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ABSTRACT

The mouse myoblast C2C12 cell line transfected singly with cDNA for
Pax-3, PAX3-FKHR, or insulin-like growth factor (IGF) II or cotrans-
fected with IGF-II plus Pax-3 or with IGF-II plus PAX3-FKHR genes

showed an altered morphology, a lack of differentiation, and higher
proliferation rates m vitro. On s.c. injection into nude mice, tumors grew
from transfected cell lines but not from cells transfected with the empty
vector. Tumors derived from IGF-II/PAX3-FKHR- and IGF-II-trans-
fected cells grew most rapidly. Cotransfection of IGF-II plus Pax-3 in
duced tumors comprised highly differentiated striated muscle cells; Pax-3,
PAX3-FKHR, or IGF-II transfection produced tumors at varying stages
of differentiation. Tumors derived from IGF-II plus PAX3-FKHR-CO-

transfected cells were composed of undifferentiated cells. This was the
only tumor type to infiltrate the underlying muscle. The most angiogenesis
and the least apoptosis were observed in the latter tumors. These results
support the hypothesis that PAX3-FKHR interacts with IGF-II to play a

critical role in the oncogenesis of rhabdomyosarcoma.

INTRODUCTION

RMSs2 are the most common soft tissue sarcomas of children under

15 years of age (1). RMS-E and RMS-A account for more than 90%

of RMS. These tumors display variable degrees of rhabdomyoblastic
differentiation and are thought to originate from myogenic progenitors
that are retarded during their myogenic differentiation pathway. The
molecular pathogenesis of RMS is still unclear.

Included within the murine Pax-3 protein are a highly conserved
128-amino acid DNA-binding domain, the paired box, and another
DNA-binding domain, the paired-type homeodomain. Pax-3 is ex

pressed between days 8.5 and 11.5 postcoitum in the epithelial
somites and the lateral aspects of the dermomyotomes. High expres
sion of Pax-3 can also be detected along the migratory pathway of

myoblasts in the limb buds (2, 3). Recently, the direct involvement of
Pax-3 has been reported in myogenesis (4, 5).

The chromosomal translocation t(2;13)(q35;ql4) is a common cy-
togenetic feature of RMS-A that results in the fusion of the 5' end of
the PAX3 gene (located at 2q35) to the 3' end of the FÃœHRgene at

13ql4 (6-8). Overexpression of PAX3 mRNA has been found in cell
lines derived from both RMS-E and RMS-A (9). The transfection of
mouse C2C12 myoblasts with Pax-3 or PAX3-FKHR cDNA trans
forms these cells in vitro. The PAX3-FKHR chimeric protein is a
stronger transcriptional activator than the wild-type PAX3 product
(10-12) and shows a greater transforming effect than Pax-3 (13).

These facts suggest that a molecular disturbance in the PAX3 gene
might be implicated in the oncogenesis of RMS.

The IGF-II gene is located on human chromosome 11 at p 15.5.
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IGF-II mRNA is most abundant during fetal development and rapidly
declines after birth. This has led to speculation that IGF-II might be a
major fetal growth factor (14). IGF-II has been demonstrated to

stimulate myoblast proliferation and differentiation in vitro (15, 16).
Overexpression of IGF-II has been identified in both RMS-E and
RMS-A and in cell lines derived from them, implying that IGF-II

might contribute to the unregulated proliferation characteristic of
RMS (17, 18). The activity of the IGF-II gene in normal mouse and

human muscle tissues is regulated by genomic imprinting, with the
paternal alÃelebeing active and the maternal alÃelebeing inactive in
normal muscle tissue (19). It was reported that relaxation of the
imprinted maternal alÃeleof the IGF-ll gene causes Overexpression of
the IGF-II protein in RMS-E (20). When transfected with an IGF-II

expression vector, C2C12 myoblasts manifest malignant phenotypes
in vitro (21). Thus, IGF-II might be an inducer of RMS.

It is widely accepted that oncogenesis is a multistep procedure.
Because Overexpression of PAX3 and IGF-II is a common phenom
enon in both RMS-E and RMS-A, and the translocation of PAX3-
FKHR occurs in some cases of RMS-A, we hypothesized that there

might be a relationship between these two molecular events in the
tumorigenesis of RMS. Thus we transfected mouse C2C12 myoblasts
singly with IGF-II, Pax-3, or PAX3-FKHR or cotransfected them with
IGF-II plus Pax-3 or with IGF-II plus PAX3-FKHR. The biological

behavior and tumorigenesis of the resulting transfected cells were
evaluated in vitro and in vivo. Cellular transformation in vitro and
tumor formation in vivo could be induced by any of the transfection
combinations, but not by the empty vector (control). Overexpression
of IGF-II, Pax-3, PAX3-FKHR, or IGF-II plus Pax-3 could induce

benign muscle tumors, but the development of an aggressive malig
nant phenotype required the Overexpression of both IGF-H and PAX3-

FKHR genes.

MATERIALS AND METHODS

Cell Lines. The mouse C2C12 myoblast cell line was purchased from The
European Collection of Animal Cell Cultures.

Expression Vectors and Stable Transfection. Details of the different
expression vectors used in this study have been reported elsewhere (13, 21).
Briefly, the coding regions of murine Pax-3 cDNA. human PAX3-FKHR
cDNA, and human IGF-II preprohormone cDNA were inserted into the mul

tiple cloning site of pCMVÃŸ,pcDNA3/neo. and pcDNAl/neo. respectively.
The pcDNAl/neo empty vector was used as a negative control for transfection.

C2C12 cells were cultured in DMEM with 10% PCS (Life Technologies,
Inc.) in 6-well plates until they reached 70% confluence. The cells were
cultured in 1 ml of serum-free DMEM supplemented with 10 /j.1of Transfec-

tam (Promega) and 3 jug of the relevant expression vector for 6 h. A 1:40 molar
ratio of pcDNAl/neo was included for transfection of the pCMVÃŸ-based
vector. For cotransfection, 3 jug of each of IGF-II/pcDNAl/neo and Pax-3/
pCMVÃŸor PAX3-FKHR7pcDNA3/neo were added into the medium. DMEM

(2 ml) with 10% PCS was added into each well. After 48 h, the cells were
cultured in DMEM plus 10% PCS and 500 /xg/ml G418 (Life Technologies,
Inc.). After 14 days of selection, positive clones were picked out with a cloning
ring for further analysis.

Total RNA Extraction and RT-PCR Analysis. Total RNA was extracted

from different cell lines with an Excell RNA extraction kit (BioGene). RNA
(1 jug) from each cell line was then reverse-transcribed into cDNA using
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a first-strand cDNA synthesis kit (Pharmacia). The procedure for RNA ex
traction and reverse transcription was as described in the manufacturer's

instructions. cDNA (1 jxl) from each cell line was amplified by PCR. S16
ribosomal protein RNA was amplified in parallel and used as an external
control. The following primers were used: (a) IGF-II primers [amplification of
nucleotides 396-573 (177 bp) of the ÃŒGF-Hgene], IGF-II/F (5'-CTTCTACT-
TCAGCAGGCC-3') and IGF-II/R (5'-CCTGTTGAAGGGGTCTAT-3'); (b)

PAX3/FKHR primers [amplification of nucleotides 1046-1454 (408 bp) cov
ering the fusion point of the PAX3 and FKHR genes of PAX3-FKHR chimeric
cDNA], PF-1046 (5'-GCACTGTACACCAAAGCACG-3') and PF-1454 (5'-
CTGTCGGGACCTAGTGTCAA-3'); (c) Pax-3 primers (307 bp; covering
parts of exons 2 and 3 of the Pax-3 gene), E2F2 (S'-GCGTTTTTATCAACG-
GCAGG-3') and E3R1 (S'-CGATCACAGACCGCGTCCTTG-S'): and (</)

mouse S16 ribosomal protein gene primers (102 bp; used as an external
control), S16F (5'-AGGAGCGATTTGCTGGTGTGGA-3') and S16R (5'-
GCTACCAGGCCTTTGAGATGGA-3').

The PCR was carried out for 30 cycles (94Â°Cfor 1 min, 58Â°Cfor 1 min, and
72Â°Cfor 1.5 min) with a final 10-min incubation at 72Â°C.This was in the linear

region of the graph (cycle number versus amount of DNA produced). The PCR
reaction was as described previously (22). The PCR products (3 /j.1) were
electrophoresed through a \% agarose gel, blotted onto a nylon membrane
(BioGene), and verified by hybridization with relevant probes. The signal was
detected using digoxigenin DNA detection kit (Boehringer Mannheim). The
2347-bp murine Pax-3 cDNA and 973-bp human IGF-II preprohormone cDNA
were used as probes for Pax-3 and IGF-II, respectively. The 610-bp FKHR
fragment derived by EcoRI adjacent to the PAX3-FKHR fusion point was used

as a probe for FKHR.
Growth and Myogenic Assay. Cells were cultured in either PM

(DMEM + 10% fetal bovine serum) or DM (DMEM + 2% horse serum). The
transfected cell lines were plated at 5 X IO3 cells/well in duplicate in 24-well
plates using PM at 37Â°Cand a 5% CO2:air atmosphere. Cell numbers were

counted every day for 6 days. Cells tested in the myogenic assay were plated
at 5 X IO5 cells/well in duplicate in a 6-well plate containing 2 ml of PM. 2
mM L-glutamine, 50 lU/ml penicillin, and 50 ng/ml streptomycin at 37Â°Cin a

5% CO2 atmosphere until the cells reached 80% confluence. The medium in
one of the two wells was removed and replaced with DM. and the cells were
grown for 9 days. Cell morphology was examined under an inverted phase-

contrast microscope and photographed every day.
Xenografts in Nude Mice. Cells (5 X IO6cells/50/j.1) from transfected cell

lines were injected s.c. into the right flank of 7-9-week-old BALB/c female

athymic nude mice (nu/nu). The animals were observed until the tumor size
reached 10 mm in diameter; failing that, they were observed continuously for
12 weeks.

Histology and Immunohistochemistry. Paraffin-embedded tumor sec

tions were stained with H&E. The frozen sections were fixed in cold methanol
for 10 min and stained with rat antimouse CD31 monoclonal antibody (PharM-

ingen; 1:50 dilution) or rabbit antimouse sarcomeric myosin polyclonal anti
body (Sigma, 1:40 dilution) for 1 h, and the signal was detected by a
peroxidase-conjugated biotin-streptavidin complex kit (Santa Cruz Biotech
nology) used according to the manufacturer's instructions or by a FITC-

conjugated secondary antibody (DAKO; 1:30 dilution), respectively. The
morphological criteria for apoptosis were as described by Ijiri and Potten (23):
(a) cell shrinkage (the volume of apoptotic cells can be reduced by up to 30%.
and these cells undergo a breakdown of cell-cell interaction as they become

isolated from their neighbors); and (h) nuclear condensation or fragmentation.
Statistical Analysis. All results were analyzed using the Kruskal-Wallis

test and ANOVA.

RESULTS

RT-PCR Analysis of Different Transfected Cell Lines. Success
ful transfections were verified by RT-PCR (Fig. 1). After standardi

zation by the S16 rRNA used as an external control, high expression
of IGF-II mRNA could be identified in cells transfected with IGF-II
alone or in cells cotransfected with IGF-II plus Pax-3 or IGF-II plus
PAX3-FKHR. Background IGF-II expression could only be seen in
cells singly transfected with Pax-3. PAX3-FKHR, or controls (Fig.
IA). Fig. IÃŸshows the high expression of Pax-3 mRNA in Pax-3- or
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Fig. 1. The expression of IGF-II. Pax-3, and PAX3-FKHR mRNA in diffÃ©renttrans
fected cell lines. Upper panels of A and B: A. the cDNAs were amplified with IGF-11
primers, and the PCR products were hybridized with IGF-II probe; ÃŸ.the cDNAs were
amplified with Pax-3 primers and the PCR producÃswere hybridized with Pax-3 probe.

Lower panels of A and B. S16 ribosomal protein cDNA was externally amplified as a
standard control. C the cDNAs from PAX3-FKHR-transfected cell lines were amplified
by PAX.VFKHR (PF1046/PFI454) and Pax-3 (E2F2/E3RI) primers and hybridized with
FKHR probe (upper panel}. Only the 408-bp chimeric fragment hybridized to the FKHR

probe. The lower panel shows the gel stained with ethidium bromide.
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PAX3-FKHR-transfected cells. Pax-3 expression in cells transfected
with IGF-Il alone was as low as that in control cells. The transfection
of PAX3-FKHR was also verified by RT-PCR amplification of the

fusion point and hybridization with a FKHR probe (Fig. 1C).
C2C12 Cells Were Transformed by Different Transfections in

Vitro. Transfected cell lines were cultured in DM for 7 days. The
pcDNAl/neo-transfected cells were spindle-like and formed abundant
myotubes (Fig. 2A, I). Cells transfected with IGF-II, PAX3-FKHR, or
IGF-II plus PAX3-FKHR became flattened and polygonal. Transfec
tion with Pax-3 or IGF-II plus Pax-3 resulted in a mixture of polyg
onal and spindle-shaped cells (Fig. 2, A, 2-6). Very few myotubes
were formed in cells transfected with IGF-II, Pax-3, PAX3-FKHR, or
IGF-II plus Pax-3, whereas no myotubes could be seen in cells
transfected with IGF-II plus PAX3-FKHR (P < 0.03, ANOVA; Fig.

2B). Fig. 3A shows the similarity among the growth curves of cells
transfected with IGF-II, Pax-3, PAX3-FKHR, IGF-II plus Pax3, or
IGF-II plus PAX3-FKHR. These cell lines grew much faster, and after

6 days of culture, they reached significantly higher cell densities than
did the parental cells or cells transfected with the empty vector
(P < 0.0001. ANOVA).

The Growth Pattern of Different Cell Lines in Nude Mice.
Twelve days after injection, palpable lumps, approximately 2 mm in
diameter, could be identified in most mice. The size of tumors in the
control group decreased after week 2, and the tumors had disappeared
by week 5. In contrast, tumors in the other groups continued to grow.
The size of tumors grown from Pax-3-, PAX3-FKHR-, and IGF-II
plus Pax-3-transfected cell lines leveled off after week 6, and their

means remained at 4.5, 5, and 7.4 mm in diameter, respectively, until
12 weeks, when the animals were sacrificed (Fig. 3B). The tumors
from IGF-II plus PAX3-FKHR- and IGF-II-transfected cells reached

10 mm in diameter at weeks 8 and 9, respectively. When the tumors
grown from IGF-II plus PAX3-FKHR-transfected cells reached 8-9

mm in diameter, they started to grow more rapidly, and some satellite
tumors appeared around the original tumor mass. In accordance with
the British Home Office guidelines for the welfare of animals, the
animals were killed when the tumors reached 10 mm in diameter. The
lymph nodes, lungs, liver, and kidneys of the mice were examined, but
no distant mÃ©tastaseswere seen with the naked eye. The number of
mice presenting with tumors also varied among the different groups
(Fig. 3S). Fig. 4A shows representative areas of tumors grown from
different cell lines. Vascularization was visible to the naked eye,
especially around tumors grown from the IGF-II plus PAX3-FKHR-

transfected cells (Fig. 4A, I). On histolÃ³gica! examination, tumors
arising from IGF-II plus PAX3-FKHR-transfected cell lines contained

highly undifferentiated elongated or spindle cells with large elongated
nuclei, resembling poorly differentiated fibrosarcoma cells. No myo
tubes were formed in these tumors (Fig. 4B, 1). In contrast to the two
types of tumor described above, tumors arising from cells that were
cotransfected with IGF-II plus Pax-3 were composed mainly of highly

differentiated myoblasts and myotubes (Fig. 4B, 2). In the highly
differentiated myoblasts, myofibrils and transverse striations could be
seen clearly. Tumors derived from IGF-II-transfected cells contained
some differentiated myotubes, but most cells appeared as balloon-like

giant multinucleated cells with myofilaments (Fig. 4B, 3). The mor
phology of tumors arising from PAX3-FKHR- or Pax-3-transfected

cell lines was variable because they were composed of cells at
different differentiation levels (Fig. 4, B, 4 and 5). The myogenic
origin of these tumors could be confirmed by their positive immuno-

staining for the skeletal muscle myosin (Fig. 4C). Only tumors de
rived from IGF-II plus PAX3-FKHR-transfected cells invaded the

underlying normal muscle tissue (Fig. 4D).
Angiogenesis and Apoptosis. Fig. 5 shows the angiogenic status

and apoptotic cell numbers in different tumors. Tumor sections

A

B

Cell lines

Fig. 2. A, phase-contrast microscopic appearances of cells transfected with: /.
pcDNAI/neo empty vector; 2. PAX3-FKHR; 3. Pax-3; 4. IGF-II; 5. IGF-II plus Pax-3; 6,
IGF-Il plus PAX3-FKHR (X 100; arrowheads indicate myotubes). fi, the quantification of

myotubes in different cell lines cultured in DM for 7 days. The control cells formed
significantly more myotubes than transfected cells. No myotubes were observed in the
cells cotransfected with IGF-1I/PAX3-FKHR.

stained with anti-CD31 monoclonal antibody are shown in Fig. 5A,

and a few typical apoptotic cells have been highlighted with arrow
heads in Fig. 5B. The tumors derived from cells expressing IGF-II

from either a single transfection or a cotransfection with other genes
had a higher microvessel density (angiogenesis; P < 0.0001) and
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Fig. 3. In vitro and in vivo growth patterns of the transfected mouse C2CI2 myoblast
cell line. A. all cell lines transfected with different combinations of IGF-II, Pax-3. and
PAX3-FKHR proliferated more rapidly than did cells transfected with empty vector and
parental C2CI2 cells in vitro, fi. growth rates of tumors derived from different transfected
cell lines. Cells (5 X IO6) from each transfected cell line were injected into each mouse

in a group of seven nude mice. The animals were observed unti! the tumor size reached
10 mm in diameter or for up to 12 weeks. Numbers in parentheses represent the number
of mice with tumors/total number of mice injected.

contained fewer apoptotic cells (P < 0.05). The tumors derived from
IGF-II plus PAX3-FKHR-transfected cells had the highest microves-

sel density and the least apoptosis (Fig. 5Q.

DISCUSSION

High expression of the PAX3 and Â¡GF-Ilgenes has been reported in
RMSs and in cell lines from both RMS-A and RMS-E tumor types
(9, 17). Because the expression of oncogenes can be up-regulated by

overexpressed growth factors and vice versa (24, 25), we speculated
that there might be some intrinsic cooperative effect between IGF-II
and Pax-3 in the tumorigenesis of RMS. Fig. 1 shows the high

expression of IGF-II. Pax-3, and PAX3-FKHR mRNA in the corre

sponding transfected cell lines. However, we could not find mutual
up-regulation between IGF-II and Pax-3 or between IGF-II and
PAX3-FKHR. Two possible explanations can be offered for these
results: (a) both genes might be up-regulated in RMS by a third

unidentified gene(s). Thus, although overexpression of both genes
might be of crucial importance in the development and progression of
RMS, there seems to be no causal relationship between them; and (b)
using an in vitro luciferase assay, it was shown that the IGF-II
promoter can be up-regulated by the PAX3-FKHR protein.1 The

regulatory effects of the transfected genes might be masked by inhib
itory events in the widespread genetic background.

The transfected cell lines had higher proliferation rates in vitra (Fig.
3A) and greater capacities for anchorage-independent growth (data not

shown). The differentiation status of transfected cell lines was vari
able. Myogenic differentiation was only partially repressed by trans-
fection with the IGF-II, Pax-3, PAX3-FKHR, or IGF-II plus Pax-3
genes. However, it was completely blocked by IGF-II plus PAX3-

FKHR transfection (Fig. 2B). These results suggest that transforma
tion in vitro is a multistep event, and overexpression of both IGF-II
and PAX3-FKHR is essential for full-scale transformation. Our in

vivo studies provided additional compelling evidence for this.
C2C12 cells singly transfected with Pax-3, PAX3-FKHR, or IGF-II

could form tumors in nude mice. Cells transfected with Pax-3 or
PAX3-FKHR induced tumors in only half of the recipient mice (three

of seven mice and four of seven mice, respectively), and these tumors,
which consisted of cells at different myogenic stages, remained at
approximately 5 mm in diameter until week 12 (Fig. 3fl). The tumor
incidence (seven of seven) and growth rate of IGF-II-transfected cells

were even higher. These tumors consisted of a high proportion of
large, round, balloon-like myoblasts with large nuclei. Very few fully
differentiated myotubes were seen. Tumors induced by Pax-3-,
PAX3-FKHR-, or IGF-II-transfected cells did not invade the under

lying normal muscles. These results implied that although high ex
pression of Pax-3, PAX3-FKHR, or IGF-II alone can transform

C2C12 cells in vitro, these genes induce only relatively benign tumors
in vivo. More genetic damage is essential for inducing and maintain
ing full-scale malignant tumor growth in vivo.

We tested the cooperative oncogenic effect of IGF-II plus Pax-3 or
IGF-II plus PAX3-FKHR in vivo. Although overexpression of both
IGF-II and PAX3 is a common feature of RMS. we unexpectedly
found that tumors induced by IGF-II plus Pax-3 transfection consisted
mainly of muscle-like cells. The nature of the cooperative effect
between Pax-3 and other growth factors on normal muscle prolifera

tion and differentiation is still unclear. Our results suggested that the
high expression of both the IGF-II and Pax-3 genes boosts myogenic

differentiation, at least in the transfected tumor tissues.
Regardless of whether in limb buds or back muscle, when myo

genic precursor cells start to express muscle differentiation factors and
differentiate, Pax-3 expression is repressed (3, 26). Failure to shut
down Pax-3 expression may prevent the myogenic precursors from

attaining complete differentiation. Thus, although areas of the tumors
transfected with IGF-II and Pax-3 were highly differentiated, many

cells were arrested early in differentiation. The light microscopic
appearance of these tumors was very similar to that of the adult
subtype of benign striated muscle tumor in man, the rhabdomyoma.
The average size (7.4 mm) of IGF-II plus Pax-3-transfected tumors
was smaller than that of those transfected with IGF-II alone (10 mm).

During embryogenesis, dermomyotomal cells migrating into the limb
express high levels of Pax-3. They do not proliferate until they reach

1 L. Helman, unpublished observations.
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B

Fig. 4. The morphology of tumors produced by dif
ferent transfected mouse C2CI2 myoblast cell lines. A.
7-5, gross morphology of tumors in nude mice. The
margins of the primary tumors are indicated by solid
arrowheads. The presence of the satellite tumor (empty
arrowheads) and marked vascularization (arrows) was
only observed in tumors induced by IGF-II plus PAX3-
FKHR-transfected cells. B, 1-5, microscopic appear
ance of different tumors. IGF-II plus PAX3-FKHR-

induced lumors showed the least differentiation,
whereas IGF-II plus Pax-3-induced tumors showed
highly differentiated muscle-like cells (arrows), and
balloon-like cells can be seen in IGF-11-induced tumors
(arrowheads). C, /-5, immunofluorescent staining of

tissue sections of these tumors with antiskeletal muscle
myosin antibody confirmed their myogenic origin
(X250). For A-C: /, IGF-II plus PAX3-FKHR; 2,
IGF-II plus Pax-3; 3, IGF-II; 4. Pax-3; 5. PAX3-FKHR.

D, the invasive status of different tumors. /, tumors
derived from cells transfected with IGF-II plus PAX3-
FKHR invaded the surrounding normal muscle (*, mus
cle; *, lumor cells). No invasion of normal tissues was
observed in any of the other tumor types. 2, a typical
tumor derived from Pax-3-transfected cells (stained
with H&E; X250)
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their destination and Pax-3 expression falls (3, 26). The proliferation
of Schwann cells is also repressed by Pax-3.4 In IGF-II plus Pax-3-

transfected tumors, cell proliferation might be maintained mostly by
IGF-II, whereas Pax-3 might antagonize this proliferative effect.

4C. Kioussi. personal communication.

A stronger oncogenic effect could be seen when IGF-II and PAX3-
FKHR were cotransfected. The tumors derived from IGF-II plus
PAX3-FKHR-transfected cells kept growing and reached 10 mm in

diameter within 8 weeks. The appearance of these tumors became
tubercular, and some satellite tumors started to appear locally. Most
tumors consisted of very poorly differentiated, spindle-shaped, fibro-
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Fig. 5. Angiogenesis and apoptosis in different tumors. A,
CD31 immunostaining demonstrated microvessel densities in
tumors derived from (/) IGF-II plus PAX3-FKHR-transfected
cells and (2) Pax-3-transfected cells (X250). B, typical apoptotic
cells (empty arrowheads) in tumors derived from (/) IGF-II plus
PAX3-FKHR-transfected cells and (2) Pax-3-transfected cells
(X400). C, the relationship between the number of microvessels
and the number of apoptolic cells. HPF, high-power field.
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blast-like cells. No myotubes or intracellular myofilament arrange

ments characteristic of striated muscle could be seen. The tumor cells
infiltrated and destroyed the underlying normal muscle. The PAX3-
FKHR chimera joins the intact DNA-binding domains of PAX3 with
the transactivation fragment of FKHR, allowing it to bind to Pax-3-
binding sequences. It has a higher transcription ability than Pax-3 (10,
12, 27). Also, PAX3-FKHR chimeric cDNA has a greater transform
ing effect on C2C12 cells than the wild-type Pax-3 gene in vitro (13).

Most literature has emphasized the enhanced transcriptive potential of
the PAX3 gene conferred by the transcription activation domain
derived from FKHR (10, 12, 27). Because transfection of C2C12 cells
with IGF-II plus Pax-3 or IGF-II plus PAX3-FKHR could respec

tively induce or block myogenic differentiation in vivo, it seems that
the function of the chimeric PAX3-FKHR gene in vivo cannot be
explained simply as an enhanced transcription effect of wild-type

PAX3. Like the bcr/abl fusion gene of the Philadelphia chromosome
translocation in chronic myeloid leukemia (28), the PAX3-FKHR gene

must have gained other function(s) relevant to RMS. The rearrange
ment may affect the conformation of the DNA-binding domain in the
chimeric transcription factor because, compared with the wild-type
PAX3 protein, the PAX3-FKHR protein has a much lower binding
affinity with Pax-3-binding sequences of DNA (12). The PAX3-

FKHR rearrangement juxtaposes the DNA fragments from two dif
ferent oncogenes (PAX and forkhead). The characteristics of each
joined portion might have been changed by this molecular event, and
the encoded chimeric protein must have gained some functions that
are absent from either of the wild-type parental proteins. Thus, apart
from the putative gene(s) downstream of PAX3, PAX3-FKHR might

be able to regulate the expression of other unknown gene(s) not
normally regulated by PAX3. Our in vivo experiment showed that
either IGF-II or PAX3-FKHR can induce myogenesis to some extent,

whereas, when they are cotransfected, these two genes can each
repress the myogenic differentiation effect of the other. Cotransfected
tumors were very poorly differentiated. Meanwhile, a combination of
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Fig. 6. A putative model for the roles of IGF-I1.
Pax-3, and PAX3-FKHR in the oncogenesis of

RMS. Other regulatory factors such as Notch.
MyoD. myogenin. and so forth are obviously im
portant in muscle differentiation hut have not been
depicted in this model. Arrow, promote.

Benign Tumor RMS-E

Over-expression of
1GF-I1+ PAX3

Normal expression of
1GF-1I-f PAX3

\0ver-expression of IGF-II + PAX3
k+ unknown molecular events

Over-expression of
IGF-II + PAX3-FKHR

Normal Muscle

Unknown
Molecular

events

these two genes can work cooperatively to increase cell proliferation
and boost tumor growth. The synergistic oncogenic effect of IGF-II
and PAX3-FKHR is reminiscent ofthat of the Hox-2.4 gene and IL-3
(29). The concerted expression of the Hox-2.4 and IL-3 genes can
transform normal bone marrow cells in vitro and induce myelomono-
cytic leukemia, whereas enforced expression of IL-3 alone elicits only
a florid myeloprolif'erative syndrome in which the bone marrow is

infiltrated by relatively mature hematopoietic cells. Douglass et al.
(30) found that t(2;13) is not limited to the RMS-A histolÃ³gica! type.

It may be a secondary abnormality and might possibly be a marker of
disease progression in various types of RMS (31). Considering the
effects of IGF-II plus Pax-3 or IGF-II plus PAX3-FKHR on C2C12
myoblasts, we suggest a model for the role of IGF-II, PAX3, and
PAX3-FKHR in myogenesis and oncogenesis in Fig. 6.

We have observed local invasion and infiltration of the underlying
normal muscle by tumors derived from IGF-II plus PAX3-FKHR-

transfected cells (Fig. 4D). In contrast, no invasion occurred with
tumors produced by any of the other transfected cells. Cell mobility is
the biological basis of tumor invasion and metastasis. IGFs are key
motility factors (32), and Pax-3 plays a critical role in the migration

of the myoblasts from the somite to the limb buds (2, 33). The
following question may be asked: if both IGF-II and Pax-3 can

strongly induce cell migration, why did the tumors derived from
IGF-II-, Pax-3-, PAX3-FKHR-, or IGF-II plus Pax-3-transfected cells

show no local invasion and infiltration? It is widely accepted that cell
migration and differentiation are mutually exclusive. In light of that,
IGF-II. Pax-3, and PAX3-FKHR strongly stimulated myogenic dif

ferentiation in our experiments in vivo, and the differentiation effect
might have negated the ability to migrate of the relevant tumor cells.
This may be the most plausible explanation as to why the tumors
derived from IGF-II-, Pax-3-, PAX3-FKHR-, and IGF-II plus Pax-3-

transfected cell lines did not show invasive characteristics.
In contrast, when the differentiation effects of IGF-II and PAX3-

FKHR were mutually frustrated, the undifferentiated cells possessed a
migration ability endowed by IGF-II (and maybe even enhanced by
PAX3-FKHR).

Angiogenesis and apoptosis profoundly affect tumor growth in vivo
(33-35). The effect of IGF-II on tumor growth and apoptosis has been

demonstrated in other tumors grown in transgenic mice (36). We
found abundant microvessels in tumors derived from IGF-II plus
PAX3-FKHR- and IGF-II-transfected cell lines. Only a small number
of blood vessels could be seen in tumors derived from Pax-3- or
PAX3-FKHR-transfected cell lines. When apoptosis and angiogenesis

in these tumors were compared, it became apparent that these two

parameters were inversely related. These facts are in agreement with
the size and number of tumors derived from these different cell lines.
It is tempting to suggest that IGF-II is a key factor for angiogenesis

and tumor cell survival in these tumors. Apart from a direct disturb
ance of the cellular mechanism of apoptosis, the antiapoptotic effect
of IGF-II might also be mediated by inducing angiogenesis within

tumor tissues.
Pax-3 and PAX3-FKHR, respectively, seemed to antagonize and

synergize with IGF-II in vivo. It is possible that the significance of the

t(2;13) chromosomal translocation in RMS lies in the synergistic
effect of PAX3-FKHR with other growth factors, such as IGF-II,

whereas the normal PAX3 equivalent would antagonize the prolifer
ation effect of these growth factors.
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