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Abstract
Glycogen Synthase Kinase-3 (GSK-3) is a serine/threonine kinase involved in a diverse range of
cellular processes. GSK-3 exists in two isoforms, GSK-3α and GSK-3β, which possess some
functional redundancy but also play distinct roles depending on developmental and cellular
context. In this report we found that GSK-3 actively promoted cell growth and survival in
melanoma cells, and blocking this activity with small molecule inhibitor SB216763 or gene-
specific siRNA decreased proliferation, increased apoptosis and altered cellular morphology.
These alterations coincided with loss of PAX3, a transcription factor implicated in proliferation,
survival and migration of developing melanoblasts. We further found that PAX3 directly
interacted with and was phosphorylated in vitro on a number of residues by GSK-3β. In melanoma
cells, direct inhibition of PAX3 lead to cellular changes that paralleled the response to GSK-3
inhibition. Maintenance of PAX3 expression protected melanoma cells from the anti-tumor effects
of SB216763. These data support a model wherein GSK-3 regulates proliferation and morphology
of melanoma through phosphorylation and increased levels of PAX3.
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Introduction
Glycogen Synthase Kinase-3 (GSK-3) is an ubiquitously expressed, constitutively active
serine/threonine kinase with demonstrated roles in a wide variety of cellular processes
including metabolism, proliferation, transcriptional regulation, development and
oncogenesis (1–4). GSK-3 exists in two isoforms encoded by different genes, GSK-3α and
GSK-3β, which share 98% identity throughout the kinase domain but differ in the N- and C-
terminal domains (2). GSK-3α or GSK-3β activity can be attenuated by phosphorylation at
Ser21 or Ser9, respectively, thereby blocking GSK-3 activity for some but not all substrates
(5–7). While these isoforms share functional complementarities in certain contexts, they also
play distinct roles as evidenced by differing expression levels in a wide variety of tissues (2–
4, 8). Gsk-3α and Gsk-3β null mice further highlight these different functions, since loss of
either gene results in very different phenotypes (9–12).
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Deregulation of GSK-3 expression and activity is implicated in the growth and survival of
melanoma, but the role of the individual isoforms is less clear: the role of GSK-3α is
unknown and there is limited information on GSK-3β function in melanoma. GSK-3β has
been shown to protect melanoma cells from apoptosis and inhibition of GSK-3β deters
mouse melanoma cell growth both in-vitro and in-vivo and parallels essential functions
found in developing melanocytes (13–16).

Like GSK-3, the transcription factor PAX3 is involved in both melanocyte development and
melanoma. PAX3 is expressed in melanocyte precursors and drives lineage specificity by
regulating the expression of genes critical for melanogenesis (17, 18). Loss of PAX3
expression in the mouse embryo results in significant reduction in both proliferation and the
number of melanoblasts (19). Due to its role in growth and survival of melanoblasts, it is not
surprising that PAX3 is also expressed in melanoma (20, 21). In melanoma, PAX3 activates
downstream genes implicated in melanoma proliferation, survival and metastasis such as the
receptor MET (20, 22–24). How PAX3 protein is regulated in melanoma is unknown, but
post-translational modification of PAX3 in other cell types alters activity and stability
thereby regulating differentiation and has been implicated in tumor development (25–29).
Although the mechanism of action by PAX3 in melanoma is poorly understood, its
regulatory functions towards cell proliferation and differentiation in the melanoblast may be
paralleled in melanoma cells by promoting cell division and resistance to apoptosis.

In this report, we found that GSK-3 acted as a critical control point of melanoma cell
growth, survival, and morphology. A mechanism for GSK-dependent cell growth and
morphological changes is through the regulation of PAX3 levels. Although both GSK-3α
and GSK-3β are phosphorylated at Ser21 or 9, respectively, inhibition of these kinases in
melanoma cells significantly reduced growth, induced apoptosis and caused dendritic
process extension, mimicking differentiated melanocytes. We demonstrated that GSK-3
inhibition was correlated with a loss of PAX3 and that PAX3 loss coincided with these
growth and morphological changes. GSK-3β interacted with and phosphorylated PAX3,
which was correlated with PAX3 levels in melanoma cells. GSK-3α and GSK-3β partially
compensated for the loss of the other in regard to proliferation and PAX3 stability.
Knockout of PAX3 mimics the cell growth and length phenotypes seen upon GSK-3
inhibition and PAX3 over-expression rescued these phenotypes, suggesting GSK-3 may
modulate these effects through PAX3 levels. Overall, these results demonstrate that GSK-3
and PAX3 are components of a putative pathway promoting cell proliferation, survival, and
the resistance to differentiation necessary for melanoma cell survival.

Materials and Methods
Cell culture

Human melanoma lines (SKMEL-23, SKMEL-28, 537, 624, 888, and A375) (ATCC) were
cultured in DMEM/10% FBS (Sigma). Melanoma cell identity was verified by morphology,
growth curve analysis, and melanoma-marker testing. All cells were negative for the
presence of mycoplasma. Cells at 30% confluency were supplemented with 0–20µM GSK-3
inhibitor SB216763 (Sigma) dissolved in DMSO as a carrier. The treatments were replaced
daily.

RNA interference
537 and SKMEL-23 cells were transfected with siRNA against PAX3, GSK-3α, and/or
GSK-3β, or siScramble (100 pmol; Dharmacon) using Lipofectamine-2000 (Invitrogen),
following manufacturer’s protocols. Four siRNAs against each of GSK-3α and GSK-3β
were tested for specificity against each isoform without affecting protein levels of the other
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isoform (Supplementary Fig. S1A–B). Four siPAX3 oligos were also evaluated for efficacy
(Supplemenatry Fig. S1C–D). Cell lysates were collected 72 hours post-siRNA transfection.

Western blots
Cells were lysed in RIPA buffer and 50µg total protein was separated on 4–12% Bis-Tris
gels (Invitrogen), transferred to nitrocellulose membranes (Bio-Rad) then probed with
1:1000 Pax3 (University of Iowa Hybridoma Bank), 1:3000 GSK-3β, 1:1000 GSK-3α,
1:1000 phospho-GSK-3α (S21) and 1:3000 phospho-GSK-3β (S9) (Cell Signaling
Technology), 1:1000 β-catenin and 1:1000 PARP (Santa Cruz), 1:1000 HA (Roche), or
1:1,000,000 vinculin antibody (Sigma). Control lysates for determination of GSK-3
phosphorylation status were treated with calf intestinal phosphatase (New England BioLabs)
at 0.5units/µg of total protein at 37°C for 1 hour.

In-vitro immunoprecipitation
PAX3 and GSK-3β L-[35S]-methionine-incorporated proteins were created using the TNT
coupled reticulocyte lysate system (Promega) utilizing pcDNA3-PAX3-HA (18) and
pcDNA3-GSK-3β (Addgene plasmid 14753, (30)) and immunoprecipitated as described
(31).

Plasmid construction
The pGex2T-PAX3PD and pGex2T-PAX3PDHD-WT constructs were kindly provided by
Jonathan Epstein (University of Pennsylvania). pGex2T-PAX3PDHD-ΔSERAS with the
consensus motif deleted was obtained by site directed mutagenesis of pGex2T-PAX3PDHD-
WT using primers 5’-TGACTCTGAAATCGATTTACCGCTGAAGAGG-3’ and 5’-
ACTGAGACTTTAGCTAAATGGCGACTTCTCC-3’ followed by ClaI digestion removing
D189–P211.

Kinase assay
GST-proteins were created and purified as described (22). Glutathione Sepharose-4B beads
(GE Healthcare Biosciences) containing the GST-tagged proteins were incubated with ATP
cocktail mix (25mM MOPS pH7.2, 12.5mM β-glycerol phosphate, 25mM MgCl2, 5mM
EGTA, 2mM EDTA, 0.25mM DTT, and 0.25mM ATP) and ATP [γ-P32] with or without
60µM GSK-3β (Sigma).

Statistical analysis
Significance of the differences between variable conditions was determined by Graphpad
Prism statistical software (version 5.0 Graphpad Software) utilizing the Student’s t-test and
Chi-square analysis with a confidence interval of 95%. All values stated as significant have
p values of less than or equal to 0.005 unless indicated.

Tandem mass spectrometry (LC-MS/MS)
The pGex2T-PAX3PDHD-WT protein was phosphorylated with purified GSK-3β as
described and eluted with GST elution buffer (40mM reduced glutathione in 50mM Tris-
HCl, pH9.0). Phosphorylated pGex2T-PAX3PDHD-WT was purified from the eluate using
the PhosphoProtein Purification Kit (Qiagen), then run on a Tris-Acetate Gel (Invitrogen)
for band submission for mass spectrometry (supplementary materials). Mass spectrometry
data were submitted to the Proteome Commons Tranche repository
(https://www.proteomecommons.org) and assigned identifier hash: vKmrlpnOR90/
JZyJT0IJN5/
qDRuJIslLbP6luS9dGnH465SudjSIlSWJTrMggzaayK0zYq5GhaErBbXHYVfbWYHqWsE
AAAAAAAAB0A==.
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Exogenous PAX3 expression
SKMEL-23 and 537 cells were transfected with empty expression vector pcDNA3,
pcDNA3-PAX3-HA, or a mock transfection using Effectene (Qiagen) according to
manufacturer’s protocols. Cells containing pcDNA3 or pcDNA3-PAX3-HA were selected
with 2.5mg/ml Geneticin(R) (Invitrogen) in DMEM/10% FBS. After selection, cells were
left untreated, treated with carrier (DMSO), or with SB216763 for 72 hours.

Results
GSK-3 inhibition blocks human melanoma cell population expansion

To determine the status of GSK-3 in human melanoma cells, 6 cell lines were analyzed for
the presence and phosphorylation status of GSK-3α and GSK-3β (Fig. 1A). All cell lines
expressed varying levels of both proteins. Ser21 of GSK-3α was phosphorylated in 5 lines,
although 2 have low levels. Ser9 of GSK-3β was phosphorylated in all 6 lines. GSK-3
activity was determined by treating cells with DMSO or the highly specific GSK-3 small
molecule inhibitor SB216763 (Fig. 1B). SB216763 renders GSK-3 inactive through ATP
competition (32). β-catenin, a known phosphorylation target of GSK-3β, is stabilized upon
GSK-3 inhibition. In all cell lines tested, treatment with SB216763 resulted in a higher
amount of β-catenin present compared to carrier-treated cells, suggesting that GSK-3 is
active in melanoma cells. To test if GSK-3 activity promotes melanoma cell growth,
melanoma cells from 6 different lines were counted over time in the absence or presence of
increasing concentrations of SB216763 (Fig. 2A–F). While control cells grew at similar
rates, there was a minimal increase in cell numbers in cells treated with 5–20µM
(SKMEL-23, 537), 10–20µM (624, 888), or 20µM SB216763 (A375). The melanoma cell
lines SKMEL-28, in contrast, had no response to SB216763.

Although SB216763 is highly specific to both isoforms of GSK-3, off-target effects cannot
be completely ruled out. Utilizing a complementary method, SKMEL-23 and 537 cell lines
were transfected with a siRNA control (siScramble) or siRNA targeted to GSK-3α,
GSK-3β, or both. Blocking expression of both isoforms replicated the cellular growth
consequences of SB216763, resulting in fewer cells after 72 hours compared to controls;
48.63%+/−10.15% for SKMEL-23 and 46.26%+/−9.43% in 537 cells (Fig. 2G–H).
Inhibition of only one GSK-3 isoform also impacted cell number, although to a somewhat
lesser extent of blocking both kinases in 537 cells. Inhibition of SKMEL-23 GSK-3α and
GSK-3β resulted in 58.22%+/−14.21% and 41.78%+/−18.25% of the total population in
comparison to control, while 537 cells had a 73.82%+/−11.83% and 72.64%+/−16.03% of
the total population, respectively.

The lack of expansion of the cell population is partly due to cell cycle arrest. Flow
cytometric analysis of DNA content in SKMEL-23 and 537 cells suggest a G2/M cell cycle
block (Supplementary Fig. S2). These data indicate that GSK-3 inhibition causes a
substantial population reduction in melanoma cell lines and that GSK-3 isoforms are active
in melanoma cells since specific knockdown results in altered phenotypes.

GSK-3 inhibition leads to apoptosis in melanoma cells
During GSK-3 inhibition the SKMEL-23 cells demonstrated apoptotic phenotypes at higher
drug concentrations compared to untreated cells (Fig. 3A–B). SKMEL-23 cells treated with
SB216763 demonstrated a significant increased incidence of apoptotic phenotypes 12 hours
post-treatment to 18.40%+/−3.69% of the total population (Fig. 3C) and peaked between 9
and 16 hours of drug treatment but was absent after 24 hours. A similar trend occurred in
melanoma lines A375, 624, and 888 with 19.50%+/−5.97%, 25.25%+/−8.50%, and 37.25%
+/−8.54% of the total population with apoptotic phenotypes, respectively. In contrast,
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apoptotic cells were not observed in 537 or SKMEL-28 cells. SKMEL-23 cells transfected
with siGSK-3α, siGSK-3β, or both also developed apoptotic phenotypes compared to the
siScramble control at 18 hours (Fig. 3D–G). While all 3 of the experimental groups were
significantly different than siScramble, siGSK-3α and both siGSK-3α and siGSK-3β had
similar percentages of apoptotic cells of 11.75%+/−3.47% and 11.51%+/−1.12%,
respectively, while inhibition of GSK-3β resulted in a minority population of apoptotic cells
(6.31%+/−1.03%, p=0.0070) (Fig. 3H).

A biochemical feature of apoptosis is PARP cleavage. A375, 624, and 888 lines
demonstrated truncated PARP protein 12–48 hours post SB216763 treatment (Fig. 3I).
PARP cleavage was not detectable in cells that did not display any signs of apoptosis (537,
SKMEL-28) and in SKMEL-23 cells. Due to the absence of PARP cleavage in SKMEL-23
cells, we cannot confirm that they undergo apoptosis although they demonstrate typical
apoptotic morphology (Fig. 3). These events indicate that inhibition of GSK-3 activity in
melanoma cells induces transient apoptotic phenotypes in a subset of melanoma cell lines.

GSK-3 inhibition results in dendritic process extension
SKMEL-23 and 537 cells demonstrated a significant morphological change after GSK-3
inhibition. Both lines showed a SB216763 dose-dependent extension of cell body length and
dendritic processes compared to control cells (Fig. 4A–J). After exposure to 20µM
SB216763, SKMEL-23 increased cell length to 295.6% +/− 66.3% of control and 537
increased to 242.5% +/− 48.4% of controls. Dendritic process extension observed with
SB216763 was replicated when GSK-3α, GSK-3β, or both were specifically knocked down
with siRNA compared to the siScramble control (Fig. 4K–R). SKMEL-23 knockdown of
GSK-3β and both GSK-3α and GSK-3β resulted in a significant extension of dendritic
processes to 244.89%+/−73.6% and 210.23%+/−64.74% of the length of siScramble cells
(Fig. 4S). However, siGSK-3α did not cause elongation. Blocking the expression of both
isoforms in 537 cells replicated the cellular consequences of SB216763 on cell length with
cells elongated to 290.0%+/−133.1% the length of control cells (Fig. 4T). Inhibition of only
one GSK-3 isoform also impacted cell length, although to a lesser extent of blocking both
kinases. Inhibition of GSK-3α and GSK-3β lead to a 226.6%+/−138.3% and 234.4%+/
−91.5% increase in cell length in comparison to control, respectively (Fig. 4T). These data
indicate that GSK-3 inhibition causes cell elongation.

GSK-3 inhibition leads to a concurrent drop of PAX3 protein
GSK-3 inhibition results in decreased cell growth and an increase in cell and dendritic
process length, a feature of melanocyte differentiation. We therefore examined PAX3 levels
in melanoma cells since this protein functions in these processes during melanocyte
development (17–19). PAX3 levels significantly decreased in all cell lines treated with
20µM SB216763, with decreases in 4/6 cell lines to nearly undetectable levels (Fig. 5A–B).
Compared to control, SKMEL-23 (4.97%+/−1.80%), 537 (8.57%+/−4.05%), A375 (11.11%
+/−8.50%), and 624 (11.70+/−3.40%) had significant drops in PAX3 levels 72 hours post
SB216763. Cell lines 888 and SKMEL-28 had a smaller, yet significant effect on PAX3
levels upon GSK-3 inhibition with 79.90%+/−8.12% (p=0.0251) and 86.47%+/−6.23%
(p=0.0320) of control, respectively. We also evaluated the effect of GSK-3α and GSK-3β
knockdown on PAX3 protein levels in SKMEL-23 and 537 cells (Fig. 5C–F). Transfection
of SKMEL-23 and 537 cells with siGSK-3α or siGSK-3β resulted in specific knockdown of
the isoform without causing loss of the other isoform. SKMEL-23 cells transfected with
siGSK-3α, siGSK-3β, and both resulted in a loss of over 50% of PAX3 levels compared to
siScramble (Fig. 5C–D). Knockdown of either GSK-3α or GSK-3β in 537 cells reduced the
amount of PAX3 protein to 70.2% and 51.8% of the siScramble control, respectively (Fig.
5E–F). The combination of both siGSK-3α and siGSK-3β further reduced PAX3 levels to
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34.9% of control levels. These data suggest that the morphological phenotypes, reduction of
cell growth and PAX3 reduction seen with SB216763 was due to the specific inhibition of
GSK-3 activity, and that the isoforms have overlapping but non-redundant consequences on
PAX3 levels. These data demonstrate that GSK-3 inhibition coincides with a decrease in
PAX3 protein levels.

PAX3 possesses three putative GSK-3β triplicate recognition motifs
GSK-3 phosphorylates the consensus sequence T/S-X3-S/T with prerequisite
phosphorylation on the C-terminal S/T by other kinases as for substrates β-catenin and
glycogen synthase (1, 33). Alternatively, negatively charged amino acids surrounding the
target site bypass the requirement of another kinase (1). β-catenin possesses a series of
consecutive consensus motifs, which are phosphorylated by GSK-3β in a sequential manner
using pre-phosphorylated Ser45 as a priming point, a pattern also seen in glycogen synthase
(34). The PAX3 amino acid sequence contains three independent putative GSK-3β triplicate
recognition motifs, which are highly conserved between mouse and human (Fig. 6A). Of
interest, Ser209 and Ser213 are surrounded by negatively charged amino acids, which may
provide a phosphorylation mimic sometimes required for GSK-3β activity. The
identification of this consensus motif is highly suggestive that PAX3 might be a target of
GSK-3β.

GSK-3β interacts with PAX3 in-vitro
The presence of three different GSK-3β recognition motif series within the PAX3 protein
lead us to investigate if these proteins directly interact. In immunoprecipitation experiments,
neither PAX3 nor HA-tagged GSK-3β bound to the beads alone (Fig. 6B). In the presence of
HA antibody, HA-tagged GSK-3β alone or in combination with PAX3 were
immunoprecipitated and ran at the expected size as indicated by the input lane (Fig. 6B,
lane-6). These data show that GSK-3β and PAX3 interact in-vitro.

GSK-3β phosphorylates PAX3
Since PAX3 directly binds to GSK-3β and contains potential GSK-3β phosphorylation sites,
we tested if PAX3 is a GSK-3β substrate. Mouse and human PAX3 share 98% homology
and possess a paired domain (PD), octapeptide (O) and homeodomain (HD) (Fig. 6C) (35).
Of the three possible GSK-3β consensus motifs within PAX3, site1 was the primary focus
since it has been previously determined that PAX3 is phosphorylated at Ser205 (27, 28).
Three different GST-PAX3 fusion proteins were tested for phosphorylation: pGex2T-
PAX3PDHD-WT, which includes the full PAX3 except for the first 33 amino acids and
amino acids 298–484 of the C-terminal tail, pGex2T-PAX3PDHD-ΔSERAS, which is
identical to pGex2T-PAX3PDHD-WT but with a deletion of a peptide segment containing
putative GSK-3β recognition site1, and pGex2T-PAX3PD, that only includes the N-terminal
of PAX3 and does not include site1 (Fig. 6C). pGex2T-PAX3PDHD-WT was the only
construct phosphorylated in the presence (Fig. 6D, lane-4) but not in the absence of GSK-3β
(lane-3). Absence of PAX3 (Fig. 6D, lane-1,2), or protein without the site1 epitope (lanes-5–
8) or without GSK-3β (lanes-1,3,5,7) failed to produce a phosphorylated band of the
expected size. All samples with GSK-3β also produced a higher molecular weight band,
most likely due to auto-phosphorylation and carry-over of GSK-3β (36). These findings
demonstrate that GSK-3β phosphorylates PAX3 within the first series of GSK-3β
recognition motifs.

To complement the in-vitro phosphorylation studies, we tested if endogenous GSK-3 within
melanoma lysates was capable of phosphorylating PAX3 and found the addition of
SB216763 reduced PAX3 phosphorylation in most, but not in all cell lines tested
(Supplementary Fig. S3). These findings correlate with the cellular response of PAX3 loss
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due to GSK inhibition (Fig. 5), and that melanoma cell lysates contain components that can
mimic the function of exogenous GSK-3 (Fig. 6).

GSK-3β-phosphorylated pGex2T-PAX3PDHD-WT protein was analyzed by mass
spectroscopy (MS) to identify modified amino acids. The MS/MS signature not only
determined that peptides derived from the region shown in Figure 6 are phosphorylated, but
are so on multiple residues: Ser205 (Fig. 6E) and either Ser197 or Ser201 (Fig. 6F). Strict
criteria were used to manually evaluate and identify sites of phosphorylation (see
Supplementary methods), which provide support for phosphorylation at Ser205 and Ser197
or Ser201. Phosphorylation at site Ser197 or Ser201 could not be determined specifically
due to poor b-ion spectra (Fig. 6F) and each moiety received nearly the same mascot peptide
score, 22 for Ser197 and 19 for Ser201, thus both sites have been included as the possible
single phosphorylation event (Supplementary Fig. S4). Evidence for phosphorylation of
Ser193 was not detected, although this may be due to trypsin cleavage proximal to this
epitope. Based on our protein kinase assays, MS data and the GSK-3 consensus sequence
within the PAX protein, we conclude that GSK-3β binds to PAX3 and phosphorylates serine
residues (Ser205 and either Ser197 or Ser201) without the requirement of another kinase to
prime the first C-terminal site. This data suggests that GSK-3β does not require a priming
phosphorylation to target PAX3 in-vitro, since there were no other components in the kinase
assay mixture that could supply such a priming event and that the negatively charged amino
acids surrounding Ser209 in PAX3 are sufficient to mimic a phospho-primed substrate.

PAX3 knockdown mimics cell phenotypes of GSK-3 inhibition
SKMEL-23 and 537 cells were transfected with siPAX3 or siScramble to assess whether the
phenotypes exhibited with GSK-3 inhibition was a result of the reduction in PAX3 levels
(Fig. 7A–D). At 72 hours cells transfected with siPAX3 had significantly fewer cells than
those transfected with siScramble; 41.89%+/−8.10% (SKMEL-23) and 52.83%+/−11.46%
(537) (Fig. 7E). PAX3 knockdown also had the same effect as GSK-3 inhibition for cell
length where SKMEL-23 (202.78%+/−78%) and 537 cells (237.96%+/−85.5%) were
significantly longer than siScramble transfected controls (Fig. 7F). Western blots verified
that the siPAX3 effectively knocked down PAX3 levels in the transfected cells (Fig. 7G–H,
Supplementary Fig. S1D).

Maintenance of PAX3 levels protects cells from cellular consequences of GSK-3 inhibition
To determine if the outcome of GSK-3 inhibition is dependent on PAX3 loss in SKMEL-23
and 537 melanoma cells, exogenous PAX3 was expressed within these cells. Both
SKMEL-23 and 537 cells were transfected with either empty expression vector pcDNA3 or
pcDNA3-PAX3-HA and treated with DMSO or SB216763 (Figure 7I–P). Western blots
confirm the expression of PAX3-HA in cells transfected with pcDNA3-PAX3-HA but not in
cells with empty pcDNA3 (Supplementary Fig. S5). Cells transfected with pcDNA3
responded to treatment in the same way as untransfected cells (Fig. 2,4,7). Cells transfected
with pcDNA3-PAX3-HA, however, were protected from the effects of SB216763 and
GSK-3 inhibition. After 72 hours of SB216763 treatment, cell numbers for PAX3-HA
expressing cells were 139.51%+/−16.02% (SKMEL-23) or 125.82%+/− 8.15% (537) in
comparison to untreated pcDNA3 cells (set at 100%), in comparison to 32.96%+/−6.99%
(SKMEL-23) or 38.08%+/−3.76% (537) of pcDNA3 transfected and SB216763-treated cells
(Fig. 7Q–R). In parallel, while pcDNA3 cells became elongated after SB216763 treatment
much like prior experiments (Fig.4, 7S–T), PAX3-HA expressing cells demonstrated no
overt morphological changes. In contrast, both cell types display a trend towards a shorter,
more rounded cell shape. These data shows that PAX3 over-expression rescues the
phenotypes of GSK-3 inhibition. All of these data collectively support a model in which
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GSK-3 inhibition in melanoma cells results in cell growth reduction, cell elongation, and
apoptosis with PAX3 modulating cell growth and cell length (Fig. 7U).

Discussion
GSK-3 inhibition influences human melanoma cell growth, apoptosis and morphology

In this report, GSK-3α and GSK-3β actively promoted melanoma cell growth, despite
phosphorylation at Ser21 or Ser9 in the majority of cell lines. While phosphorylation at
these sites are indicative of GSK-3 inactivation for some targets, this phosphorylation state
does not completely inactivate GSK-3 within melanoma since small molecule inhibition or
siRNA-mediated knockdown of GSK-3 lead to alteration of cell growth, survival, and cell
morphology. GSK-3 inhibition is associated with decreased proliferation and increased
apoptosis in several cancers including mouse melanoma (15). Consistent with these previous
findings, we found that 5/6 human melanoma cell lines exhibited slower proliferative rates
as a result of GSK-3 inhibition (Fig. 2, Supplementary Fig. S2). While apoptosis was
observed upon GSK-3 inhibition, any apoptotic cell death measured in these studies were
transient and did not exceed 35% of the total population, with the exception of 888 cells.
Out of the four cell lines that presented with apoptotic phenotypes, three displayed
measurable PARP cleavage. SKMEL-23 cells demonstrated apoptotic morphology but no
evidence of PARP cleavage was measured. These changes in cellular proliferation and
survival might be due to genes associated with GSK-3 activity including NF-κB, Bcl-2 and
XIAP (37–39).

Both SKMEL-23 and 537 human melanoma cell lines also displayed altered morphology
upon GSK-3 inhibition, including an increase in overall cell length (Fig. 4) in similarity to
responses by normal human melanocytes and mouse melanoma cells (15). This elongation
of dendritic processes suggests that GSK-3 plays a role as a control point in terminal
differentiation (40). Interestingly, inhibition of either GSK-3 isoform in 537 cells allowed
for a reduction in cell growth and an increase in dendritic process length but a block of both
isoforms resulted in a more severe phenotype, suggesting that GSK-3α and GSK-3β
partially compensated for the loss of the other in this melanoma cell line. In SKMEL-23
cells, however, this phenotype was more dependent on GSK-3β.

GSK-3β phosphorylates PAX3 and is correlated with PAX3 levels in melanoma
PAX3 plays many critical roles in melanocyte precursors during development including
proliferation, resistance to apoptosis and regulation of terminal differentiation, all
characteristics altered by GSK-3 inhibition (18, 20). Mouse embryos that lack PAX3 have
increased levels of apoptotic cell bodies, linking PAX3 with cellular survival (41). Further,
reduction of PAX3 expression in melanoma cell lines results in slowed growth and induction
of apoptosis (20, 24). Attenuation of GSK-3 activity resulted in PAX3 protein loss in 4/6
melanoma cell lines (Fig. 5). In addition, specific knockdown of each GSK-3 isoform
decreased PAX3 levels in SKMEL-23 and 537 cells. Double knockdowns resulted in even
lower PAX3 for 537 cells, indicating that the GSK-3 isoforms incompletely compensated for
each other in regards to PAX3 levels in this cell line. Cell growth reduction and dendritic
process extension correlated with the loss of PAX3 through either GSK-3 inhibition or
siPAX3. Further, exogenous PAX3 expression rescued these phenotypes, suggesting that
PAX3 levels is one mechanism through which GSK-3 regulates proliferative rates in
melanoma cell lines. It is reasonable to predict that PAX3 plays a role in the apoptosis
caused by the inhibition of GSK-3, due to prior studies finding PAX3-dependent apoptosis
in melanoma (20, 24). However, in our studies, we do not see evidence of apoptosis after
inhibition of PAX3 expression. In contrast, the most dramatic induction of apoptosis due to
GSK-3 inhibition seen was in the 888 cell line, where no significant reduction in PAX3 was
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measured. The difference between our finding and the prior reports is most likely due to
differences in cell lines, since melanoma cells are notoriously heterogeneous in their
responses to treatments and in gene expression. While our data support that PAX3 is
involved in GSK-3-mediated growth, a role for PAX3 in GSK-3-dependent cell survival was
not established (Fig. 7U).

Maintenance of PAX3 levels was dependent on GSK-3 activity in melanoma cell lines and
GSK-3β phosphorylated PAX3 at multiple residues (Fig. 5–6). GSK-3β phosphorylation can
lead to protein degradation, such as with β-catenin (42). However, there are numerous
examples of GSK-3β phosphorylation leading to protein stabilization and activation. In the
colon, GSK-3β can alter phosphorylation targets from β-catenin to Hath1, thereby toggling
cellular activity between proliferation and differentiation (43). A similar trend is seen during
Wnt signaling where activation causes GSK-3β to phosphorylate LRP6 instead of β-catenin,
thereby activating this receptor, allowing for continuation of the Wnt signal (44). GSK-3β
also modulates Mitf transcription factor activity via phosphorylation of Ser298 (45). Here,
the data support that one function for GSK-3 in melanoma cells is to maintain PAX3,
thereby promoting tumor progression and survival.

Other post-transcriptional modifications of PAX3 have been discovered that effect protein
function and stability. These studies focused on the role of PAX3 in muscle rather than
melanocytes or melanoma, and often focus on the PAX3/FOXO1 translocation product in
alveolar rhabdomyosarcoma (46). PAX3/FOXO1 is phosphorylated at multiple sites in the
PAX3 portion of the protein by an unidentified kinase, modulating its ability to act upon
downstream target genes (25). During myocyte development, PAX3 levels must decrease in
order for terminal differentiation to occur as a result of post-translational alterations in
protein stability (26, 47). The ubiquitination and proteasomal degradation pathway also
regulates PAX3 stability by targeting monoubiquitinated PAX3 for degradation within
myogenic precursor cells, thus allowing differentiation at the proper time during
development (47). PAX3 levels are increased in order to drive quiescent muscle satellite
cells further toward a myocytic fate. PAX3 is phosphorylated at multiple sites including
Ser205 in mouse primary myoblasts and this phosphorylation is lost upon the progression of
the differentiation program (27). A recent report finds Ser201, Ser205 and Ser209 are
phosphorylated in PAX3, due to CK2 (formerly casein kinase II) at Ser205 and GSK-3β at
Ser 201 with phosphorylation status affecting myogenic differentiation progression (29).
The ubiquitously expressed CK2 often provides the priming phosphorylation for GSK-3,
however, we found that GSK-3β alone was sufficient to phosphorylate PAX3 at both Ser205
and Ser197/Ser201 in-vitro (33, 48). A similar system of PAX3 regulation may occur in
melanoblast development into melanocytes and in melanoma. While our studies find that
PAX3 is phosphorylated by GSK-3 in melanoma cells, the effect of this phosphorylation on
PAX3 protein function still needs to be determined.

Over the course of this study, we found that GSK-3 inhibition in melanoma cells
dramatically reduced cell growth, increased apoptosis and altered morphology to mimic
differentiated melanocytes. We found that the cell growth reduction and altered morphology
may have been due, in part, to reduction of PAX3. We also established that GSK-3α and
GSK-3β are phosphorylated at Ser21 and Ser9 in melanoma cells, but are active kinases
supporting cellular growth. In addition, both isoforms of GSK-3 can compensate for each
other in regard to cell growth and PAX3 levels. Now that a link has been established
between GSK-3 activity and PAX3 levels in melanoma cells, future experimentation will
assess if the interplay between these two proteins is directly responsible for providing
attributes necessary for melanoma growth and survival. Elucidation of the pathway allowing
for the proliferation, survival and differentiation resistance in melanoma will be key to
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providing improved targeted therapy for this disease that is increasing in incidence
worldwide every year.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GSK-3 status in melanoma cell lines. A, melanoma cell lines express both GSK-3α and
GSK-3β at varying levels of phosphorylation. Western blots of melanoma lysates were
probed with antibodies recognizing total and phosphorylated GSK-3α and GSK-3β. Lysates
from 888 and SKMEL-23 cells were treated with calf intestinal phosphatase (CIP) as
controls for phospho-Ser9 and phospho-Ser21. B, GSK-3 inhibition raises β-catenin levels.
Melanoma cell lines treated with DMSO or SB216763, for 24 hours were probed with β-
catenin antibody or vinculin antibody as a loading control.
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Figure 2.
GSK-3 inhibition results in a dose-dependent cell number reduction. A–F, melanoma cell
numbers over 60 hours of treatment. Cells were left untreated, carrier-treated (DMSO) or
with increasing concentrations of SB216763. Cells were counted at commencement of
treatment and at 12-hour intervals up to 60 hours. The number of cells at time 0 for each
group was set as 100% and the cell counts for all treatment groups are expressed as a
percentage of that start value. Values are means +/− s.d. G–H, GSK-3α and GSK-3β
knockdown reduces cell numbers in SKMEL-23 (G) and 537 (H). Cells transfected with
siGSK-3α, siGSK-3β, and both were counted 72 hours post-transfection and compared to
siScramble (set at 100%). Values are means +/− s.d. (n=600).
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Figure 3.
GSK-3 inhibition induces apoptosis in melanoma cells. A–B, overall morphology of
SKMEL-23 cells with (A) or without (B) SB216763 treatment at 9 hours. Cells displayed
apoptotic phenotypes including blebbing (black arrow), rounding and adhesion loss (black
arrowhead), as well as cells that maintain the parental phenotype (white arrow). C,
quantification of apoptotic characteristics in melanoma cell lines upon GSK-3 inhibition. In
six random fields, total cells and apoptotic cells were counted and graphed as a percentage
of total population. Values are mean +/− s.d. (n=600 cells). D–G, SKMEL-23 cells
transfected with siScramble (D), siGSK-3α (E), siGSK-3β (F), and both isoforms (G) were
examined for apoptotic phenotypes 18 hours post-transfection. H, quantification of apoptotic
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phenotypes in D–G. Values are means +/− s.d. (n=900 cells) I, Western blots of melanoma
cell lines treated with SB216763 for 12–48 hours compared to DMSO controls. Blots were
probed with PARP antibody or vinculin antibody as a loading control.
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Figure 4.
GSK-3 inhibition with SB216763 or siRNA elongates dendritic processes. A–H,
morphology of controls and SB216763-treated SKMEL-23 (A–D) and 537 (E–H) cells.
Cells were either untreated (A, E), treated with DMSO (B, F) or with 5µM (C, G) or 20µM
(D, H) SB216763 for 60 hours. I–J, quantification of SKMEL-23 and 537 cell length. For
each group, 50 cells were measured length-wise and the averaged length of the control cells
(A, E) was set at 100%. The presented graph is a compilation of two experiments. Values
are means +/− s.d. (n=50). K-R, overall morphology of SKMEL-23 (K–N) and 537 (O–R)
cells transfected with siScramble (K, O), siGSK-3α (L, P), siGSK-3β (M, Q), or both (N,
R). Transfected cells exhibited dendritic process extension for both GSK-3 isoforms
compared to the control at 72 hours. S–T, quantification of cell length of SKMEL-23 (S) and
537 (T). For each treatment, 10 cells were measured from 6 groups. The experimental
groups were expressed as a percentage of the control group (average set at 100%). Values
are means +/− s.d. (n=60 cells).
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Figure 5.
GSK-3 inhibition is correlated with a decrease in PAX3 levels. A, western blots of
melanoma cell lines treated with SB216763. Cells were treated with DMSO or 20µM
SB216763 for 24, 48 and 72 hours. Blots were probed with PAX3 antibody or vinculin
antibody as a loading control. B, densitometry readings of western blots. The percentage
shown represents the levels of PAX3 at 72 hours of treatment (black bars) compared to
control (white bars). Values are means +/− s.d. (n=3 independent Western analyses). C–F,
specific knockdown of GSK-3α and GSK-3β reduces PAX3 levels. PAX3 and GSK-3
protein levels were measured in whole-cell lysates from SKMEL-23 (C) and 537 (E) cells
transfected with siGSK-3α, siGSK-3β, both, or siScramble. Blots were probed with PAX3,
GSK-3α, GSK-3β, or vinculin antibodies. Densitometry of the PAX3 protein band intensity
form SKMEL-23 (D) and 537 (F) are graphed with the siScramble control levels set at
100%.
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Figure 6.
GSK-3β interacts with and phosphorylates PAX3. A, PAX3 possesses three conserved
putative GSK-3β triplicate recognition motifs (sites 1, 2, 3) which are aligned with known
GSK-3β targets β-catenin and glycogen synthase. B, immunoprecipitation of GSK-3β and
PAX3. Sepharose-A/G beads were mixed with radiolabeled PAX3 (lane-1), HA-GSK-3β
(lane-2), PAX3 with HA antibody (lane-3), HA-GSK-3β with HA antibody (lane-4) and
both PAX3 and HA-GSK-3β with HA antibody (lane-5). Input of radiolabeled PAX3 and
HA-GSK-3β is shown in lane-6. C, schematic of recombinant GST-tagged murine PAX3
proteins. Full-length wild type mouse PAX3 depicts placement of the three putative GSK-3β
recognition motifs (1, 2, 3) corresponding to sites in A. The pGex2T-PAX3PD construct
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fuses glutathione S-transferase (GST) to the N-terminal end of the paired domain (PD) and
contains amino acids 34–161. pGex2T-PAX3PDHD-WT possesses amino acids 34–297
including the PD, octapeptide (O) and the homeodomain (HD). The amino acid sequence of
O and the first GSK-3β recognition motif (S/T-X3-S/T) is represented (wild-type (WT)
sequence shown, amino acids 186–219). The construct pGex2T-PAX3PDHD-ΔSERAS has
the entire series of GSK-3β recognition motifs removed (deleted sequence, (−ΔSERAS)
sequence shown, with the removal of amino acids 189–211). D, GSK-3β and PAX3 kinase
assay. The kinase assay was performed on empty glutathione sepharose-4B beads without
(lane-1) or with GSK-3β (lane-2), pGex2T-PAX3PDHD-WT without (lane-3) or with
GSK-3β (lane-4), pGex2T-PAX3PD without (lane-5) or with GSK-3β (lane-6) and pGex2T-
PAX3PDHD-ΔSERAS minus (lane-7) or plus GSK-3β (lane-8). The top panel displays the
kinase assay with an asterisk indicating an auto-phosphorylation band. The bottom panel is a
coomassie-stained gel visualizing the input bound to the beads. E–F, tandem mass
spectrometry determines Ser205 and Ser197/Ser201 of PAX3 are phosphorylated by
GSK-3β in-vitro. Precursor ion masses were measured in the Orbitrap analyzer and MS2

spectra were acquired in the LTQ mass spectrometer. E, MS2 spectra of pSer205 (n-formyl)
ASAPQSDEGpSDIDSEPDLPLK (MS mass deviation, 12 ppm). F, MS2 spectra of peptide
AS*APQS*DEGSDIDSEPDLPLK phosphorylated at either Ser197 or Ser201 (MS mass
deviation, 23 ppm). The presence of ion Y12 at mass 1328.14m/z in the Y-ion series
fragmentation of the MS2 spectra exclude Ser209 and Ser205 at the phosphorylation site,
however, there is insufficient MS2 ion evidence (b1–9) to pinpoint the phosphorylation site
specifically to Ser197 or Ser201, thus both sites with an * are potential sites of
phosphorylation. Note: peptide is displayed C- to N-terminus due to the predominant Y-ion
fragmentation.
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Figure 7.
PAX3 knockdown replicates cell phenotypes of GSK-3 inhibition (A–H) and PAX3 over-
expression rescues these phenotypes (I–T). A–D, overall morphology of SKMEL-23 (A–B)
and 537 (C–D) transfected with siScramble or siPAX3. Cells transfected with siPAX3
exhibited cell number reduction compared to siScramble at 72 hours. E, quantification of
cell number reduction with siPAX3. Cells transfected with siPAX3 were counted 72 hours
post-transfection and compared to siScramble (set at 100%). Values are means +/− s.d.
(n=600 cells). F, quantification of cell length upon transfection with siScramble or siPAX3.
10 cells were measured from 6 groups. The siScramble was expressed as a percentage of the
control group (average set at 100%). Values are means +/− s.d. (n=60 cells). G–H, siPAX3
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reduces PAX3 levels in total cell lysate of SKMEL-23 (G) and 537 (H) compared to
siScramble. Blots were probed with PAX3 antibody and vinculin as a loading control. I–P,
SKMEL-23 (I–L) and 537 (M–P) cells were transfected with pcDNA3 (I–J, M–N) or
pcDNA3-PAX3-HA (K–L, O–P) and treated with DMSO (I,K,M,O) or SB216763 (J,L,N,P)
for 72 hours and observed for cell population and overall morphology. Q–R, quantification
of cell numbers in I–P. SKMEL-23 and 537 cells transfected with either pcDNA3 or
pcDNA3-PAX3-HA were left untreated, treated with DMSO, or with SB216763 for 72
hours and counted and compared to the non-treated control (set at 100%). Values are means
+/− s.d. (n=600). S–T, quantification of cell length from I–P. For each treatment, 10 cells
were measured from 6 groups. The DMSO- and SB216763-treated groups were expressed as
a percentage of the untreated cells (average set at 100%). Values are means +/− s.d. (n=60).
U, summary schematic of the response of melanoma cells to GSK-3 inhibition. A loss of
GSK-3 activity resulted in an overall reduction of PAX3 levels, a decrease in cell growth
and survival, and cellular morphology changes in some but not all of the cell lines tested.
While the effects on cell growth and elongation are linked to a loss of PAX3 in this study,
this correlation could not be established between PAX3 loss and apoptotic induction. PAX3-
dependent apoptosis has been reported in melanoma cells, however, and is indicated with a
dotted arrow (20, 24).
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