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Introduction

Rhabdomyosarcoma (RMS) is a malignant skeletal muscle can-
cer of pediatric patients, classified by two major subtypes, embry-
onal (ERMS) and the aggressive alveolar (ARMS). The latter 
responds poorly to treatment and, thus, has a poor prognosis.1 
The majority of ARMS are characterized by the presence of the 
pathogenetic chromosomal translocation t(2;13),2,3 which gener-
ates the chimeric transcription factor PAX3-FKHR consisting of 
the intact DNA binding domain of PAX3 and the potent trans-
activation domain of FKHR (FOXO1A).3 The transcription fac-
tor PAX3 plays an essential role in regulating the skeletal muscle 
differentiation program.4,5 The forkhead winged-helix transcrip-
tion factor FKHR also regulates the above differentiation pro-
gram.6,7 The chimeric PAX3-FKHR transcription factor retains 
the DNA binding specificity of PAX3; however, it gains greater 
transcriptional activity than does PAX3 in vitro8-10 and in vivo.11 
Gene expression and genome-wide binding studies have shown 
that PAX3-FKHR transcriptional targets largely overlap with 
PAX3-regulated genes and, in addition, several additional PAX3-
FKHR targets.12,13 These data suggest that PAX3-FKHR acts as 
a dominant-acting transcriptional regulator due to its increased 
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transactivation power and relaxed target specificity, leading to 
deregulated expression of downstream targets that cause ARMS 
phenotype.

A typical feature of ARMS also includes the myogenic phe-
notype with expression of MyoD,14 a bona fide target of PAX3-
FKHR,13,15 which acts as a key regulator of myogenic gene 
expression, leading to terminal differentiation.16 However, they 
fail to complete the terminal myogenic differentiation pro-
gram.14,17 There is a common thought that PAX3-FKHR contrib-
utes to ARMS development by sustaining the undifferentiated 
state through the coupling of abnormal proliferation of myogenic 
precursors to an escape from terminal myogenic differentiation. 
In support of this hypothesis, PAX3-FKHR-driven myogenic18,19 
or mesenchymal stem cell (MSC)-modified myogenic cells20 
expressing MyoD but no marker of terminal differentiation are 
proclaimed as the cells of origin of ARMS. The myogenic gene 
expression pattern in these cells was also similar to what is evi-
dent in ARMS.14,21 Moreover, ectopic PAX3-FKHR expression 
enables muscle myoblast cells to escape from low serum-induced 
terminal myogenic differentiation.15,22,23

The myogenic differentiation program relies on promyogenic 
signals, namely, the serine/threonine kinase AKT signaling 
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respectively; however, there was no sign of terminal muscle myo-
sin heavy chain (MyHC) expression in these ARMS cells under 
DM (Fig. 1B). This data establishes that PAX3-FKHR-positive 
ARMS cells expressing MyoD are incapable of undergoing ter-
minal myogenic differentiation. Impaired MyoD transcriptional 
activity-mediated myogenic gene expression is associated with the 
failure of ARMS cells to differentiate terminally.17,40,41 To verify 
that this is also apparent in ARMS-T and ARMS-325 cells, we 
evaluated MyoD transactivation ability in these ARMS cells 
compared with C2C12 myoblasts grown in GM or DM follow-
ing transduction of lentivirus expressing with a MyoD-responsive 
luciferase reporter (4RE-Luc).40 The data showed a decrease in 
MyoD-mediated reporter gene transcription, which is more in 
ARMS-T-4RE-Luc than ARMS-325-4RE-Luc cells, but, as 
anticipated, there was an increase of it in C2-4RE-Luc cells40 
grown in DM (Fig. 1C). Immunoblot analysis of these reporter 
cell extracts revealed that the level of MyoD protein is downregu-
lated in these ARMS cells but induced in C2C12 cells in DM, 
which is strongly correlated with MyoD-dependent reporter gene 
transcription. Collectively, these results suggest that suppressed 
MyoD expression may lead to the inhibition of terminal myo-
genic differentiation in ARMS-T and ARMS-325 cells grown 
under differentiation-permissible conditions.

Transcriptional activity of PAX3-FKHR fails to correlate 
its protein levels between ARMS-T and ARMS-325 cells. We 
observed that the protein levels of PAX3-FKHR are greater in 
ARMS-T cells than ARMS-325 cells, but MyoD, a bona fide 
transcriptional target of PAX3-FKHR,13,15 revealed an inverse 
scenario (Fig. 1A). In this context, we assessed whether PAX3-
FKHR differs in its transactivation ability between ARMS-T 
and ARMS-325 cells. In an effort to compare PAX3-FKHR 
transactivation ability in these ARMS cell lines, both cell lines 
were transduced through lentivirus expressing a PAX3-FKHR-
responsive luciferase reporter (6XPRS-Luc)46 or minimal pro-
moter-driven empty luciferase reporter (Em-Luc). We found a 
significant increase in PAX3-FKHR-mediated reporter activity 
only in ARMS-6XPRS-Luc cells (Fig. 2A), even though equiv-
alent levels of PAX3-FKHR were expressed in both 6XPRS-
Luc and Em-Luc ARMS cells, demonstrating the specificity 
of the observed effect. Interestingly, PAX3-FKHR-mediated 
reporter gene transcription was several fold higher in ARMS-
325-6XPRS-Luc than ARMS-T-6XPRS-Luc cells, despite the 
fact that the PAX3-FKHR protein level was higher in the latter 
cells. To further validate that PAX3-FKHR is specifically medi-
ated the reporter gene activation in ARMS-6XPRS-Luc reporter 
cells, PAX3-FKHR was depleted in these cells via lentivirus coex-
pressing its shRNA or scrambled shRNA along with GFP (green 
fluorescence protein). Figure 2B depicted the GFP-fluorescence 
image of the above viral-tranduced ARMS-6XPRS-Luc reporter 
cells prior to assessing PAX3-FKHR-dependnet reporter gene 
transcription in these cells. We found declines in reporter lucif-
erase activity in ARMS-6XPRS-Luc cells that have received 
PAX3-FKHR shRNA but not scrambled shRNA (Fig. 2C). 
Immunoblot analysis of reporter cell extracts confirmed PAX3-
FKHR knockdown by its shRNA (Fig. 2D). Together, these data 
indicate that PAX3-FKHR is transcriptionally more active in 

pathway,24-31 which is hyperactivated as myoblasts proceed to 
differentiate terminally in vitro under differentiation-permissible 
conditions (low serum).24,28,32-34 AKT hyperactivation promotes 
myogenic gene expression program and, thereby, terminal dif-
ferentiation. Activation of AKT signaling pathway, which is a 
common lesion in many cancers,35-37 is also found in ARMS.38 
Moreover, studies have found that AKT targets FKHR func-
tion in normal myogenic differentiation,6,7 but its fusion deriva-
tive PAX3-FKHR abrogates such processes in ARMS.18-20,23,39 
However, the molecular mechanism(s) underlying activated 
AKT signaling in association with PAX3-FKHR in the sup-
pression of myogenic differentiation program in ARMS remains 
unknown.

We used an established murine model of ARMS cells to 
investigate the mechanism by which AKT/PAX3-FKHR sig-
naling blocks terminal myogenic differentiation in ARMS cells. 
Here, we report that activated AKT signaling modulates PAX3-
FKHR to escape terminal myogenic differentiation in ARMS 
cells. The data shows that the transcriptional activity of PAX3-
FKHR relies on activated AKT status in ARMS cells, and that 
low serum-induced hyperactivated AKT disables its transactiva-
tion ability via phosphorylation in these cells. Subsequent data 
reveals that the AKT status adopted transcriptionally active 
and inactive state of PAX3-FKHR to suppress myogenic gene 
expression and differentiation through the inhibition of MyoD 
activity and expression, respectively, in ARMS cells. Together, 
these results suggest that AKT enforces PAX3-FKHR functional 
status in two modes inhibiting myogenic differentiation regu-
lated by MyoD in ARMS cells. In addition, the ability of hyper-
activated AKT to downregulate the transactivation function of 
PAX3-FKHR uncovers a novel clue, which could be exploited 
to eradicate PAX3-FKHR activity in ARMS development and, 
thus, may have therapeutic application.

Results

Conditional mouse models of ARMS cells are defective in ter-
minal myogenic differentiation. Studies by us and others have 
demonstrated that PAX3-FKHR-positive human ARMS cells 
fail to undergo terminal myogenic differentiation.17,40,41 We asked 
whether such a scenario is shared in mouse ARMS cell lines 
U20497-T (ARMS-T) and U20325 (ARMS-325), derived from 
PAX3-FKHR knock-in mouse models of ARMS, which con-
tain inactivated INK4a/ARF or p53,18 respectively. Immunoblot 
analysis of extracts of these cells confirmed the expression of 
both PAX3-FKHR and myogenic regulator MyoD proteins, a 
typical feature of PAX3-FKHR-expressed ARMS cells,17,18,42‑44 
with less PAX3-FKHR and more MyoD in ARMS‑325 cells 
than the ARMS-T cells (Fig. 1A). We then assessed the abil-
ity of ARMS-T and ARMS-325 cells in the myogenic differen-
tiation process upon switching these cells from growth (GM) to 
differentiation-permissible conditions (DM). In parallel, differ-
entiation-proficient murine C2C12 myoblasts were processed 
as a positive control.45 In contrast to C2C12 myoblasts, a little 
induction of growth arrest p21cip1 and muscle myogenin (MyoG) 
expression was detected in ARMS-T and AMRS-325 cells 
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activity was severely declined when both of these reporter cells 
were switched from GM to DM (Fig. 3A). This scenario was also 
visualized in PAX3-FKHR-responsive non-luciferase reporter 
GFP cells (ARMS-325-6XPRS-GFP), which were generated by 
transducing lentivirus expressing 6XPRS-GFP reporter gene into 
ARMS-325 cells, upon switching from GM to DM (Fig. 3B). We 
next evaluated whether the decreased PAX3-FKHR-mediated 
reporter gene transcription is also reflected in its endogenous tar-
get, MyoD transcription, in these ARMS cells grown in DM. 
Indeed, the results showed a dramatic decrease in the levels of 
MyoD mRNA upon switching both ARMS-T and ARMS-325 
cell lines from GM to DM (Fig. 3C). In contrast, PAX3-FKHR 

ARMS-325 than ARMS-T cells, and this disparity is not associ-
ated with its protein levels in the two cell lines.

The transactivation ability of PAX3-FKHR decreases in 
ARMS cells under differentiation-permissible conditions. 
Although we found a correlation in the status of MyoD and 
PAX3-FKHR-mediated transactivation between ARMS-T and 
ARMS-325 cells (Figs. 1A and 2A), the level of MyoD was dras-
tically deceased once they were transferred from GM to DM 
conditions (Fig. 1C). Therefore, we evaluated PAX3-FKHR-
dependent reporter gene transcription in ARMS-T-6XPRS-Luc 
and ARMS-325-6XPRS-Luc cells grown in GM and DM. The 
data showed that the relative PAX3-FKHR-responsive luciferase 

Figure 1. Suppression of MyoD expression and myogenic differentiation in mouse model of ARMS cells grown under differentiation-permissible 
conditions. (A) Immunoblot for PAX3-FKHR, MyoD or β-actin as a loading control for extracts from ARMS-T and ARMS-325 cells grown in GM. (B) Immu-
noblot of extracts of ARMS-T, ARMS-325 and C2C12 myoblast cells grown in GM or DM for 2 d, probed with indicated antibodies. (C) Luciferase activity 
in ARMS-T-, ARMS-325- and C2C12-derivative, MyoD-responsive 4RE-Luc reporter cells grown in GM or DM for 2 d. Values are normalized to amount of 
protein in lysates (upper). Immunoblot probed with MyoD or β-actin antibodies to detect MyoD and loading control, respectively (lower).
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Figure 2. PAX3-FKHR transactivation ability differs to its protein status between ARMS-T and ARMS-325 cells. (A) Luciferase activity in ARMS-T- and 
ARMS-325-derivative Em-Luc (empty) or PAX3-FKHR-responsive 6XPRS-Luc reporter cells grown in GM medium. Values are normalized to amount 
of protein in lysates (upper). Immunoblot of reporter cell extracts probed with FoxO1/FKHR or β-actin antibodies to detect PAX3-FKHR and loading 
control, respectively (lower). (B) Level of GFP in the above ARMS-derivative, PAX3-FKHR-responsive 6XPRS-Luc reporter cells tranduced with lentivirus 
coexpressing GFP along with indicated shRNA grown in GM for 2 d. (C) Luciferase activity in cells as in (B) normalized to amount of protein in lysates. 
Error bars, ± SEM (n = 3). (D) Immunoblot of reporter cell extracts as in (C) probed with FoxO1/FKHR and β-actin antibodies.

message level remains unchanged, whether these ARMS cells 
were grown in GM or DM (Fig. 3D), suggesting that the 
observed variation in the transcriptional activity of PAX3-FKHR 

is not associated with its own transcription. We then considered 
the possibility that there may be variation in the levels of PAX3-
FKHR protein in ARMS cells grown in GM vs. DM conditions. 
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However, immunoblot analysis of extracts of these cells revealed 
that PAX3-FKHR protein levels were relatively equivalent in cells 
grown either in GM or DM (Fig. 3E). Interestingly, we observed 
that PAX3-FKHR is detected as a doublet, with both a faster and 
slower migrating form of PAX3-FKHR present in ARMS cells. 
Moreover, the faster migrating form of PAX3-FKHR was shifted 
to the slower form when these cells were switched from GM to 
DM. Taken together, the results demonstrate that PAX3-FKHR 
function, but not level, is downregulated along with a shift of 
its faster to slower migrating form in ARMS cells grown in DM 
conditions.

Nuclear PAX3-FKHR undergoes phosphorylation in 
ARMS cells. Previous studies have shown that constitutive 
nuclear localization of PAX3-FKHR protein is correlated with 
its transactivation function.9,47 However, PAX3-FKHR tran-
scriptional activity decreased without significant alterations in 
the levels of mRNA or protein in both ARMS-T and ARMS‑325 
cells shifted from GM to DM (Fig. 3). We investigated whether 
altered PAX3-FKHR nuclear localization could account for 

Figure 3. PAX3-FKHR-dependent gene transcription is downregulated in ARMS cells grown in differentiation-permissible conditions. (A) Luciferase 
activity in ARMS-derivative, PAX3-FKHR-responsive 6XPRS-Luc reporter cells grown in GM or DM for 2 d. Values are normalized to amount of protein 
in lysates. (B) Levels of GFP in ARMS-325-6XPRS-GFP reporter cells grown as in (A). (C) Quantitative real-time PCR analysis of MyoD in ARMS-T and 
ARMS‑325 cells cultured as in (A). (D) RT-PCR analysis of PAX3-FKHR and β-actin in the indicated ARMS cells grown as in (A). (E) Immunoblot analysis of 
extracts of indicated ARMS cells grown as in (A), probed with FoxO1/FKHR and β-actin antibodies. For all applicable parts, error bars are ± SEM (n = 3).

the lack of PAX3-FKHR-mediated transactivation in these 
ARMS cells under DM. Fluorescent immunohistochemistry 
data revealed that the nuclear localization of PAX3-FKHR in 
both ARMS-T and ARMS-325 cells was similar, whether the 
cells were under GM or DM (Fig. 4A). This was confirmed by 
immunoblot analysis of the nuclear and cytoplasmic fractions of 
lysates from the same cells under both conditions using wild-
type FKHR, which normally shuttles between the nucleus and 
cytoplasm,6 as a positive control (Fig. 4B). We observed a shift 
of PAX3-FKHR from its faster to slower migrating form when 
ARMS-T and ARMS-325 cells were switched from GM to DM 
(Fig. 3E). A phosphorylation-dependent shift in the migration 
of wild-type FKHR to a slower form has been demonstrated 
during normal myoblast differentiation.6 Therefore, we hypoth-
esized that phosphorylation of the FKHR-derived fusion pro-
tein PAX3-FKHR might account for the shift toward a slower 
migrating form in these ARMS cells upon switching from GM to 
DM. Indeed, limited calf intestinal alkaline phosphastase (CIP) 
treatment of extracts of ARMS cells cultured in DM followed by 
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AKT activation was detected in both ARMS-T and ARMS-325 
cells under GM; however, its activation was further amplified 
in cells under DM (Fig. 5A), indicating a differentiation-stimuli 
responsive functional PI3K/ AKT pathway in these tumor cells. 
This finding suggested that hyperactivation of AKT might be 
responsible for the induced PAX3-FKHR phosphorylation 
(Figs.  3E and 4C) in these ARMS cells under DM. PAX3-
FKHR retains two of the three AKT kinase sites of wild-type 
FKHR located at Ser256 and Ser319.47 When the PI3K/AKT 
pathway was blocked by the PI3K inhibitor LY294002 (LY), 
decline in the level of phosphorylated form of PAX3-FKHR was 
visible in ARMS-T and ARMS-325 cells under DM (Fig.  5B). 
Immunoblot analysis confirmed the blockade of AKT activation 
as revealed by the reduced levels of phosphorylation on Ser473 
of AKT in these LY-treated ARMS cells in DM (Fig. 5C). 
Therefore, these results demonstrated that differentiation-depen-
dent AKT hyperactivation causes PAX3-FKHR phosphorylation 
in ARMS cells grown in DM conditions.

immunoblotting showed a significant reduction in the amount of 
the slower migrating form of PAX3-FKHR and positive control 
wild-type FKHR (Fig. 4C). Collectively, these findings indicate 
that increased phosphorylation of nuclear PAX3-FKHR is trig-
gered by DM conditions.

Elevated PI3K/AKT-activation couples with increased 
PAX3-FKHR phosphorylation in ARMS cells under differen-
tiation-permissible conditions. The PI3K/AKT signaling path-
way is frequently activated in many cancers,48 including ARMS.38 
This pathway is also activated and acts as a promyogenic signal 
following the exposure of normal myoblasts to differentiation-
permissible conditions.25,26 Because ARMS-T and ARMS-325 
cells have an inactive terminal myogenic differentiation program 
(Fig. 1B), we examined the integrity of PI3/AKT activation in 
response to signals provoked by differentiation-permissible con-
ditions (DM) in these cells. To this end, we checked the level of 
phosphorylation on Thr308 and Ser473 of AKT, a downstream 
effector of PI3K, both markers of activated AKT. As expected, 

Figure 4. Level of phosphorylated PAX3-FKHR is increased in the nucleus of ARMS cells under differentiation-permissible conditions. (A) Indicated 
ARMS cells cultured in GM or DM for 2 d are fixed and immunostained for PAX3-FKHR using PAX3 antibodies. (B) Immunoblot analysis of PAX3-
FKHR and FKHR in total (TEx), nuclear (NEx) and cytoplasmic (CEx) extracts of ARMS-325 cells grown as in (A), probed with FoxO1/FKHR antibody. 
(C)‑PAX3‑FKHR, FKHR and β-actin immunoblot analysis of CIP-treated or untreated extracts from indicated ARMS cells grown in DM for 2 d.
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in ARMS-325-6XPRS-Luc reporter cells (Fig. 6C). Fluorescence 
imaging depicted the expression of marker eGFP in these reporter 
cells tranduced with indicated retrovirus. Together, these data 
suggest that the levels of AKT activity are engaged in phosphor-
ylation-dependent modulation of PAX3-FKHR transcriptional 
activation in ARMS-T and ARMS-325 cells.

Dominant-negative AKT-restored PAX3-FKHR transac-
tivation induces MyoD expression but not its transactivation 
function in ARMS cells. The results presented above suggested 
that AKT hyperactivation-induced deficiency of PAX3-FKHR 
transactivation was restored by the pharmacological blockade of 
AKT activity in ARMS cells grown in DM. A dominant-negative 
mutant of AKT (dnAKT) also enhances PAX3-FKHR transac-
tivation in these cells under GM. However, we found that the 
lack of PAX3-FKHR transactivation coupled with impaired 
MyoD-mediated transcriptional activation was, in fact, due to 
its transcriptional repression in these cells under DM (Figs. 1C 
and 2A–C). Because MyoD is a transcriptional target of PAX3-
FKHR,13,15 we investigated whether ectopic expression of dnAKT 
can rescue PAX3-FKHR-mediated MyoD expression and its 
transactivation in ARMS cells grown under DM. Therefore, we 
assessed PAX3-FKHR transactivation following transduction of 
retrovirus expressing epitope HA-tagged dnAKT or empty virus 
into ARMS-325-6XPRS-Luc reporter cells grown DM. The 
results showed that PAX3-FKHR-driven luciferase activity was 
increased in cells containing HA-tagged dnAKT (Fig. 7A). To 
ascertain that this increased PAX3-FKHR transactivation did 
indeed restore MyoD expression together with its transactiva-
tion function, we performed a similar experiment as above in 

Induced PI3K/AKT-activation disables transactivation 
function of PAX3-FKHR in ARMS cells under differentia-
tion-permissible conditions. We speculated that PI3K/AKT 
hyperactivation-associated PAX3-FKHR phosphorylation (Fig. 
5) may be the reason for the weakened PAX3-FKHR transactiva-
tion function in ARMS cells under DM conditions (Fig. 3A). 
If this is true, we might expect the restoration of PAX3-FKHR 
transactivation function by the blockade of PI3K/ AKT pathway 
in ARMS cells grown in DM. Note that blockade of this path-
way by LY294002 (LY) inhibits PAX3-FKHR phosphorylation 
in these cells under DM (Fig. 5B and C). Therefore, we evalu-
ated PAX3-FKHR-mediated transactivation in ARMS-6XPRS-
Luc reporter cells grown in DM in the presence or absence 
of LY. The results showed the restoration of PAX3-FKHR-
dependent luciferase reporter activity in LY-treated, but not 
untreated, ARMS-6XPRS-Luc cells under DM (Fig. 6A), sug-
gesting that hyperactivated AKT induced the phosphorylation 
of PAX3-FKHR, which dampened the transactivation potency 
of PAX3-FKHR in ARMS cells grown in this condition. To 
verify that AKT hyperactivation, indeed, causes the decreased 
PAX3-FKHR transactivation function in ARMS cells in DM, 
we evaluated reporter gene transcription in ARMS-T-6XPRS-
Luc cells grown in GM following overexpression of a dominant-
negative form of AKT (dnAKT), a constitutive active form of 
it (myrAKT) or empty control through retrovirus-expressing 
marker enhanced GFP (eGFP). We found an increase or decrease 
of PAX3-FKHR-mediated luciferase activity in reporter cells that 
received dnAKT and myrAKT, respectively (Fig. 6B). A similar 
scenario was observed when the above experiment was performed 

Figure 5. AKT hyperactivation associates with PAX3-FKHR phosphorylation in ARMS cells under differentiation-permissible conditions. (A) Immunob-
lot analysis of extracts of indicated ARMS cells cultured in GM or DM for 2 d, probed with indicated antibodies. (B) Immunoblot of extracts of indicated 
ARMS cells cultured in GM or DM with or without LY for 2 d, probed with FoxO1/FKHR or β-actin antibodies (upper). Relative level of phosphorylated 
PAX3-FKHR (upper) is presented as a bar graph (lower). (C) Immunoblot analysis of cell extracts used in (B), probed with indicated antibodies.
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a late phenotypic marker of terminal differentiation (Figs. 1B 
and 3A). However, the experiment was performed after 2 d in 
DM, which might not have been sufficient to see an effect due 
to the presence of residual levels of PAX3-FKHR transcriptional 
activity, even though this time point is sufficient to see induc-
tion in C2C12 muscle cells (Fig. 1B),49 (i.e., the effect may be 
delayed in ARMS). Therefore, PAX3-FKHR transcriptional 
activity was assessed with respect to its responsive reporter gene 
transcription and target MyoD-driven differentiation-associated 
gene expression, in ARMS-325-6XPRS-Luc reporter and parent 
ARMS-325 cells, respectively, grown in GM or DM for 2, 5 and 
10 d. The data showed further decreases in PAX3-FKHR-driven 
reporter luciferase activity in cells grown in DM for 5 d, which 
remained low even at 10 d (Fig. 8A). However, there was no sub-
stantial change in the MyoD-induced p21cip1, MyoG and MyHC 
expression levels in these cells grown either 2, 5 or 10 d in DM 

MyoD-responsive ARMS-325-4RE-Luc reporter cells under DM 
conditions. Immunoblot analysis showed the induction of MyoD 
expression in cells expressing HA-tagged-dnAKT (Fig.  7B), 
which coincided with the above increased PAX3-FKHR trans-
activation in ARMS-325-6XPRS-luc cells grown under the same 
conditions. Interestingly, although MyoD was induced, its driven 
luciferase activity was further deceased in ARMS-325-4RE-Luc 
cells expressing HA-tagged-dnAKT (Fig. 7C). Together, these 
findings suggest that the interference of AKT signaling can rescue 
PAX3-FKHR mediated MyoD expression; however, it is tran-
scriptionally inactive in ARMS cells grown in DM conditions.

MyoD overexpression rescues transcriptional inactive 
PAX3-FKHR suppressed terminal myogenic differentiation in 
ARMS cells. In ARMS cells in DM, diminished PAX3-FKHR 
transcriptional activity failed to activate genes typically induced 
during myogenic differentiation, particularly muscle MyHC, 

Figure 6. Inhibition of PI3/AKT pathway induces PAX3-FKHR transactivation in ARMS cells. (A) Luciferase activity in the indicated ARMS-6XPRS-Luc 
reporter cell grown in GM or DM in the presence of absence of LY for 2 d. Values are normalized to amount of protein in lysates. (B) Luciferase activity 
(normalized values) in ARMS-T-6XPRS-Luc cells transduced with eGFP expressing either control, myrAKT or dnAKT retroviruses grown in GM for 2 d. 
(C) Same as in (B), except ARMS-325-6XPRS-Luc reporter cells were used (upper). Levels of GFP in these retroviral tranduced reporter cells (bottom). 
For all applicable parts, error bars are ± SEM (n = 3).
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(Fig. 8B). This finding is consistent with the fact that MyoD was 
absent from these cells at all three time points. These data sug-
gest that loss of MyoD expression due to decreased PAX3-FKHR 
transcriptional activity blocks ARMS cells from terminal dif-
ferentiation. To test this hypothesis, we generated ARMS‑325-
derivative ARMS-MyoD cells that ectopically overexpress MyoD 
(Fig. 8C). When these ARMS-MyoD cells were grown in DM 
for 2–10 d, remarkably, we found induced expression of p21cip1, 
MyoG and MyHC (Fig. 8D). Moreover, their levels of induction 
were enhanced with increased time of culture of these cells in 
DM, particularly to muscle-specific MyoG and MyHC expres-
sion. These findings indicate that MyoD overexpression over-
comes the block in terminal myogenic differentiation observed 
in ARMS cells. Furthermore, immunoflurorescence for MyHC 
expression in ARMS-MyoD cells cultured in GM or DM for 
10 d confirmed the differentiation phenotype as indicated by 
the enlargement of multinucleated cells only in DM (Fig. 8E). 
Taken together, these data indicate that the deficiency of PAX3-
FKHR transactivation-coupled inhibition of MyoD expression is 
accountable for the failure of terminal differentiation in ARMS 
cells.

Discussion

The role of chromosomal translocation-derived chimeric tran-
scription factor PAX3-FKHR in ARMS development is well 
characterized.2,3 However, studies have indicated that the mecha-
nism of PAX3-FKHR in ARMS oncogenesis works, at least in 
part, by preventing myogenic cells from completing the termi-
nal differentiation program.19,22,23 A key event in the myogenic 
differentiation process is the activation of the AKT signaling 
pathway, which acts as a promyogenic signals for myogenic gene 
activation.25-28 Despite activated AKT pathway in ARMS cells,38 

Figure 7. Dominant-negative AKT alleviates PAX3-FKHR-mediated MyoD expression exhibiting impaired transactivation in ARMS cells under 
differentiation-permissible conditions. (A) Luciferase activity in PAX3-FKHR-responsive ARMS-325-6XPRS-Luc reporter cells transduced with retrovirus 
expressing without (empty) or with HA-tagged dnAKT grown in GM or DM for 2 d. Values are normalized to amount of protein in lysates. (B) Immunob-
lot of extracts of MyoD-responsive ARMS-325-4RE-Luc reporter cells expressing without (empty) or with HA-tagged dnAKT via retroviral transduction, 
grown as in (A), probed with indicated antibodies. (C) Luciferase activity in cells used in (B). Values are normalized to amount of protein in lysates. 
For all applicable parts, error bars are ± SEM (n = 3).

they are defective in terminal myogenic differentiation.17,40,41 In 
ARMS, it is well recognized that PAX3-FKHR works by the gain 
of transcriptional power.2,50,51 The present study was focused on 
deciphering the molecular mechanism underlying activated AKT 
signaling in association with PAX3-FKHR transactivation in the 
suppression of the myogenic differentiation program in ARMS. 
To investigate the above mechanism, we have exploited condi-
tional mouse models of ARMS cells.18,21

Here, we show that mouse ARMS cells reflect the defective 
terminal myogenic phenotype as revealed by no sign of MyHC 
expression similar to their human counterpart under differentia-
tion conditions (DM).17,40,41 In this context, studies have impli-
cated that impaired MyoD transcriptional activity-mediated 
myogenic gene expression, but not the absence of MyoD, is 
associated with the failure of ARMS cells to differentiate ter-
minally.31,42,52 However, the data here indicated that impaired 
MyoD transactivation function is coupled with decreased levels of 
MyoD when these ARMS cells are under DM. Because MyoD is 
a transcriptional target of PAX3-FKHR,13,15 we evaluated the sta-
tus of PAX3-FKHR transcriptional activity in these ARMS cells 
under DM. Interestingly, PAX3-FKHR transcriptional activ-
ity is downregulated in ARMS cells grown under DM, which 
coincided with decreased expression MyoD at both the mRNA 
and protein levels. Although, a numerous studies have delin-
eated the transactivation function of PAX3-FKHR in attenuat-
ing myogenic differentiation,15,19,20,22,23,39,52,53 to our knowledge, 
downregulation of PAX3-FKHR transactivation function under 
DM has not been previously reported. This discovery led us to 
investigate the mechanism by which PAX3-FKHR transcrip-
tional activity is downregulated in ARMS cells grown in DM. 
Interestingly, the data here demonstrate that decreased PAX3-
FKHR transcriptional activity is not due to decreased levels of 
mRNA or protein nor to altered nuclear localization. However, 
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includes phosphorylation.54,55 Since induced PAX3-FKHR phos-
phorylation occurred when cells were grown in DM, we hypothe-
sized that phosphorylation could be responsible for the decreased 
PAX3-FKHR transcriptional activity. Several studies have 
reported phosphorylation in the PAX3 domain of PAX3-FKHR 
in association with its transcriptional activity.1,54-58 However, 
none of the above studies reported phosphorylation-induced 

we did perceive, during the assessment of PAX3-FKHR transac-
tivation potency in ARMS cells, that PAX3-FKHR appears as 
a doublet of a faster and slower migrating form. Interestingly, 
the data showed the shift of PAX3-FKHR to a slower migrat-
ing form in ARMS cells grown in DM. This finding provided 
us a hint that the transcriptional activity of PAX3-FKHR may 
be modulated through its post-translational modification, which 

Figure 8. Ectopic MyoD expression rescues transcriptional inactive PAX3-FKHR inability to induce terminal differentiation of ARMS cells. (A) Lucifer-
ase activity in ARMS-325-6XPRS-Luc cells grown in GM or DM for the indicated times in days. Values are expressed after protein normalization. Error 
bars, ± SEM (n = 3). (B) Immunoblot of extracts of ARMS-325 cells cultured as in (A), probed with indicated antibodies. (C) Immunoblot of extracts of 
ARMS-325 and its derivative MyoD overexpressed ARMS-MyoD cells grown in GM, probed with indicated antibodies. (D) Immunoblot of extracts of 
ARMS-MyoD cells cultured as in (A), probed with indicated antibodies. (E) Immunofluorescence of muscle MyHC of ARMS-MyoD cells grown in GM or 
DM for 10 d.
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MyoD-mediated myogenic differentiation in ARMS. Our data, 
however, indicate that hyperactivation of AKT or its activity led 
to loss of PAX3-FKHR transactivation potency and was not asso-
ciated with induced expression of either myogenin or MyHC in 
ARMS cells grown in DM, but expression of MyoD is lost. In 
this scenario, the absence of MyoD along with myogenin, the lat-
ter mediated directly by the loss of PAX3-FKHR transcriptional 
activity and/or coupled with MyoD eradication, eventually led 
to the inhibition of MyHC expression. Importantly, restoration 
of MyoD expression in ARMS cells that possess transactivation-
incompetent PAX3-FKHR repairs the defective terminal myo-
genic program under differentiation conditions. The data further 
underlines the role of MyoD in the activation of genes, such as 
growth arrest p21cip1 and muscle early myogenin followed by late 
MyHC.

In summary, our findings lead to the hypothesis that AKT 
tailors the PAX3-FKHR mediated block in muscle differentia-
tion through both inhibitions of MyoD expression and func-
tion in ARMS cells (Fig. 9). Central to this perspective is our 
finding that AKT-dependent phosphorylation manipulates the 
transcriptional activity of PAX3-FKHR in ARMS cells. While 
activated AKT sustains PAX3-FKHR transcriptional activity-
mediated block of MyoD activity and arrests differentiation of 
ARMS cells, hyperactivated AKT-mediated switching to trans-
activation-incompetent PAX3-FKHR fails to rescue the differ-
entiation arrest through loss of MyoD expression in these cells. 
Thus, the activated AKT status could be critical to the control of 

downregulation of transcriptional activity under differentiation 
conditions.

We investigated putative kinase signaling-pathway(s) induced 
under conditions suitable to induce terminal muscle differentia-
tion. Our prime suspect in this context was the PI3/AKT path-
way, since this pathway is activated in normal myoblasts when 
cultured in DM.28,29,59 In addition, PAX3-FKHR retains two 
consensus AKT phosphorylation sites in the FKHR domain.47 
Although activated AKT is present in ARMS,38 we found hyper-
activated AKT in ARMS cells grown in DM. Most significantly, 
the data generated using a pharmacological PI3/AKT inhibitor 
(LY294002) and a constitutive or dominant-negative version of 
AKT in ARMS cells showed that (1) the transactivation potency 
of PAX3-FKHR is preserved by basal activated AKT levels in 
cells under growth conditions, and (2) hyperactivated AKT as 
acts as a regulatory switch for PAX3-FKHR, changing it from 
a transcriptionally active to an inactive state under conditions 
of differentiation. In contrast, a previous study performed on 
NIH3T3 cells claimed that AKT activity fails to regulate the 
transcriptional activity of PAX3-FKHR.47 However, the previous 
finding does not negate our current findings, since PAX3-FHR 
activity and significance is cell type-specific,2,53 with a significant 
role almost exclusively in ARMS.2,3 Taken together, the data pre-
sented here uncover a molecular link between AKT activity and 
PAX3-FKHR transcriptional response, which can be modulated 
by manipulating the level of AKT activity.

In the context of AKT activity, one would expect that its 
hyperactivation would lead to terminal myogenic differentia-
tion. This assumption was based on previous studies demonstrat-
ing that differentiation-responsive AKT activation is essential 
for normal myoblasts to differentiate terminally.25,29,31,33 Studies 
further delineated that AKT signaling promotes differentiation 
by activating MyoD-regulated myogenic gene transcription.29,30 
Concurrently, one would also expect that loss of PAX3-FKHR 
transactivation function would lead to ARMS cell differen-
tiation. This was based on a recent study that claimed PAX3-
FKHR prevents myogenic differentiation of ARMS cells through 
repression of myogenin expression.39 Their results showed that 
siRNA-mediated PAX3-FKHR silencing induces myogenin, 
a downstream MyoD target, to cooperate with it in late gene 
expression during terminal differentiation16 and late muscle 
MyHC expression in ARMS cells. However, the expression of 
MyoD, a direct target of PAX3-FKHR,13,15 was not significantly 
downregulated by PAX3-FKHR siRNA in their study in ARMS 
cells. In contrast, a previous study showed that PAX3-FKHR 
can transactivate myogenin independent of MyoD.60 Moreover, 
a recent study demonstrated that PAX3-FKHR activates MyoD 
expression, but at the same time attenuates the MyoD-mediated 
terminal myogenic program.15 Our data demonstrates that the 
restoration of PAX3-FKHR activity mediated induction of 
MyoD by dnAKT is incompetent in gene activation function 
in ARMS grown in DM, supporting that PAX3-FKHR activ-
ity mediated simultaneous induction and inhibition of MyoD 
regulated the myogenic program. Hence, PAX3-FKHR silenc-
ing by its siRNA might induce myogenin expression that coop-
erates with residual MyoD, leading to expression of late gene in 

Figure 9. Model depicting AKT-directed dual strategy in the suppres-
sion of MyoD-driven myogenic differentiation through PAX3-FKHR in 
ARMS cells.
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target cells for 8 h three consecutive times. Where appropriate, 
antibiotic selection was performed 48 h post-transduction until 
untransduced cells died. Viral titers were routinely assessed by 
GFP florescence in HeLa cells transduced with serial dilution of 
GFP expressing retroviral and lentiviral stock.

Generation of stable population of cells. We generated 
ARMS-T-4RE-Luc and ARMS-325-4RE-Luc reporter cell 
populations containing MyoD-responsive 4RE-luc luciferase 
reporter vector via lentivirus transduction followed by selec-
tion with puromycin. Similarly, puromycin-resistant ARMS-
T-6XPRS-Luc and ARMS-325-6XPRS-Luc cell populations 
containing the PAX3-FKHR-responsive 6XPRS-Luc reporter 
vector or empty Em-luc vector were generated. ARMS-325-
6XPRS-GFP cell populations were generated by transducing 
lentivirus expressing 6XPRS-GFP reporter gene. Puromycin-
resistant populations of MyoD overexpressed ARMS-325 
(ARMS-MyoD) cells were generated by retroviral transduc-
tion. Lentivirus co-expressing PAX3-FKHR shRNA and GFP 
or control scrambled shRNA and GFP were transduced into 
ARMS-T-6XPRS-Luc and ARMS-325-6XPRS-Luc reporter 
cells. All cells were maintained at 37°C, 5% CO

2
 in a humidi-

fied atmosphere.
Antibodies. The following antibodies were purchased and 

used in this study: FoxO1/FKHR (C29H4), Phosphor-Akt 
(Ser473) (D9E), Phosphor-Akt (Thr308) (C31E5E), and Akt 
(pan) (C67E7) (Cell Signaling); MyoD (M318, C20) and 
p21cip1 (C19) (Santa Cruz Biotechnology); Myogenin (BD 
Bioscience); MyHC (MF20) (Developmental Hybridoma Bank), 
HA-Peroxidase (H6533) and β-actin-Peroxidase (clone RG-96) 
(Sigma-Aldrich).

Cell extracts, western blotting and CIP treatment. 
Preparation of total, nuclear and cytoplasmic cell extracts and 
immunoblotting were described previously in reference 45. For 
immunoblot analysis, the signal was detected using an ECL-
Plus reagent (GE Healthcare), and the image was retrieved 
and analyzed by Alpha Innotech FluorChem® HD2 Imager 
(R&D Systems). For CIP treatment, 50 μg of total cell extracts 
was incubated with 50 U of Calf Intestine alkaline Phosphatase 
(CIP) (Roche) at 37°C for 1 h followed by immunoblot analysis.

Luciferase reporter assay. The ARMS derivative PAX3-
FKHR-responsive 6XPRS-Luc and MyoD-responsive 4RE-Luc 
luciferase reporter cells were seeded in a 12-well plate (5 x 104 
cells per well) and grown in GM or DM for different time peri-
ods. Luciferase assay was performed as described previously in 
reference 45, and luciferase activity was determined in triplicate 
using a luciferase assay system according to the manufacture’s 
instruction (Promega) and normalized by total protein.

Gene expression analysis. Total RNA was isolated from 
ARMS-T and ARMS-325 cells grown in GM and DM using 
TRIzol reagent according to manufacturer’s instruction 
(Invitrogen). RNA was then transcribed into cDNA using 
Superscript III reverse transcriptase (Invitrogen) as instructed by 
the manufacturer. Semi-quantitative PCR and quantitative real-
time PCR (qRT-PCR) analysis were performed as described in our 
recent study in reference 63. For quantitation, target mRNA level 
was normalized to the constitutively expressed β-actin mRNA. 

PAX3-FKHR-positive ARMS cells to maintain undifferentiated 
state by preventing terminal differentiation.

Materials and Methods

Cell culture. The following cell lines were used in this study: 
mouse ARMS U20497T (ARMS-T) and U20325 (ARMS-
325); mouse C2C12 myoblasts, 293FT, Phoenix-ampho and 
HeLa. Mouse ARMS cell lines U204097T (PAX3-FKHR+/+, 
INK4a/ ARF-/-) and U20325 (PAX3-FKHR+/+, p53-/-) were 
established from tumors of the indicated conditional mouse 
ARMS strains as described previously in references 18 and 
61. C2C12 myoblasts, HeLa, 293FT and Phoenix-ampho cell 
lines were described previously in reference 49. Except C2C12 
cells, all cells were grown in DMEM supplemented with 10% 
FBS (growth medium, GM). C2C12 myoblasts were grown in 
growth  medium (GM, 20% FBS), and cells were induced to 
differentiate by incubating in differentiation-permissible (DM) 
medium as described in reference 45. Cells were treated with 
25 μM of LY294002 (purchased from Calbiochem) or con-
trol DMSO vehicle. Stable cell populations were generated 
through lentiviral/retroviral transduction followed by antibiotic 
selection.

Plasmids. PAX3-FKHR responsive lentiviral pLA-6XPRS-
Luc reporter luciferase vector was generated by PCR amplifi-
cation of 6XPRS-9 binding sites from vector 6XPRS9-LucS 
(kindly provided by Frederic G. Barr62) followed by cloning 
into the pLA-4RE-Luc vector49 that lack the MyoD-responsive 
4RE element. Reporter pLA-6XPRS-GFP vector was generated 
by replacing the Luc reporter from pLA-6XPRS-Luc with PCR 
amplified entire coding region of GFP from lentiviral pLVR-
GFP vector. Lentiviral pLV-shRNAPAX3-FKHR-GFP and 
pLV-shRNAscramble-GFP vectors were generated in the fol-
lowing way: a 64 oligonucleotide small hairpin loop template 
for shRNA representing 19 bp oligos against PAX3-FKHR 
mRNA or control scrambled was initially cloned in pLV-
shRNA (bleo)63 vector to obtain pLV-shRNA PAX3-FKHR 
(bleo) and pLV-shRNA scrambled (bleo) vectors, respectively. 
Finally, the bleomycin (bleo)-resistant gene was replaced with 
the entire coding region of GFP by sub-cloning. Retroviral 
pBabe-eGFP (eGFP, enhanced green fluorescence protein), 
pBabe-myrAKT-eGFP and pBabe-dnAKT-eGFP vectors were 
generously received from Eugene Kandel. Retroviral pBabe-
HA-myrAKT was generated by sub-cloning the SnaB1/EcoR1 
fragment from pCMV5-HA-myrAKT (Addgene) into pBabe 
(puro) vector. Retroviral pBabe-MyoD was described in a pre-
vious study in reference 63. All PCR-derived sequences were 
confirmed by sequencing.

Retroviruses and lentiviruses production and transduction. 
Retroviruses and lentivirus were generated following transient 
transfection of retroviral vectors or lentiviral vectors in Phoenix-
ampho and 293FT packaging cell lines, respectively, as previ-
ously described in references 49 and 63. Viral supernatants were 
collected 48 h post-transfection by passing through 0.45 μm 
syringe. Viruses were diluted with growth medium containing 8 
μg/ml of freshly prepared polybrene (Sigma) and tranduced into 
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Primers for RT-PCR
PAX3-FKHR: Forward: AGA CAT TTA CAC CAG GGA 

GGA; Reverse: CTG TCA TGA TGG GAG AAA CTC
MyoD: Forward: CCG CCG CCT GAG CAA AGT GA; 

Reverse: CCG GAG GCG ACT CTG GTG GT
β-actin: Forward: CAC ACT GTG CCC ATC TAC G; 

Reverse: TGC TTG CTG ATC CAC ATC
Oligonucleotides for RNA interference
PAX3-FKHR: CCT CTC ACC TCA GAA TTC A
Scramble: ATC TAT CCG ACC ACC TAT C
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The cycle threshold value (CT) for target and β-actin mRNAs 
for each sample was calculated. A normalized target value was 
then derived by subtracting the amount of target mRNA by that 
of β-actin (ΔCT) and the changes of target mRNA expression 
were quantified using delta-delta CT method. All reactions were 
performed in triplicate.

Immunofluorescence. Cells cultured in GM and DM were 
washed with PBS, fixed with 4% paraformadehyde and permea-
bilized with 0.1% TX-100 in PBS for 30 min. After blocking 
with donkey normal serum, cells were incubated with primary 
antibody. Alexa-Fluor 488 (green) or 594 (red) conjugated sec-
ondary antibodies (Invitrogen) were used to detect the bound 
primary antibody in ARMS-325 and ARMS-T cells respec-
tively. Nuclei were stained with DAPI. Images were documented 
using fluorescence microscope Leica DMI 4000 B (Leica 
microsystems).

Primers and oligonucleotide. Primers for cloning
6XPRS-9 binding sites: Forward: CCG CTC GAG CGG 

ATC GAT AAT TCG AGC TCG AC; Reverse: TCC CCC 
GGG GGA GCC CAA GGT CGA AGC TTA

GFP: Forward: AAC TGC AGA ACC AAT GCA TTG GAT 
GGT GAG CAA GGG C; Reverse: CGG GAT CCC GTT 
ACT TGT ACA GCT CGT CCA TG
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