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Abstract

The myogenic transcription factor Pax3 plays an essential role in early skeletal muscle development
and is a key component in Alveolar rhabdomyosarcoma (ARMS), a childhood solid muscle tumor.
ARMS is characterized by a t(2;13) chromosomal translocation resulting in the fusion of the 5’ Pax3
sequences to the 3' FOXOL1 sequences to encode the oncogenic fusion protein, Pax3-FOXOL1.
Posttranslational modifications such as phosphorylation are common mechanisms by which
transcription factors are regulated. Consistent with this fact, we demonstrated in a previous report
that Pax3 is phosphorylated on Ser205 in proliferating, but not differentiated, primary myoblasts.
However, the kinase that mediates this phosphorylation event has yet to be identified. In addition, it
is not known whether Pax3-FOXO1 is phosphorylated at this site or how the phosphorylation of the
fusion protein changes during early myogenic differentiation. In this report we identify CK2
(formerly termed “casein kinase I1”") as the kinase responsible for phosphorylating Pax3 and Pax3-
FOXOL1 at Ser205 in proliferating mouse primary myoblasts. Furthermore, we demonstrate that in
contrast to wild-type Pax3, phosphorylation at Ser205 persists on Pax3-FOXO1 throughout early
myogenic differentiation. Finally, we show that Pax3-FOXOL1 is phosphorylated at Ser205 in a
variety of translocation-containing ARMS cell lines. The results presented in this report not only
suggest a possible mechanism by which the disregulation of Pax3-FOXO1 may contribute to
tumorigenesis, but also identifies a novel target for the development of therapies for the treatment
of ARMS.

Pax3 is a member of the paired class homeodomain family of transcription factors and plays
an essential role in early skeletal muscle development. As such, it is required for the formation
of muscles of the trunk and for the delamination and migration of myogenic progenitor cells
to the limb buds (1). In particular, Pax3 controls critical biological aspects of myogenic
progenitor cells including cell survival, proliferation, and entry of the progenitor cells into the
myogenic program (2). Highlighting the importance of Pax3 throughout embryogenesis, Pax3
null mice lack limbs due to defects in the skeletal musculature and die midgestation due to
defective neural crest cell migration and consequent cardiac defects (3).

In addition to its role in early muscle development, Pax3 is also involved in the formation of
the solid childhood muscle tumor alveolar rhabdomyosarcoma (ARMS). The most prevalent
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genetic mutation in ARMS, a t(2;13)(q35-37;g14) chromosomal translocation, results in the
fusion of the 5’ Pax3 sequences to the 3’ sequences of a member of the forkhead family of
transcription factors, FOXO1, to encode an 836 amino acid oncogenic fusion protein (3). The
Pax3-FOXO1 fusion protein retains the DNA-binding and protein-protein interaction domains
of Pax3. However, the Pax3 transcriptional activation domain is replaced by the bisected DNA
binding domain and potent transcriptional activation domain of FOXOL1 (Figure 1A) (4,5). As
aresult of the fusion, several biological properties of Pax3-FOXOL are altered when compared
to wildtype Pax3, which include increased mRNA levels (6), more potent transcriptional
activity despite having a reduced DNA binding capability (7), unresponsiveness to the Pax3
co-repressor hDaxx (8), greater post-translational stability in early myogenesis (9), and the
ability to regulate genes not normally regulated by wild type Pax3 (10,11). As a consequence
of these altered activities, Pax3-FOXOL is thought to be a key contributor to the development
of ARMS highlighting the importance of the identification of new molecular targets for
potential drug development.

Posttranslational modifications such as phosphorylation are common mechanisms for the
regulation of myogenic transcription factors. Consistent with this fact, we previously
demonstrated that Pax3 is phosphorylated at Ser205 in proliferating primary myoblasts and
that this phosphorylation event is rapidly lost upon the induction of differentiation (12). More
recently it was demonstrated that Pax3-FOXOL1 is also phosphorylated at unidentified sites in
non-physiologically relevant cells (13). Despite this information, the kinase responsible for
phosphorylating Pax3 at Ser205 has yet to be identified. In addition, it is not known whether
Pax3-FOXOL1 is also phosphorylated at Ser205 or how the pattern of phosphorylation at this
site differs between wild-type Pax3 and the fusion protein during myogenesis.

Ser205 is present in the context of a protein kinase CK2 (formerly termed “casein kinase 11”)
consensus sequence, suggesting that CK2 may be responsible for phosphorylating Pax3, and
potentially Pax3-FOXO1, at Ser205. CK2 is a ubiquitous, highly pleiotropic, and highly
conserved Serine/Threonine protein kinase with a heterotetrameric structure comprised of two
catalytic a or o' subunits and two regulatory B subunits (14). It has been postulated that the
constitutive activity of CK2 creates a constitutive post-translational modification of its target
proteins, whereby the “regulatory” actions of CK2 result from the active dephosphorylation of
the target protein (15). In further support of CK2 as the responsible kinase, CK2 is expressed
in both proliferating myoblasts and throughout myogenic differentiation (16) whereby it
controls the transcriptional activity of muscle regulatory factors such as MRF4, myf5, and
MyoD (17-19). In addition to its role in muscle development, CK2 activity is enhanced in
ARMS cells and as a result contributes to the development of ARMS by inhibiting apoptosis
(20). Therefore, it is conceivable that Pax3 and Pax3-FOXO1, two proteins key in myogenesis
and the development of ARMS, may represent additional targets of CK2.

In this report, we show that both Pax3 and Pax3-FOXO1 are phosphorylated at Ser205 by CK2
in proliferating mouse primary myoblasts, consistent with a well-conserved CK2 consensus

sequence at this site (21). Furthermore, we demonstrate that phosphorylation of Ser205 persists
on Pax3-FOXO1, but not Pax3, throughout early myogenic differentiation. Finally, consistent
with the prominent role of both CK2 and Pax3-FOXO1 in the development of ARMS, we show
that Pax3-FOXOL is phosphorylated at Ser205 in a variety of t(2;13) translocation-containing
ARMS cell lines. The results presented in this report not only suggest a possible mechanism

by which the disregulation of Pax3-FOXO1 may contribute to tumorigenesis, but also identifies
potential novel targets for the development of therapies to be used for the treatment of ARMS.
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EXPERIMENTAL PROCEDURES (MATERIALS & METHODS)

Cells and cell culture conditions

Mouse primary myoblasts were isolated from 2 — 4 day old C57/BI6 mice as previously
described (12). Proliferation medium for the mouse primary myoblasts consisted of Ham's F-10
nutrient medium (Mediatech Cellgro, Herndon, VA) supplemented with 20% FBS (HyClone
Laboratories, Inc., Logan, UT), 2.5ng/ml bFGF (Promega Corp., Madison, WI), and 156mM
HEPES (HyClone). Differentiation medium consisted of Dulbecco's Modification of Eagle's
Medium (DMEM, Gibco BRL) supplemented with 2% horse serum (HyClone). All media
contained penicillin G (200U/ml) and streptomycin (200pg/ml). DMEM was additionally
supplemented with 2mM L-glutamine (GIBCO BRL) and when prepared in this manner
referred to as DMEM-complete. Cells were grown in a humidified incubator at 37°C in 5%
CO». All cells were grown on collagen-coated dishes (Becton Dickinson Labware, Bedford,
MA), were passage-matched to prevent possible differences due to different passage
conditions, were not used past passage 9 to prevent the cells from entering crisis, and were not
allowed to grow past approximately 80% confluency to maintain the cells in an undifferentiated
state. To induce differentiation of primary myoblasts, the proliferation media was removed,
the cells were washed twice with PBS, the media was replaced with 10ml of differentiation
media, and the cells were grown as described above until needed for further analysis.

Mouse primary myoblasts stably expressing FLAG epitope-tagged Pax3 (FLAG-Pax3) or
FLAG epitope-tagged Pax3-FOXO1 (FLAG-Pax3-FOXO1) were generated by a modification
of retroviral transduction, as previously described (7,12), using an MSCV-IRES-Puro
construct, which contains the gene for Puromycin resistance. The myoblasts were allowed to
incubate for three to seven days post-transduction to allow for the expression of the Puromycin
resistance gene. The myoblasts containing the desired constructs were selected by incubating
the cells in proliferation media containing Puromycin (2.5ug/ml) overnight in a humidified
incubator at 37°C in 5% CO». The following day the media was changed to proliferation media
without Puromycin and the cells were allowed to recover for 1 — 3 days. The selection process
was repeated exactly as described for a total of three times. Cells selected in this manner were
cultured and expanded as previously described (12).

Human rhabdomyosarcoma Rh30 cells were purchased from American Type Culture
Collection (Manassas, VA). Human rhabdomyosarcoma Rh3, Rh4, Rh28 and Rh41 cells were
a kind gift of Dr. Gerard Grosveld, St. Jude Children's Research Hospital (Memphis, TN).
Rhabdomyosarcoma cells were grown in RPMI 1640 medium (Gibco BRL) supplemented with
2mM L-glutamine, 10mM HEPES, 1mM sodium pyruvate, 4.5g/L glucose, 1.5g/L sodium
bicarbonate, 10% fetal bovine serum and Penicillin-Streptomycin in a humidified incubator at
37°C in 5% CO,.

Creation of expression vector constructs

The GST fusion constructs pGEX-5X-1-Pax3 and pGEX-5X-1-Pax3-FOXO1 were a kind gift
from Dr. Gerard Grosveld, St. Jude Children's Research Hospital (Memphis, TN). The
phosphoincompetent pGEX-5X-1-Pax3(S205A) point mutant, in which Ser205 was mutated
to a phosphoincompetent alanine, was created as previously described (8). The wild-type and
point mutant vectors were individually transformed into Rosetta(DE3)pLysS chemically
competent cells (EMD Chemicals, Gibbstown, NJ) and subsequently used for expression and
purification using the MagneSphere GST resin (Promega), as previously described (12).
Bacterially expressed and purified GST-Pax3, GST-Pax3(S205A) or GST-Pax3-FOXO1 were
used without elution from the resin. Protein expression and purity were confirmed by SDS-
PAGE analysis with Coomassie blue staining and the relative protein concentrations on the
resin were estimated by comparison to proteins of known concentration (data not shown).

Biochemistry. Author manuscript; available in PMC 2010 December 15.
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[32P]-Orthophosphate Metabolic Labeling

Mouse primary myoblasts containing FLAG-Pax3 or FLAG-Pax3-FOXO1 were grown to
70%-80% confluency and were metabolically labeled with [3°S]-Methionine or [32P]-
Orthophosphate (MP Biomedicals, Aurora, OH) as previously described (12). FLAG-Pax3 and
FLAG-Pax3-FOXO1 proteins were isolated using the anti-FLAG M2 magnetic resin
(Clemente Associates Inc., Madison, CT). The resin was then washed 3X with TBS. After
removing all traces of TBS, SDS-PAGE loading buffer was added, the samples were boiled
for 5 minutes, and the eluted proteins were separated on a 10% SDS-PAGE gel. The gel was
dried and visualized by autoradiography.

In vitro kinase assays

GST-Pax3, GST-Pax3(S205A), or GST-Pax3-FOXOL1 present on the resin (approximately
1ug of protein), prepared as described above, were used for in vitro kinase assays using either
purified CK2 or proliferating mouse primary myoblast total cell extract. For the kinase assay
using purified CK2, GST-Pax3, GST-Pax3(S205A), or GST-Pax3-FOXO1 were individually
mixed with 5X CK2 reaction buffer (20mM Tris-HCI [pH 7.5], 50mM KCI, and 10mM
MgCl,), 30uM ATP, and 50uCi [y-32P]-ATP [MP Biomedicals]) prior to the addition of 50ng
purified CK2 enzyme (Calbiochem, LaJolla, CA). For the kinase assays using proliferating
mouse primary myoblast total cell extract, GST-Pax3, GST-Pax3(S205A), or GST-Pax3-
FOXO1 was mixed with 26ul of the 2X kinase stock solution [80OmM HEPES, 20mM
MgCl,, 100mM KCI, 2mM DTT], 2X phosphatase inhibitor cocktails | and Il, 84uM ATP,
and 50u.Ci [y-32P]-ATP [MP Biomedicals]) prior to the addition of 25ul of proliferating mouse
primary myoblasts total cell extract (2ug/ul), prepared as previously described (12). Following
the addition of either purified CK2 or the total cell extract, the reaction mixture was incubated
at 30°C for 1 hour with periodic gentle agitation. After incubation, the beads were washed 3X
with 100ul PBS, radiolabeled protein was eluted by boiling in 25ul SDS-PAGE loading buffer,
and the proteins were separated by 10% SDS-PAGE. The resulting gels were dried and
visualized by autoradiography. Alternatively, the above described in vitro kinase assays were
performed using 84 uM GTP and 50uCi [y-32P]-G TP (MP Biomedicals) as the phosphate donor
in place of ATP and [y-32P]-ATP

For the kinase assays performed in the presence of the CK2-specific inhibitors, mouse primary
myoblast total cell extract was incubated at 30°C for 1 hour with 10mM of either DRB
(Calbiochem) or heparin (Sigma-Aldrich) prior to the addition of unlabeled ATP and
bacterially expressed and purified GST-Pax3 or GST-Pax3-FOXOL1. Following the addition
of GST-Pax3 or GST-Pax3-FOXO1, the mixture was allowed to incubate at 30°C for 1 hour
with periodic gentle agitation after which the phosphorylated protein was separated by SDS-
PAGE. The phosphorylated protein was then transferred to Immobilon-P membrane
(Millipore, Bedford, MA) to be used for Western blot analysis using either the anti-Pax3 or
the anti-Pax3(p205) antibody as described below.

Antibodies and Western blot analysis

The antibody specific for phosphorylation of Pax3 at serine 205, anti-Pax3(p205), was
developed, characterized, and used as described previously (12). The mono-specific, affinity
purified Pax3-specific antibody was described previously (22).

Total cell extracts from proliferating primary myoblasts or myoblasts that were induced to
differentiate for a specific period of time were prepared as described above. A constant amount
of total cell extract (50ug) was separated by 10% SDS-PAGE, proteins were transferred to
Immobilon-P membrane (Millipore), and the presence of Pax3, Pax3-FOXO1, Pax3
phosphorylated at serine 205, or Pax3-FOXO1 phosphorylated at serine 205 was detected using
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the previously described affinity purified, monospecific Pax3 antibody (22) or the Pax3(p205)
antibody (12) , using previously described conditions (16).

Pax3 is a developmentally regulated transcription factor that is phosphorylated on Ser205 in
proliferating, but not differentiated, primary myoblasts (12). However, the kinase that mediates
this phosphorylation event has yet to be identified. A close visual examination of the Pax3
amino acid sequence surrounding Ser205 demonstrates that this site is present in the context
of a perfect CK2 consensus sequence (Figure 1B) (21). This fact, combined with the key role
that CK2 plays in myogenesis, strongly suggests that Pax3 might be phosphorylated by CK2.
To demonstrate whether CK2 is capable of phosphorylating Pax3, we performed an in vitro
kinase assay using purified CK2, radiolabeled ATP, and bacterially expressed and purified
GST-tagged Pax3 (GSTPax3). In addition, we took advantage of the fact that CK2 is unique
in its ability to utilize GTP as a phosphate donor (11,23) and used radiolabeled GTP in
independent assays. Using both ATP and GTP we observed the efficient incorporation of
radiolabel onto Pax3. This incorporation was specific for Pax3 since pure CK2 was unable to
phosphorylate GST alone either in the presence of ATP or GTP (Figure 2A). Taken together
these results demonstrate that Pax3 can be phosphorylated by purified CK2.

In order to demonstrate that purified CK2 can phosphorylate Pax3 on Ser205, we used
bacterially expressed and purified GST-Pax3 in which Ser205 has been mutated to the
phosphoincompetent alanine, GST-Pax3(S205A), in our in vitro kinase assays with purified
CK2 and either radiolabeled ATP or GTP. In contrast to the results observed for wild-type
GST-Pax3, we observed no radiolabeling of the phosphoincompetent GST-Pax3(S205A)
(Figure 2A), despite the presence of protein sufficient enough to provide a specific signal. In
addition, we performed a Western blot analysis on bacterially expressed and purified GST-
Pax3 and GSTPax3(S205A) that was phosphorylated by purified CK2 and unlabeled GTP
(Figure 2B). The phosphorylated proteins were detected using an antibody that we have
demonstrated in previous work to be highly specific for phosphorylation of Pax3 at Ser205
[anti-Pax3(p205)] (12). We observed a strong reactivity of the phospho-specific antibody with
wildtype Pax3 but not when Ser205 was mutated to an alanine (Figure 2B). Taken together,
these results demonstrate that purified CK2 specifically phosphorylates Pax3 at Ser205.

We next wanted to determine whether CK2 is the kinase present in proliferating primary
myoblast total cell extracts that is responsible for phosphorylating Pax3 at Ser205. Therefore,
we used proliferating primary myoblast total cell extracts in our previously published in
vitro kinase assay (12). We again took advantage of the unique nature of CK2 in its use of GTP
and tested the ability of total cell extracts to used both radioactive GTP or ATP to phosphorylate
either GST-Pax3 or GST-Pax3(S205A). Consistent with previous reports (12), proliferating
primary myoblast total cell extracts are capable of utilizing radiolabeled ATP to phosphorylate
GST-Pax3 and this phosphorylation is greatly diminished upon the removal of Ser205 (Figure
2C). We also observed radiolabeling of GST-Pax3, but not GST-Pax3(S205A), in the presence
of radiolabeled GTP. Although it was previously reported that total cell extracts from human
medulloblastoma cell lines were capable of phosphorylating GST alone (24), we observed no
radiolabel incorporation of the GST only negative control in our assay (Figure 2C)
demonstrating that the radiolabel present on GST-Pax3 is specific for Pax3 itself. We then
performed a Western blot analysis on bacterially expressed and purified GST-Pax3 and
GSTPax3(S205A) phosphorylated by proliferating myoblast total cell extracts and unlabeled
GTP using our phospho-specific antibody. Consistent with our results using purified CK2, we
observed a distinct band corresponding to phosphorylation of Ser205 on wildtype Pax3, but
not Pax3(S205A) (Figure 2D). Taken together, the ability of proliferating primary myoblast
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total cell extracts to utilize GTP to specifically phosphorylate Pax3 at Ser205 supports the
hypothesis that CK2 is the kinase responsible for this event.

In order to provide additional evidence that CK2 is the kinase responsible for phosphorylating
Pax3 at Ser205, we pre-incubated proliferating primary myoblast total cell extracts in the
presence or absence of increasing concentrations of two CK2 inhibitors, heparin or 5,6-
Dichloro-1-(B-D-ribofuranosyl)benzimidazole (DRB), for 1 hour prior to the addition of
unlabeled ATP and bacterially expressed and purified GST-Pax3. Heparin and DRB are
inhibitors commonly used in the analysis of CK2 activity and are known to be relatively specific
for CK2 in tests against a wide range of kinases (25,26). The resulting phosphorylated proteins
were then analyzed by Western blot analysis using our anti-Pax3(p205) antibody. As shown
in Figure 3, preincubation of total cell extracts with increasing amounts of inhibitors resulted
in a titratable reduction in the phosphorylation of Pax3, despite the presence of equal amounts
of bacterially expressed and purified GST-Pax3, with an approximate I1Cgg of 20uM and 1uM
for DRB and Heparin, respectively, which is in good agreement with published reports (27,
28). Combined with our results described above using GTP, this result provides further
evidence to support the conclusion that CK2 is the kinase present in proliferating mouse
primary myoblasts that phosphorylates Pax3 at Ser205. Unfortunately, in multiple attempts to
determine the involvement of CK2 in intact cells, these same inhibitors used at concentrations
commonly reported in the literature for non-primary cells resulted in a large amount of cell
death within six hours (data not shown), preventing an in vivo analysis. This result is consistent
with multiple reports that show chemical inhibition of CK2 results in apoptosis within the first
24 hours of exposure of primary cells to the inhibitors (29-31). In addition, multiple attempts
using a fluorescently labeled control siRNA molecule under a variety of transfection conditions
determined that primary myoblasts had a transfection efficiency of <5% (data not shown),
thereby preventing the use of this technique to genetically knockdown CK2 in these cells.

Pax3-FOXO1 is phosphorylated at Ser205 by CK2

Pax3-FOXO1, the characteristic mutation in ARMS, retains key regulatory domains of Pax3,
which include Ser205 within the octapeptide domain region (Figure 1A). Because the fusion
protein retains this amino acid in the context of a good CK2 consensus sequence, it is possible
that CK2 may also phosphorylate Pax3-FOXO1 at Ser205. Although a previous report
demonstrated that Pax3-FOXO1 is phosphorylated on the Pax3 domain, they did not
conclusively identify the site(s) of phosphorylation nor did they show that Pax3-FOXO1 was
phosphorylated in a physiologically relevant cell type (13). Therefore, it was necessary for us
to initially determine if Pax3-FOXOL1 exists as a phosphoprotein in the physiologically relevant
proliferating primary myoblasts. We stably transduced proliferating mouse primary myoblasts
with a retroviral construct containing a FLAG epitope-tagged Pax3 (FLAG-Pax3) or Pax3-
FOXO1 (FLAG-Pax3-FOX01) construct, metabolically labeled the cells with either [3°S]-
methionine or [32P]-orthophosphate as previously described (12), immunoprecipitated the
proteins with a FLAG-specific antibody, and examined incorporated radiolabel by SDS-PAGE
analysis and autoradiography. Consistent with our previous results (12), we observed the
specific incorporation of both [3°S]-Methionine and [32P]-orthophosphate radiolabels into
Pax3. In addition, we noted the specific incorporation of both radiolabels into Pax3-FOXO1
(Figure 4A), demonstrating that the fusion protein is both expressed and phosphorylated in the
physiologically relevant proliferating primary myoblasts. To determine if the observed
phosphorylation occurs on the Pax3 portion of the fusion protein at Ser205, we performed a
standard Western blot analysis on total cell extracts isolated from proliferating primary
myoblasts transduced with FLAG-Pax3-FOXO1 using either the anti-Pax3 or anti-Pax3(p205)
antibodies. As shown in Figure 4B, we observed specific reactivity against Pax3-FOXO1 using
both antibodies, directly demonstrating that like Pax3 (12), Pax3-FOXOL1 is phosphorylated
at Ser205 in proliferating primary myoblasts.

Biochemistry. Author manuscript; available in PMC 2010 December 15.
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To determine if CK2 phosphorylates Pax3-FOXO1, we performed an in vitro kinase assay
using purified CK2, radiolabeled ATP or GTP, and bacterially expressed and purified
GSTPax3-FOXOL1. As positive and negative controls for the phosphorylation reaction, we also
used GST-Pax3 and GST in parallel experiments, respectively. Staining with Coomassie blue
demonstrated similar protein levels of GST-Pax3 and GST-Pax3-FOXO1 (Figure 5A). Using
both ATP and GTP, we observed efficient incorporation of both radiolabels onto Pax3 and
Pax3-FOXO1, but not GST alone, demonstrating that, like Pax3, Pax3-FOXOL1 is
phosphorylated by purified CK2 (Figure 5A). We observed a small amount of radiolabel
incorporation onto the GST-FOXO1 control (data not shown), which may result from the
presence of multiple FOXO1 phosphorylation sites on that portion of the fusion protein.
Because of this residual phosphorylation on FOXO1, we were unable to utilize a Pax3-FOXO1
(S205A) mutant as we did with wild-type Pax3. Therefore, in order to demonstrate that CK2
phosphorylates Pax3-FOXO1 specifically on Ser205, we phosphorylated Pax3-FOXO1 with
purified CK2 and unlabeled GTP and performed a Western blot analysis using the anti-Pax3
(p205) antibody. As shown in Figure 5B, we observed reactivity with both the GST-Pax3 and
GST-Pax3-FOXO1 demonstrating that like Pax3, Pax3-FOXOL1 is phosphorylated at Ser205
in vitro by pure CK2.

To determine whether CK2 is the kinase present in proliferating primary myoblasts responsible
for phosphorylating Pax3-FOXO1 at Ser205, we examined the ability of proliferating primary
myoblast total cell extracts to use either radioactive GTP or ATP to phosphorylate GST-Pax3-
FOXO1. GST-Pax3and GST alone were used in parallel experiments as a positive and negative
control, respectively. As observed for Pax3, total cell extracts are capable of utilizing both ATP
and GTP to phosphorylate Pax3-FOXO1 (Figure 5C), but not GST alone. Since the observed
radiolabel incorporation may be present on FOXO1 sites, we analyzed Pax3-FOXO1 for
phosphorylation at Ser205 by performing a Western blot analysis with our phospho-specific
antibody on bacterially expressed and purified GST-Pax3 and GST-Pax3-FOXO1
phosphorylated by proliferating myoblast total cell extracts and unlabeled GTP. We observed
a distinct band corresponding to phosphorylation of Ser205 on Pax3 and on Pax3-FOXOL1 in
the presence of GTP (Figure 5D). Therefore, these results suggest that CK2 is the kinase in
proliferating mouse primary myaoblast total cell extracts that phosphorylates Pax3-FOXO1 at
Ser205.

In order to provide additional evidence that CK2 is the kinase responsible for phosphorylating
Pax3-FOXO1 at Ser205, we used increasing concentrations of the CK2-specific inhibitors
DRB and heparin to inhibit the phosphorylation of Pax3-FOXO1 by CK2 present in total cell
extract as described above. We bacterially expressed and purified GST-Pax3-FOXO1 and
performed an in vitro kinase assay using proliferating primary myoblast total cell extract that
had been pre-incubated either in the presence or absence of commonly used CK2 inhibitors,
DRB and heparin. The resulting phosphorylated proteins were then analyzed by Western blot
analysis using our anti-Pax3(p205) antibody. We observed reactivity of Pax3-FOXO1 with the
phospho-specific antibody with a titratable decrease in the phosphorylation, again despite the
presence of equal amounts of bacterially expressed and purified GST-Pax3-FOXO1, with an
approximate ICsq of 6uM and 0.5uM for DRB and Heparin, respectively, again in good
agreement with published reports. In conjunction with our results using GTP, the inhibitor
study provides solid evidence that CK2 is the kinase in proliferating primary myoblast total
cell extract that phosphorylates Pax3-FOXO1 at Ser205.

Pax3-FOXO1, but not Pax3, is phosphorylated at Ser205 throughout early myogenic
differentiation

We previously reported that Pax3 is phosphorylated on Ser205 in proliferating primary
myoblasts and that this phosphorylation is rapidly lost upon the induction of myogenic
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differentiation (12). We have also demonstrated that the Pax3 is expressed in the first eight
hours of differentiation after which its stability is greatly reduced (8). In this report, we
demonstrate that, like Pax3, Pax3-FOXO1 is phosphorylated at Ser205 by CK2 in proliferating
primary myoblasts; however, the phosphorylation status of Pax3-FOXO1 throughout early
myogenic differentiation remains unknown. Therefore, we were interested in examining the
phosphorylation status of Pax3-FOXO1 during the same time of early differentiation that Pax3
is present. Therefore, we used primary myoblasts stably transduced with FLAG-Pax3-FOXO1
and induced differentiation for up to eight hours as previously described (12). Although the
presence of Pax3-FOXOL1 prevents the terminal fusion of primary myoblasts (8), the
morphological and molecular changes in differentiation are indistinguishable between the
uninfected primary myoblasts and primary myoblasts stably transduced with Pax3-FOXO1
during the first eight hours of differentiation (data not shown), consistent with previous reports
(8). We isolated total cell extracts at various time points during differentiation and performed
a Western blot analysis on equal amounts of total cell extract using the anti-Pax3 or the anti-
Pax3(p205) antibodies. As a positive control, we performed a parallel experiment on non-
transfected mouse primary myoblasts and determined the phosphorylation status of
endogenous Pax3. Consistent with previous results, we observed two distinctly migrating
species of Pax3 in proliferating myoblasts. Only the apparent 66kD species specifically reacted
with the anti-Pax3(p205) antibody (Figure 7, top panel), consistent with previous work
demonstrating that phosphorylation of Pax3 at Ser205 contributes in part to a change in
electrophoretic mobility (12). By 15 minutes of differentiation, we observed the complete loss
of the apparent 66kD species and the corresponding reactivity of the anti-Pax3(p205) antibody
confirming that Pax3 is phosphorylated on Ser205 in proliferating, but not differentiated,
mouse primary myoblasts. We also observed the presence of an 118kD band corresponding to
Pax3-FOXO1 in proliferating primary myoblasts that reacted with both the anti-Pax3 and the
phospho-specific antibody. However, in contrast to the results observed with Pax3 and after
an initial apparent decrease in phosphorylation, phosphorylation of Pax3-FOXO1 persisted
throughout the first eight hours of myogenic differentiation (Figure 7, bottom panel), directly
demonstrating that the phosphorylation status of the fusion protein is altered relative to wild-
type Pax3 throughout myogenic differentiation.

Pax3-FOXO1 is phosphorylated at Ser205 in ARMS cell lines

The aberrant and persistent phosphorylation of Pax3-FOXO1 at Ser205 throughout myogenic
differentiation suggests a possible model by which Pax3-FOXO1 may contribute to the
development of ARMS. Therefore, it was necessary to qualitatively determine if
phosphorylation at Ser205 is present on endogenous Pax3-FOXOL1 in established ARMS cell
lines. We obtained a series of human ARMS cell lines (Rh3, Rh4, Rh28, Rh30 and Rh41)
known to contain the characteristic t(2;13)(g35;914) chromosomal translocation (32-34). In
order to determine if Pax3-FOXOL1 is phosphorylated at Ser205 in rhabdomyosarcoma cells,
we isolated total cell extracts from the ARMS cells and performed a qualitative Western blot
analysis using either the anti-Pax3 or the anti-Pax3(p205) antibody. We observed reactivity
with the Pax3 antibody, demonstrating the presence of Pax3-FOXO1. After stripping of the
blots we also observed reactivity with the phospho-specific antibodies (Figure 8) demonstrating
on a qualitative level that Pax3-FOXOL1 is both expressed and phosphorylated at Ser205 in a
variety of rhabdomyosarcoma cells.

DISCUSSION
CK2 phosphorylates Pax3 and Pax3-FOXO1 at Ser205

Pax3, a member of the Paired-box family of transcription factors, plays an important role in
early skeletal muscle development (35). In addition to its role in myogenesis, Pax3 is also a
key component in the childhood solid muscle tumor ARMS, which is characterized by a t(2;1)
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chromosomal translocation resulting in the formation of the oncogenic fusion protein Pax3-
FOXOL. Recent evidence indicates that post-translational modifications such as
phosphorylation may contribute to the biological activities of both Pax3 and Pax3-FOXO1
(8,13). Consistent with this fact, we reported that Pax3 is phosphorylated at Ser205 in
proliferating primary myoblasts and this phosphorylation event is rapidly lost upon the
induction of differentiation (12). Despite this knowledge, the kinase responsible for
phosphorylating Pax3 has yet to be identified. In addition, it is not known whether Pax3-
FOXOL1 is also phosphorylated at Ser205 or how its phosphorylation status at this site changes
during myogenesis. In this report we demonstrate that the protein kinase CK2 phosphorylates
both Pax3 and Pax3-FOXO1 at Ser205 and in contrast to wild-type Pax3, phosphorylation of
the fusion protein at this site persists throughout muscle differentiation.

Normally, it is optimal to use in vivo inhibitor studies or genetic knockdown experiments to
demonstrate that CK2 phosphorylates Pax3 and Pax3-FOXOL in intact cells. However, the
presence of commonly used CK2 inhibitors caused extensive cell death in our primary myoblast
system (data not shown), a result that is consistent with previous reports (29-31). In addition,
primary myoblasts were intractable to transfection of siRNA reagents (data not shown). Despite
our inability to utilize in vivo studies, we feel that we have provided compelling evidence in
support of our conclusion that CK2 is the kinase responsible for phosphorylating Pax3 and
Pax3-FOXO1 at Ser205. First, Ser205 is present within the context of an optimal CK2
consensus sequence (Figure 1B). Second, Pax3 and Pax3-FOXOL1 are both directly
phosphorylated by pure CK2 (Figures 2A and 4A). Third, pure CK2 and proliferating primary
myoblast total cell extracts are capable of utilizing GTP as the phospho-donor to phosphorylate
Pax3and Pax3-FOXO1 (Figures 2 and 5). The use of GTP as a phospho-donor is a characteristic
unique to CK2 (11,23). Fourth, the phosphorylation of Pax3 and Pax3-FOXOL1 by pure CK2
or total cell extracts in the presence of GTP occurs on Ser205, as determined by mutational
analysis (Figure 2) or through the use of an antibody specific for Pax3 when phosphorylated
at Ser205 (Figure 5). Finally, the commonly used CK2 inhibitors heparin (26) and DRB (25)
significantly reduce or completely inhibit the phosphorylation of Pax3 (Figure 3) and Pax3-
FOXOL1 (Figure 6) by proliferating primary myoblast total cell extracts.

Although our experimental data, in particular our inhibition studies with DRB, strongly
supports the conclusion that CK2 is indeed the kinase responsible for phosphorylating Pax3
and Pax3-FOXO1 at Ser205, several other kinases have also been demonstrated to be
specifically inhibited by DRB including CK1, cyclin dependent kinase 7 (CDK7), CDKS8, and
CDKaQ9 (27,36,37). However, we demonstrate that ATP and GTP are used by the kinase present
in total cell extracts with nearly equal efficiency to phosphorylate Pax3 and Pax3-FOXO1
(Figures 2C and 5C). Of the additional kinases inhibited by DRB, only CDK® is capable of
utilizing GTP as a substrate. Unlike CK2, which is unique in its ability to use ATP and GTP
with nearly equal efficiency, CDK9 uses GTP nearly 10-fold less efficiently under
physiological conditions (38). Additionally, we demonstrate that Ser205 is present in the
context of a nearly perfect CK2 recognition sequence (S*—X-X-D/E, where the asterisk
represents the phosphorylated amino acid), a sequence that is significantly and distinctly
different from the identified consensus sequence for CDK9 (Y-S-P-T-S*-P-S, where the
asterisk represents the phosphorylated amino acid). Therefore, based on our experimental
evidence, combined with what is known about the biochemical characteristics of CK2 and
other kinases, we conclude that CK2 phosphorylates Pax3 and Pax3-FOXO1 at Ser205.

CK2, Pax3 and myogenesis

CK2 is a ubiquitously expressed, constitutively active Serine/Threonine protein kinase that has
been implicated in the regulation of many different fundamental cellular processes. In
particular, CK2 is expressed in proliferating and differentiating myoblasts where it is important
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for the progression of myogenesis by phosphorylating and regulating multiple muscle-specific
transcription factors. In proliferating myoblasts, CK2 activates the transcriptional activity of
Myf5 through a direct phosphorylation at Ser49 and Ser133 (17). Upon the induction of
differentiation, MEF2 is phosphorylated at Ser59 by CK2 resulting in the enhancement of
MEF2 DNA binding (39). Finally, CK2 indirectly activates MyoD transcriptional activity by
phosphorylating the basic helix-loop-helix E protein E47. Phosphorylation of E47 promotes
its heterodimerization with MyoD thereby promoting the DNA binding and transcriptional
activity of the E47:MyoD heterodimers (16). Therefore, our results demonstrating the
phosphorylation of Pax3 at Ser205 by CK2 is consistent with the role of CK2 in the regulation
of the biological activities of muscle-specific transcription factors in early myogenesis.

At present the exact mechanism by which CK2 regulates the biological activities of Pax3 is
not completely understood. A recent report demonstrated that phosphorylation of Pax3 at
unidentified sites contributes to its DNA binding and transcriptional activities (13). Along these
same lines, the DNA binding activity of Pax3 is rapidly down regulated during cellular
differentiation (40). This information, combined with the constitutive activity of CK2 and the
rapid loss of phosphorylation at Ser205 upon the induction of myogenic differentiation (12),
suggest a possible role for the phosphorylation of Pax3 by CK2 in myogenesis. Pax3
transcriptional activity is essential for promoting cellular proliferation (41,42) while
simultaneously inhibiting entry into the differentiation program (41,43), two processes
important for the creation of an enlarged precursor pool necessary to generate an optimal
environment for the induction of myogenesis (42). Therefore, it is conceivable that the
constitutive phosphorylation of Pax3 by CK2 in proliferating primary myoblasts would
promote the transcriptional activity of Pax3 thereby inducing the expression of genes important
for the maintenance of the cells in a proliferative, undifferentiated state. Upon the induction
of differentiation, the rapid dephosphorylation of Pax3, by an as of yet unknown phosphatase
would modulate its activity thereby allowing the cells to initiate the myogenic program.

CK2, Pax3-FOXO1 and ARMS

CK2 has been implicated as an important player in tumor progression and as such has been
targeted for the development of potential tumor therapies (29,31,44). CK2 activity is enhanced
in many human cancers including solid tumors (45-47), where it has a predominantly nuclear
localization (48), and the overexpression of CK2 in transgenic mice promotes tumorigenesis
in the tissues where it is expressed (47,49). In particular, CK2 is important in the development
of ARMS where it acts as a potent suppressor of apoptosis (20). Consistent with its role in the
development of ARMS, we demonstrate in this report that in addition to suppressing apoptosis,
CK2 also phosphorylates the oncogenic fusion protein Pax3-FOXOL1, the characteristic genetic
mutation in ARMS. Furthermore, we show that phosphorylation of Pax3-FOXO1 at Ser205
persists throughout differentiation, which is in direct contrast to the pattern of phosphorylation
observed for wild-type Pax3 (Figure 7). Finally, our results demonstrating that endogenous
Pax3-FOXOL1 is phosphorylated at Ser205 in a variety of ARMS cell lines (Figure 8) provides
compelling evidence supporting a potential role of this aberrant phosphorylation in the
development of ARMS.

Pax3-FOXO1 has multiple roles in its ability to affect myogenesis. The fusion protein increases
the proliferation of myogenic precursor cells and it induces the myogenic program while
subsequently inhibiting the ability of muscle cells to fuse to achieve terminal differentiation
(8,50). Like wild-type Pax3, phosphorylation of Pax3-FOXOL at unidentified sites is believed
to contribute to its DNA binding and transcriptional activity (13). This fact, combined with
our present results demonstrating the aberrant and persistent phosphorylation of the fusion
protein at Ser205 during myogenesis and in ARMS cell lines, suggests a possible model
whereby Pax3-FOXO1 commits a precursor cell to the myogenic lineage while ultimately
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inhibiting terminal differentiation. Like Pax3, the constitutive phosphorylation of Pax3-
FOXOL1 in proliferating myoblasts would promote the DNA binding and transcriptional activity
of the fusion protein, which is capable of binding to Pax3 recognition sequences, thereby
inducing the expression of genes necessary to maintain the cells in a proliferative and
undifferentiated state. However, unlike Pax3, upon the induction of differentiation, Pax3-
FOXOL1 is unable to be dephosphorylated, which promotes the persistent phosphorylation of
Pax3-FOXO1 at Ser205 thereby maintaining the protein in an active state resulting in the
aberrant expression of genes that would inhibit terminal differentiation.

In summary, we present compelling evidence in this report that supports the hypothesis that
the protein kinase CK2 phosphorylates both wild-type Pax3 and the oncogenic fusion protein
Pax3-FOXOL1 at Ser205 in proliferating primary myoblasts. The observation that
phosphorylation at Ser205 of the fusion protein persists throughout early myogenic
differentiation and is present on Pax3-FOXOL1 in a variety of ARMS cell lines suggests that
this phosphorylation event may be important for the altering of normal myogenesis and the
development of the tumor. Experiments are presently being performed to examine how
phosphorylation by CK2 at Ser205 regulates the biological activities of Pax3 and Pax3-FOXO1
and how these events contribute to normal muscle differentiation and the development of
ARMS.
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Ser205 is present in a CK2 consensus amino acid sequence. A) Schematic of Pax3 and Pax3-
FOXOL. The domains are as follows: the paired DNA binding domain (PD) is indicated by
the speckled box, the octapeptide domain (OD) by the black box, the homeodomain (HD) by
the striped box, and the bisected FOXO1 DNA binding domain by the cross-hatched box. The
Pax3 and FOXOL1 transcriptional activation domains (TAD) are indicated. The filled circle
indicates the site of Ser205 phosphorylation. B) Amino acid sequence of the CK2 consensus
sequence and the region surrounding Ser205. The star indicates the phosphorylated amino acid
and the underlined residue at position (n + 3) indicates the most critical amino acid of the CK2
consensus sequence.
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Figure 2.

Casein kinase Il phosphorylates Pax3 on Ser205. Bacterially expressed and purified GST
(27kD), GST-Pax3 (74kD), or GST-Pax3(S205A) (80kD) were phosphorylated in vitro using
purified CK2 (A and B) or proliferating primary myoblast total cell extracts (C and D) as
described in the Experimental procedures. The phosphorylated proteins were eluted from the
resin, separated by 8% SDS-PAGE, and visualized by Coomasie staining (A and C, left panels),
autoradiography (A and C, middle and right panels) or Western blot analysis using our
phospho-specific anti-Pax3(p205) antibody (12) (B and D). The arrows in panels A and C
indicate the major protein species for GST (lower arrow), GST-Pax3 (middle arrow) and GST-
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Pax3(S205A) (upper arrow). All other observable protein species are degradation products,
which are commonly seen in these protein preparations.
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Figure 3.

Casein kinase 1 specific inhibitors prevent phosphorylation of Pax3 at Ser205. Bacterially
expressed and purified GST-Pax3 was phosphorylated in vitro using proliferating mouse
primary myoblast total cell extract that had been previously incubated in the presence or
absence of increasing amounts of the commonly used CK2 inhibitors DRB (top panel) or
heparin (bottom panel), as described in the Experimental Procedures. Western blot analysis
was performed using our anti-Pax3(p205) antibody (12) to visualize the phosphorylation status
of Ser205 and Coomassie staining was performed to confirm the presence of equal amounts
of protein. The numbers under the gels indicate the percent maximal phosphorylation,
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determined relative to the control, providing an approximate 1Csq of 10 uM and 1 uM for DRB
and Heparin, respectively.
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Figure 4.

Pax3-FOXO1 is phosphorylated on Ser205 in proliferating mouse primary myoblasts. A)
Proliferating mouse primary myoblasts stably transduced with an amino-terminal FLAG
epitope-tagged Pax3 (lanes 1 and 3) or FLAG epitope-tagged Pax3-FOXO1 (lanes 2 and 4)
were metabolically labeled with either [3°S]-methionine (lanes 1 and 2), in order to label all
cellular proteins, or [32P]-orthophosphate (lanes 3and 4), to label only phosphorylated proteins.
The resulting labeled proteins were immunoprecipitated from total cell extracts using an anti-
FLAG M2 magnetic resin, the proteins were released from the resin, separated by 12% SDS-
PAGE, and the radiolabeled species were detected by autoradiography, as described in the
Experimental Procedures. Fewer proteins species are present in the [32P]-orthophosphate
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sample relative to the [3°S]-methionine sample due to not all protein species being present as
phosphoproteins. B) Total cell extract was isolated from proliferating mouse primary
myoblasts stably transduced with an amino-terminal FLAG epitope-tagged Pax3-FOXO1. The
resulting extract was separated by 8% SDS-PAGE and analyzed by Western blot using either
the anti-Pax3 or the phospho-specific anti-Pax3(p205).
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Figure 5.

Pax3-FOXOL1 is phosphorylated on Ser205 by CK2. Bacterially expressed and purified GST
(27kD), GST-Pax3 (74kD), or GST-Pax3-FOXOL1 (125kD) were phosphorylated in vitro using
purified CK2 (A and B) or proliferating primary myoblast total cell extracts (C and D) as
described in the Experimental procedures. The phosphorylated proteins were eluted from the
resin, separated by 8% SDS-PAGE, and visualized by Coomasie staining (A and C, left panels),
autoradiography (A and C, middle and right panels) or Western blot analysis using our
phospho-specific anti-Pax3(p205) antibody (12) (B and D). The arrows in panels A and C
indicate the major protein species for GST (lower arrow), GST-Pax3 (middle arrow) and GST-
Pax3-FOXO1 (upper arrow). The arrows in panels B and D indicate the major protein species
for GST-Pax3 (lower arrow) and GST-Pax3-FOXOL1 (upper arrow). All other observable
protein species are degradation products, which are commonly seen in these protein
preparations.
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Figure 6.

Casein kinase Il specific inhibitors prevent phosphorylation of Pax3-FOXO1 at Ser205.
Bacterially expressed and purified GST-Pax3-FOXO1 was phosphorylated in vitro using
proliferating mouse primary myaoblast total cell extract that had been previously incubated in
the presence or absence of increasing amounts of the commonly used CK2 inhibitors DRB (top
panel) or heparin (bottom panel), as described in the Experimental Procedures. Western blot
analysis was performed using our anti-Pax3(p205) antibody (12) to visualize the
phosphorylation status of Ser205 and Coomassie staining was performed to confirm the
presence of equal amounts of protein. The numbers under the gels indicate the percent maximal
phosphorylation, determined relative to the control, providing an approximate ICgg of 6 M and
0.5 M for DRB and Heparin, respectively.
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Phosphorylation of Ser205 persists on Pax3-FOXO1, but not Pax3, throughout myogenic
differentiation. Mouse primary myoblasts or myoblasts stably transduced with FLAG-Pax3-
FOXO1 were induced to differentiate as previously described (12). Total cell extract was
isolated at various time points post induction of differentiation (hours) and a Western blot
analysis was performed on equal amounts of total cell extract using antibodies specific for Pax3
(anti-Pax3), to determine the qualitative presence of Pax3, or phosphorylation at Ser205 [anti-

Pax3(p205)] (12).
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Figure 8.

Pax3-FOXO1 is phosphorylated at Ser205 in a variety of human ARMS cell lines. Total cell
extract was isolated from a variety of human ARMS cell lines, as described in the Experimental
Procedures. Standard Western blot analysis was performed on equal amounts of total cell
extracts in two separate experiments (Experiment #1 — RH3 and RH30; Experiment #2 — RH4,
RH28, and RH41) using antibodies specific for Pax3 (anti-Pax3), to determine the qualitative
presence of Pax3-FOXO1. After complete stripping, the blot was re-probed using antibodies
specific for phosphorylation at Ser205 [anti-Pax3(p205)].
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