/j.seminoncol.2009.06.004. PubMed: 19664492.

2. Zheng X, Oancea C, Henschler R, Moore MA, Ruthardt M (2009)
Reciprocal t(9;22) ABL/BCR fusion proteins: leukemogenic potential
and effects on B cell commitment. PLOS ONE 4: e7661. doi:10.1371/
journal.pone.0007661. PubMed: 19876398.

3. He LZ, Bhaumik M, Tribioli C, Rego EM, Ivins S et al. (2000) Two
critical hits for promyelocytic leukemia. Mol Cell 6: 1131-1141. doi:
10.1016/S1097-2765(00)00111-8. PubMed: 11106752.

4. Pollock JL, Westervelt P, Kurichety AK, Pelicci PG, Grisolano JL et al.
(1999) A bcr-3 isoform of RARalpha-PML potentiates the development
of PML-RAR alpha-driven acute promyelocytic leukemia. Proc Natl
Acad Sci U S A 96: 15103-15108. doi:10.1073/pnas.96.26.15103.
PubMed: 10611345.

5. Bursen A, Schwabe K, Rüster B, Henschler R, Ruthardt M et al. (2010)
The AF4.MLL fusion protein is capable of inducing ALL in mice without
requirement of MLL.AF4. Blood 115: 3570-3579. doi:10.1182/
blood-2009-06-229542. PubMed: 20194896.

6. Kumar AR, Yao Q, Li Q, Sam TA, Kersey JH (2011) t(4;11) leukemias
display addiction to MLL-AF4 but not to AF4-MLL. Leuk Res 35:
305-309. doi:10.1016/j.leukres.2010.08.011. PubMed: 20869771.

7. Douglass EC, Valentine M, Etcubanas E, Parham D, Webber BL et al.
(1987) A specific abnormality in rhabdomyosarcoma. Cytogenet Cell
Genet 45: 148-155. doi:10.1159/000132446. PubMed: 3691179.

8. Turc-Carel C, Lizard-Nacol S, Justrabo E, Favrot M, Tabone E (1986)
Consistent chromosomal translocation in alveolar rhabdomyosarcoma.
Cancer Genet Cyotgenet 19: 361-362. doi:
10.1016/0165-4608(86)90069-5. PubMed: 3943053.

9. Wang-Wuu S, Soukup S, Ballard E, Gotwals B, Lampkin B (1988)
Chromosomal analysis of sixteen human rhabdomyosarcomas. Cancer
Res 48: 983-987. PubMed: 3338090.

10. Sumegi J, Streblow R, Frayer RW, Dal Cin P, Rosenberg A et al.
(2010) Recurrent t(2;2) and t(2;8) translocations in rhabdomyosarcoma
without the canonical PAX-FOXO1 fuse PAX3 to members of the
nuclear receptor transcriptional coactivator family. Genes
Chromosomes Cancer 49: 224-236. PubMed: 19953635.

11. Barr FG, Holick J, Nycum L, Biegel JA, Emanuel BS (1992)
Localization of the t(2;13) breakpoint of alveolar rhabdomyosarcoma on
a physical map of chromosome 2. Genomics 13: 1150-1156. doi:
10.1016/0888-7543(92)90030-V. PubMed: 1505949.

12. Barr FG, Sellinger B, Emanuel BS (1991) Localization of the
rhabdomyosarcoma t(2;13) breakpoint on a physical map of
chromosome 13. Genomics 11: 941-947. doi:
10.1016/0888-7543(91)90018-A. PubMed: 1783402.

13. Bernasconi M, Remppis A, Fredericks WJ, Rauscher FJ 3rd, Schäfer
BW (1996) Induction of apoptosis in rhabdomyosarcoma cells through
down-regulation of PAX proteins. Proc Natl Acad Sci U S A 93:
13164-13169. doi:10.1073/pnas.93.23.13164. PubMed: 8917562.

14. Barr FG, Galili N, Holick J, Biegel JA, Rovera G et al. (1993)
Rearrangement of the PAX3 paired box gene in the paediatric solid
tumour alveolar rhabdomyosarcoma. Nat Genet 3: 113-117. doi:
10.1038/ng0293-113. PubMed: 8098985.

15. Shapiro DN, Sublett JE, Li B, Downing JR, Naeve CW (1993) Fusion of
PAX3 to a member of the Forkhead family of transcription factors in
human alveolar rhabdomyosarcoma. Cancer Res 53: 5108-5112.
PubMed: 8221646.

16. Begum S, Emani N, Cheung A, Wilkins O, Der S et al. (2005) Cell-type-
specific regulation of distinct sets of gene targets by Pax3 and Pax3/
FKHR. Oncogene 24: 1860-1872. doi:10.1038/sj.onc.1208315.
PubMed: 15688035.

17. De Pittà C, Tombolan L, Albiero G, Sartori F, Romualdi C et al. (2006)
Gene expression profiling identifies potential relevant genes in alveolar
rhabdomyosarcoma pathogenesis and discriminates PAX3-FKHR
positive and negative tumors. Int J Cancer 118: 2772-2781. doi:
10.1002/ijc.21698. PubMed: 16381018.

18. Epstein JA, Song B, Lakkis M, Wang C (1998) Tumor-Specific PAX3-
FKHR Transcription Factor, but Not PAX3, Activates the Platelet-

Derived Growth Factor Alpha Receptor. Mol Cell Biol 18: 4118-4130.
PubMed: 9632796.

19. Khan J, Bittner ML, Saal LH, Teichmann U, Azorsa DO et al. (1999)
cDNA microarrays detect activation of a myogenic transcription
program by the PAX3-FKHR fusion oncogene. Proc Natl Acad Sci U S
A 96: 13264-13269. doi:10.1073/pnas.96.23.13264. PubMed:
10557309.

20. Zhang L, Wang C (2007) Identification of a new class of PAX3-FKHR
target promoters: a role of the Pax3 paired box DNA binding domain.
Oncogene 26: 1595-1605. doi:10.1038/sj.onc.1209958. PubMed:
16964289.

21. Zhang Y, Wang C (2011) Nephroblastoma overexpressed (NOV/CCN3)
gene: a paired-domain-specific PAX3-FKHR transcription target that
promotes survival and motility in alveolar rhabdomyosarcoma cells.
Oncogene 30: 3549-3562. doi:10.1038/onc.2011.69. PubMed:
21423212.

22. De Giovanni C, Landuzzi L, Nicoletti G, Lollini PL, Nanni P (2009)
Molecular and cellular biology of rhabdomyosarcoma. Future Oncol 5:
1449-1475. doi:10.2217/fon.09.97. PubMed: 19903072.

23. Marshall AD, Grosveld GC (2012) Alveolar rhabdomyosarcoma -- The
molecular drivers of PAX3/7-FOXO1-induced tumorigenesis. Skeletal
Muscle 2: 25. doi:10.1186/2044-5040-2-25. PubMed: 23206814.

24. Wang C (2012) Childhood rhabdomyosarcoma: recent advances and
prospective views. J Dent Res 91: 341-350. doi:
10.1177/0022034511421490. PubMed: 21917598.

25. Zanola A, Rossi S, Faggi F, Monti E, Fanzani A (2012)
Rhabdomyosarcomas: an overview on the experimental animal models.
J Cell Mol Med 16: 1377-1391. doi:10.1111/j.1582-4934.2011.01518.x.
PubMed: 22225829.

26. Keller C, Arenkiel BR, Coffin CM, El-Bardeesy N, DePinho RA et al.
(2004) Alveolar rhabdomyosarcomas in conditional Pax3:Fkhr mice:
cooperativity of Ink4a/ARF and Trp53 loss of function. Genes Dev 18:
2614-2626. doi:10.1101/gad.1244004. PubMed: 15489287.

27. Ren YX, Finckenstein FG, Abdueva DA, Shahbazian V, Chung B et al.
(2008) Mouse mesenchymal stem cells expressing PAX-FKHR form
alveolar rhabdomyosarcomas by cooperating with secondary
mutations. Cancer Res 68: 6587-6597. doi:
10.1158/0008-5472.CAN-08-0859. PubMed: 18701482.

28. Picchione F, Pritchard C, Lagutina I, Janke L, Grosveld GC (2011)
IRIZIO: a novel gene cooperating with PAX3-FOXO1 in alveolar
rhabdomyosarcoma (ARMS). Carcinogenesis 32: 452-461. doi:
10.1093/carcin/bgq273. PubMed: 21177767.

29. Xia SJ, Holder DD, Pawel BR, Zhang C, Barr FG (2009) High
expression of the PAX3-FKHR oncoprotein is required to promote
tumorigenesis of human myoblasts. Am J Pathol 175: 2600-2608. doi:
10.2353/ajpath.2009.090192. PubMed: 19893043.

30. Barr GF, Nauta EL, Hollows CJ (1998) Structural analysis of PAX3
genomic rearrangements in alveolar Rhabdomyosarcoma. Cancer
Genet Cytogenet 102: 32-39. doi:10.1016/S0165-4608(97)00287-2.
PubMed: 9530337.

31. Frascella E, Toffolatti L, Rosolen A (1998) Normal and rearranged
PAX3 Expression in human Rhabdomyosarcoma. Cancer Genet
Cytogenet 102: 104-109. doi:10.1016/S0165-4608(97)00352-X.
PubMed: 9546061.

32. Galili N, Davis RJ, Fredericks WJ, Mukhopadhyay S, Rauscher FJ 3rd
et al. (1993) Fusion of a fork head domain gene to PAX3 in the solid
tumour alveolar rhabdomyosarcoma. Nat Genet 5: 230-235. doi:
10.1038/ng1193-230. PubMed: 8275086.

33. Rego EM, Pandolfi PP (2002) Reciprocal products of chromosomal
translocations in human cancer pathogenesis: key players or innocent
bystanders? Trends Mol Med 8: 396-405. doi:10.1016/
S1471-4914(02)02384-5. PubMed: 12127726.

34. Cao Y, Wang C (2000) The COOH-terminal transactivation domain
plays a key role in regulating the in vitro and in vivo function of Pax3
homeodomain. J Biol Chem 275: 9854-9862. doi:10.1074/jbc.
275.13.9854. PubMed: 10734141.

Role of FKHR-PAX3 in Rhabdomyosarcomagenesis

PLOS ONE | www.plosone.org 17 June 2013 | Volume 8 | Issue 6 | e68065

http://dx.doi.org/10.1053/j.seminoncol.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19664492
http://dx.doi.org/10.1371/journal.pone.0007661
http://dx.doi.org/10.1371/journal.pone.0007661
http://www.ncbi.nlm.nih.gov/pubmed/19876398
http://dx.doi.org/10.1016/S1097-2765(00)00111-8
http://www.ncbi.nlm.nih.gov/pubmed/11106752
http://dx.doi.org/10.1073/pnas.96.26.15103
http://www.ncbi.nlm.nih.gov/pubmed/10611345
http://dx.doi.org/10.1182/blood-2009-06-229542
http://dx.doi.org/10.1182/blood-2009-06-229542
http://www.ncbi.nlm.nih.gov/pubmed/20194896
http://dx.doi.org/10.1016/j.leukres.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20869771
http://dx.doi.org/10.1159/000132446
http://www.ncbi.nlm.nih.gov/pubmed/3691179
http://dx.doi.org/10.1016/0165-4608(86)90069-5
http://www.ncbi.nlm.nih.gov/pubmed/3943053
http://www.ncbi.nlm.nih.gov/pubmed/3338090
http://www.ncbi.nlm.nih.gov/pubmed/19953635
http://dx.doi.org/10.1016/0888-7543(92)90030-V
http://www.ncbi.nlm.nih.gov/pubmed/1505949
http://dx.doi.org/10.1016/0888-7543(91)90018-A
http://www.ncbi.nlm.nih.gov/pubmed/1783402
http://dx.doi.org/10.1073/pnas.93.23.13164
http://www.ncbi.nlm.nih.gov/pubmed/8917562
http://dx.doi.org/10.1038/ng0293-113
http://www.ncbi.nlm.nih.gov/pubmed/8098985
http://www.ncbi.nlm.nih.gov/pubmed/8221646
http://dx.doi.org/10.1038/sj.onc.1208315
http://www.ncbi.nlm.nih.gov/pubmed/15688035
http://dx.doi.org/10.1002/ijc.21698
http://www.ncbi.nlm.nih.gov/pubmed/16381018
http://www.ncbi.nlm.nih.gov/pubmed/9632796
http://dx.doi.org/10.1073/pnas.96.23.13264
http://www.ncbi.nlm.nih.gov/pubmed/10557309
http://dx.doi.org/10.1038/sj.onc.1209958
http://www.ncbi.nlm.nih.gov/pubmed/16964289
http://dx.doi.org/10.1038/onc.2011.69
http://www.ncbi.nlm.nih.gov/pubmed/21423212
http://dx.doi.org/10.2217/fon.09.97
http://www.ncbi.nlm.nih.gov/pubmed/19903072
http://dx.doi.org/10.1186/2044-5040-2-25
http://www.ncbi.nlm.nih.gov/pubmed/23206814
http://dx.doi.org/10.1177/0022034511421490
http://www.ncbi.nlm.nih.gov/pubmed/21917598
http://dx.doi.org/10.1111/j.1582-4934.2011.01518.x
http://www.ncbi.nlm.nih.gov/pubmed/22225829
http://dx.doi.org/10.1101/gad.1244004
http://www.ncbi.nlm.nih.gov/pubmed/15489287
http://dx.doi.org/10.1158/0008-5472.CAN-08-0859
http://www.ncbi.nlm.nih.gov/pubmed/18701482
http://dx.doi.org/10.1093/carcin/bgq273
http://www.ncbi.nlm.nih.gov/pubmed/21177767
http://dx.doi.org/10.2353/ajpath.2009.090192
http://www.ncbi.nlm.nih.gov/pubmed/19893043
http://dx.doi.org/10.1016/S0165-4608(97)00287-2
http://www.ncbi.nlm.nih.gov/pubmed/9530337
http://dx.doi.org/10.1016/S0165-4608(97)00352-X
http://www.ncbi.nlm.nih.gov/pubmed/9546061
http://dx.doi.org/10.1038/ng1193-230
http://www.ncbi.nlm.nih.gov/pubmed/8275086
http://dx.doi.org/10.1016/S1471-4914(02)02384-5
http://dx.doi.org/10.1016/S1471-4914(02)02384-5
http://www.ncbi.nlm.nih.gov/pubmed/12127726
http://dx.doi.org/10.1074/jbc.275.13.9854
http://dx.doi.org/10.1074/jbc.275.13.9854
http://www.ncbi.nlm.nih.gov/pubmed/10734141


35. Barber TD, Barber MC, Cloutier TE, Friedman TB (1999) PAX3 gene
structure, alternative splicing and evolution. Gene 237: 311-319. doi:
10.1016/S0378-1119(99)00339-X. PubMed: 10521655.

36. Parker CJ, Shawcross SG, Li H, Wang QY, Herrington CS et al. (2004)
Expression of PAX 3 alternatively spliced transcripts and identification
of two new isoforms in human tumors of neural crest origin. Int J
Cancer 108: 314-320. doi:10.1002/ijc.11527. PubMed: 14639621.

37. Wang Q, Kumar S, Slevin M, Kumar P (2006) Functional analysis of
alternative isoforms of the transcription factor PAX3 in melanocytes in
vitro. Cancer Res 66: 8574-8580. doi:
10.1158/0008-5472.CAN-06-0947. PubMed: 16951170.

38. Charytonowicz E, Matushansky I, Castillo-Martin M, Hricik T, Cordon-
Cardo C et al. (2011) Alternate PAX3 and PAX7 C-terminal isoforms in
myogenic differentiation and sarcomagenesis. Clin Transl Oncol 13:
194-203. doi:10.1007/s12094-011-0640-y. PubMed: 21421465.

39. Xia SJ, Barr FG (2004) Analysis of the transforming and growth
suppressive activities of the PAX3-FKHR oncoprotein. Oncogene 23:
6864-6871. doi:10.1038/sj.onc.1207850. PubMed: 15286710.

40. Xia SJ, Rajput P, Strzelecki DM, Barr FG (2007) Analysis of genetic
events that modulate the oncogenic and growth suppressive activities
of the PAX3-FKHR fusion oncoprotein. Lab Invest 87: 318-325.
PubMed: 17297479.

41. Zhang X, Gan L, Pan H, Guo S, He X et al. (2002) Phosphorylation of
serine 256 suppresses transactivation by FKHR (FOXO1) by multiple
mechanisms. Direct and indirect effects on nuclear/cytoplasmic
shuttling and DNA binding. J Biol Chem 277: 45276-45284. doi:
10.1074/jbc.M208063200. PubMed: 12228231.

42. Wagstaff KM, Jans DA (2009) Importins and beyond: non-conventional
nuclear transport mechanisms. Traffic 10: 1188-1198. doi:10.1111/j.
1600-0854.2009.00937.x. PubMed: 19548983.

43. Graf Finckenstein F, Shahbazian V, Davicioni E, Ren YX, Anderson MJ
(2008) PAX-FKHR function as pangenes by simultaneously inducing
and inhibiting myogenesis. Oncogene 27: 2004-2014. doi:10.1038/
sj.onc.1210835. PubMed: 17922034.

44. Lam PY, Sublett JE, Hollenbach AD, Roussel MF (1999) The
oncogenic potential of the Pax3-FKHR fusion protein requires the Pax3
homeodomain recognition helix but not the Pax3 paired-box DNA
binding domain. Mol Cell Biol 19: 594-601. PubMed: 9858583.

45. Scheidler S, Fredericks WJ, Rauscher FJ 3rd, Barr FG, Vogt PK (1996)
The hybrid PAX3-FKHR fusion protein of alveolar rhabdomyosarcoma
transforms fibroblasts in culture. Proc Natl Acad Sci U S A 93:
9805-9809. doi:10.1073/pnas.93.18.9805. PubMed: 8790412.

46. Zhang Y, Schwartz J, Wang C (2009) Comparative analysis of paired-
and homeodomain-specific roles in PAX3-FKHR oncogenesis. Int J Clin
Exp Pathol 2: 370-383. PubMed: 19158934.

47. Mitra SK, Hanson DA, Schlaepfer DD (2005) Focal adhesion kinase: in
command and control of cell motility. Nat Rev Mol Cell Biol 6: 56-68.
doi:10.1038/nrm1549. PubMed: 15688067.

48. Merlo LM, Pepper JW, Reid BJ, Maley CC (2006) Cancer as an
evolutionary and ecological process. Nat Rev Cancer 6: 924-935. doi:
10.1038/nrc2013. PubMed: 17109012.

49. Polyak K, Haviv I, Campbell IG (2009) Co-evolution of tumor cells and
their microenvironment. Trends Genet 25: 30-38. doi:10.1016/j.tig.
2008.10.012. PubMed: 19054589.

Role of FKHR-PAX3 in Rhabdomyosarcomagenesis

PLOS ONE | www.plosone.org 18 June 2013 | Volume 8 | Issue 6 | e68065

http://dx.doi.org/10.1016/S0378-1119(99)00339-X
http://www.ncbi.nlm.nih.gov/pubmed/10521655
http://dx.doi.org/10.1002/ijc.11527
http://www.ncbi.nlm.nih.gov/pubmed/14639621
http://dx.doi.org/10.1158/0008-5472.CAN-06-0947
http://www.ncbi.nlm.nih.gov/pubmed/16951170
http://dx.doi.org/10.1007/s12094-011-0640-y
http://www.ncbi.nlm.nih.gov/pubmed/21421465
http://dx.doi.org/10.1038/sj.onc.1207850
http://www.ncbi.nlm.nih.gov/pubmed/15286710
http://www.ncbi.nlm.nih.gov/pubmed/17297479
http://dx.doi.org/10.1074/jbc.M208063200
http://www.ncbi.nlm.nih.gov/pubmed/12228231
http://dx.doi.org/10.1111/j.1600-0854.2009.00937.x
http://dx.doi.org/10.1111/j.1600-0854.2009.00937.x
http://www.ncbi.nlm.nih.gov/pubmed/19548983
http://dx.doi.org/10.1038/sj.onc.1210835
http://dx.doi.org/10.1038/sj.onc.1210835
http://www.ncbi.nlm.nih.gov/pubmed/17922034
http://www.ncbi.nlm.nih.gov/pubmed/9858583
http://dx.doi.org/10.1073/pnas.93.18.9805
http://www.ncbi.nlm.nih.gov/pubmed/8790412
http://www.ncbi.nlm.nih.gov/pubmed/19158934
http://dx.doi.org/10.1038/nrm1549
http://www.ncbi.nlm.nih.gov/pubmed/15688067
http://dx.doi.org/10.1038/nrc2013
http://www.ncbi.nlm.nih.gov/pubmed/17109012
http://dx.doi.org/10.1016/j.tig.2008.10.012
http://dx.doi.org/10.1016/j.tig.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19054589

	Structural and Functional Studies of FKHR-PAX3, a Reciprocal Fusion Gene of the t(2;13) Chromosomal Translocation in Alveolar Rhabdomyosarcoma
	Introduction
	Materials and Methods
	Materials
	RNA, RT-PCR, qRT-PCR
	DNA constructs
	Cell culture
	Immunodetection
	Promoter-reporter assays
	Clonogenic and Soft agar assays
	Cell adhesion, scratch wound, and invasion assays
	In vivo tumor assay
	Statistical analysis
	Ethics statement

	Results and Discussion
	Cloning and expression of rhabdomyosarcoma FKHR-PAX3 reciprocal fusion gene
	FKHR-PAX3 promoted high levels PAX3-FKHR expression in myogenic cells
	FKHR-PAX3 localized in cytoplasm and lacked transcription regulatory activity
	FKHR-PAX3 induced cell proliferation and blocked cell differentiation
	FKHR-PAX3 promoted colony growth
	Effects of FKHR-PAX3 on cell adhesion, mobility, and invasion
	FKHR-PAX3 accelerated ARMS xenograft tumor formation in nude mice

	Conclusion
	Acknowledgements
	References


