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Although the Ewing sarcoma (EWS) proto-oncoprotein is found in the nucleus and cytosol and is associ-
ated with the cell membrane, the regulatory mechanisms of its subcellular localization are still unclear.
Here we found that adipogenic stimuli induce the nuclear localization of EWS in 3T3-L1 cells. Tyrosine
phosphorylation in the C-terminal PY-nuclear localization signal of EWS was negative throughout
adipogenesis. Instead, an adipogenesis-dependent increase in O-linked b-N-acetylglucosamine (O-Glc-
NAc) glycosylation of EWS was observed. Pharmacological inactivation of O-GlcNAcase in preadipocytes
promoted perinuclear localization of EWS. Our findings suggest that the nuclear localization of EWS is
partly regulated by the glycosylation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The Ewing sarcoma (EWS) proto-oncoprotein is one of the three
members of the FET (FUS/EWS/TAF15) family of RNA-binding pro-
teins. Although EWS has been suggested to play multiple roles in
transcription [1–3] and RNA processing and transport [4–9], the
precise control of its multiple functions remains to be elucidated.
EWS is found in both the nucleus and cytosol [2,10–14] and
associates with the cell membrane [15]. Therefore, the physiologi-
cal functions of EWS may be accomplished in part by its
spatio-temporal dynamic subcellular distribution; however, the
regulatory mechanisms of the subcellular localization of EWS are
less clear.

Here, we show the adipogenesis-dependent dynamic subcellu-
lar distribution of EWS in 3T3-L1 cells. The nuclear distribution
of EWS took precedence over its cytosolic localization during
adipogenic differentiation, while the majority of EWS was
distributed to the cytosol in preadipocytes. Our results also
indicate that the adipogenesis-dependent increase in O-linked
b-N-acetylglucosamine (O-GlcNAc) glycosylation of EWS has a
regulatory role in its nuclear localization.
2. Materials and methods

2.1. Materials

Anti-EWS (SAB2500370) and anti-a-tubulin (B-5-1-2) antibod-
ies were obtained from Sigma–Aldrich (St. Louis, MO). Antibodies
against the following antigens were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA): EWS (G-5), b-actin (I-19), lamin
B (M-20), and FLAG (M2). The anti-O-GlcNAc (CTD110.6) antibody
was a kind gift from Dr. Gerald W. Hart (Johns Hopkins University
School of Medicine, Baltimore, MD). The anti-phospho-tyrosine
antibody (P-Tyr-100) was obtained from Cell Signaling Technology
(Beverley, MA). Horseradish peroxidase (HRP)-conjugated anti-
mouse IgG and HRP-anti-rabbit IgG antibodies were obtained from
GE Healthcare (Buckinghamshire, UK), and the HRP-anti-goat IgG
antibody was obtained from R & D Systems (Minneapolis, MN).
Leptomycin B was obtained from Alomone Labs (Jerusalem, Israel).
Sodium orthovanadate was obtained from Santa Cruz Biotechnol-
ogy. Thiamet G was obtained from Cayman Chemical (Ann Arbor,
MI).
2.2. Cell culture

Mouse 3T3-L1 preadipocytes were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 25 mM glucose sup-
plemented with 10% (v/v) heat-inactivated bovine serum and were
differentiated as reported previously [16]. Human embryonic
kidney 293T cells were maintained in DMEM containing 5.5 mM
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glucose supplemented with 10% (v/v) heat-inactivated fetal bovine
serum at 37 �C in humidified air with 5% CO2.
2.3. Oil red O staining

The cells were fixed with 10% formalin in phosphate-buffered
saline (PBS) for 15 min. After 2 washes in PBS, the cells were
stained for 1 h by adding a freshly diluted oil red O solution (6
parts 3% [w/v] oil red O in 2-propanol and 4 parts H2O). After
staining, the cells were washed with PBS and counterstained with
Harris hematoxylin solution.
2.4. Subcellular fractionation

Approximately 1.0 � 106 cells were resuspended on ice in
800 lL of 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan) and incubated for 15 min. The suspension
was added to 50 lL of 10% (w/v) Nonidet P-40 and vortexed vigor-
ously for 10 s. The homogenate was centrifuged for 30 s at 1000�g
and the supernatant was referred to as the cytosolic fraction. The
pellet was resuspended in 100 lL of 20 mM HEPES (pH 7.9),
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and protease
inhibitor cocktail and rocked vigorously at 4 �C for 15 min. The
extract was centrifuged for 5 min at 10,000�g and the supernatant
was referred to as the nuclear fraction.
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2.5. Immunoprecipitation

For immunoprecipitation of EWS, cell lysates or subcellular
fractions were incubated with the anti-EWS (G-5) antibody for
2 h at 4 �C. The immune complexes were precipitated with protein
A/G PLUS-agarose (Santa Cruz Biotechnology) and washed exten-
sively with 50 mM Tris–HCl (pH 7.5) and 154 mM NaCl. For the
elution of proteins, the immune complexes were suspended in
SDS–polyacrylamide gel electrophoresis sample buffer and boiled
for 5 min.
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2.6. Western blotting and statistical analysis

For the detection of proteins in western blots, the proteins were
separated in an SDS–polyacrylamide gel, electroblotted onto a
polyvinylidene difluoride membrane (Millipore, Bedford, MA),
and subjected to immunodetection using the appropriate primary
antibody. Proteins were visualized using an HRP-conjugated sec-
ondary antibody and enhanced chemiluminescence. Relative EWS
levels were calculated by densitometry of the immunoblots. Statis-
tical analysis was performed by Student’s t test. A p value <0.05
(two-tailed) was considered significant. Data are presented as the
mean ± standard deviation.
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Fig. 1. The majority of EWS is regulated to localize stably in the cytosol in 3T3-L1
preadipocytes. The cells were treated with leptomycin B (LMB, 20 ng/mL) for the
indicated time. (Upper panel) The subcellular fractions were immunoblotted for
EWS. a-Tubulin and lamin B were used as cytosolic (C) and nuclear (N) markers,
respectively. Representative blots are shown. (Lower panel) relative nuclear EWS
levels obtained by densitometric analysis of the blots are shown. Data are the
mean ± standard deviation (n = 3).
2.7. Immunocytochemistry

The cells were fixed with 4% formaldehyde in PBS for 15 min
and permeabilized with 0.5% Triton X-100 in PBS for 15 min. After
2 washes with PBS, the cells were incubated for 1 h with PBS con-
taining 4% FBS for blocking, and incubated overnight at 4 �C with
the anti-EWS (SAB2500370) antibody diluted in PBS containing
4% FBS. The cells were washed once with PBS and incubated with
an Alexa Fluor 488-conjugated anti-goat IgG antibody (Life
Technologies, Carlsbad, CA) diluted in PBS for 2 h. The nuclei were
stained with DAPI, and the samples were analyzed using an
epifluorescence microscope.
3. Results and discussion

3.1. The majority of EWS proto-oncoprotein is regulated to localize
stably in the cytosol in 3T3-L1 preadipocytes

EWS is an almost ubiquitously expressed protein among tissues
and localizes mainly in the nucleus in the majority of tissues and
cell types [12]. On the contrary, we found that the majority of
EWS was distributed in the cytosol and a trace amount was
detected in the nucleus using biochemical subcellular fractionation
of 3T3-L1 preadipocytes (Fig. 1). Despite the fact that the nuclear
localization signal (NLS) of EWS has been well-characterized
[2,11,14], its nuclear export signal is unknown. We then examined
the effect of leptomycin B, a CRM1/exportin 1 inhibitor, on the
subcellular localization of EWS in 3T3-L1 preadipocytes (Fig. 1).
Following 10 min of leptomycin B treatment, we observed an
approximately 20% increase in the amount of nuclear EWS, and
the nuclear ratio was kept constant until 120 min after treatment
(Fig. 1). This result indicates that a proportion of EWS shuttles
between the cytosol and nucleus and is exported from the nucleus
to the cytosol in a CRM1/exportin 1-dependent manner, but the
majority of EWS is resident in the cytosol in 3T3-L1 preadipocytes.
Therefore, it is considered that the majority of EWS is regulated to
localize stably in the cytosol in 3T3-L1 preadipocytes.
3.2. Adipogenesis-dependent nuclear localization of EWS

We next characterized the subcellular distribution of EWS
during adipogenesis. Differentiation was induced in 3T3-L1
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Fig. 2. Adipogenesis-dependent nuclear localization of EWS. Differentiation was induced in 3T3-L1 preadipocytes for 7 days. (A) The cells were stained with oil red O and
hematoxylin. Bar, 100 lm. (B) Left panel shows representative western blots of the subcellular fractions probed with the indicated antibodies (C, cytosolic fraction; N, nuclear
fraction). Right panel shows the relative nuclear EWS levels obtained by densitometric analysis of the blots. Data are the mean ± standard deviation (n = 3). (C) Representative
image of differentiating cells immunostained with an anti-EWS (SAB2500370) antibody (green) and counterstained with DAPI (blue). Bar, 40 lm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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preadipocytes until day 7, and the subcellular distribution of EWS
was monitored. An adipogenesis-dependent increase in lipid drop-
let size was observed (Fig. 2A). Upon the induction of adipogenic
differentiation, C/EBPb, which is a critical transcription factor for
adipogenesis, was expressed on and after day 1, while another
adipogenic transcription factor, C/EBPa, was expressed on and
after day 5 (data not shown), as we reported previously [16].
Biochemical subcellular fractionation showed that the nuclear
localization of EWS was promoted upon differentiation, and the
distribution of EWS in the nuclear fraction takes precedence over
its cytosolic localization as adipogenesis advances (Fig. 2B). Consis-
tent with the subcellular fractionation analysis, the majority of
EWS in preadipocytes showed a diffuse cytoplasmic distribution
by immunostaining and its distribution shifted from the cytoplasm
to the nucleus with the progression of adipogenesis (Fig. 2C). These
results indicate that adipogenic stimuli induce the nuclear localiza-
tion of EWS.
3.3. Adipogenesis-dependent increase in the O-GlcNAc glycosylation,
but not tyrosine phosphorylation, of EWS correlates with its nuclear
distribution

Since 3T3-L1 cells maintain a steady level of EWS expression
during adipogenesis as we reported previously [16] and EWS is a
relatively stable protein with a half-life of approximately 19.6 h
(Fig. S1), the adipogenesis-dependent nuclear localization of EWS
might be regulated by post-translational modifications. It has been
proposed that tyrosine phosphorylation of the C-terminal PY-NLS is
a critical factor for the transportin-mediated nuclear import of EWS
[17]. We examined tyrosine phosphorylation of EWS during adipo-
genesis, but this modification was undetectable throughout this
process (Fig. 3A). Tyrosine phosphorylation of endogenous EWS
was barely detectable in human embryonic kidney 293T cells but
that was undetectable in 3T3-L1 preadipocytes even in the presence
of sodium orthovanadate, a broad-spectrum tyrosine phosphatase
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Fig. 3. Adipogenesis-dependent increase of the O-GlcNAcylation, but not tyrosine phosphorylation, of EWS. (A) Differentiation was induced 3T3-L1 preadipocytes for 7 days.
EWS was immunoprecipitated (IP) from harvested whole cell lysates with an anti-EWS (G-5) antibody and the immunoprecipitates were immunoblotted with the indicated
antibodies. (B) 3T3-L1 preadipocytes and human embryonic kidney 293T cells were cultured in the absence or presence of 2 mM sodium orthovanadate (Na3VO4) for 2 h. EWS
was immunoprecipitated from harvested whole cell lysates with G-5 and the immunoprecipitates were immunoblotted with the indicated antibodies.
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Fig. 4. O-GlcNAc glycosylation promotes the perinuclear localization of EWS. 3T3-L1 preadipocytes were cultured in the absence or presence of 100 nM thiamet G (TG) for
6 h. (A) EWS was immunoprecipitated (IP) from harvested whole cell lysates with an anti-EWS (G-5) antibody and the immunoprecipitates were immunoblotted with the
indicated antibodies. (B) Upper panel shows representative western blots of the subcellular fractions probed with the indicated antibodies. C, cytosolic fraction; N, nuclear
fraction. Lower panel shows relative nuclear EWS levels obtained by densitometric analysis of the blots. Data are the mean ± standard deviation (n = 3). ⁄p < 0.036. (C)
Representative image of the cells immunostained with an anti-EWS (SAB2500370) antibody (green) and counterstained with DAPI (blue). Bar, 40 lm. (D) Enlarged views of
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inhibitor (Fig. 3B). Therefore, we concluded that tyrosine phosphor-
ylation of PY-NLS appears not to have a critical role in the adipogen-
esis-dependent nuclear import of EWS in 3T3-L1 cells.

Previously, we used the wheat germ agglutinin-affinity pull-
down assay to show that the levels of O-GlcNAc glycosylation of
EWS in 3T3-L1 adipocytes are higher than in preadipocytes [16].
In the present study, we confirmed this finding by western blotting
with an anti-O-GlcNAc antibody (Fig. 3A). This observation
indicates that there is a correlation between the adipogenesis-
dependent increase in EWS glycosylation and the increase in its
nuclear distribution, and that O-GlcNAc glycosylation may play a
regulatory role in the nuclear localization of EWS.

3.4. O-GlcNAc glycosylation stimulates the perinuclear localization of
EWS

To examine whether the increase in the O-GlcNAc glycosylation
of EWS affects its subcellular distribution, 3T3-L1 preadipocytes
were treated with thiamet G, a potent and specific O-GlcNAcase
inhibitor [18]. Six hours of thiamet G treatment resulted in an
approximately 2-fold increase in the glycosylation of EWS
(Fig. 4A). Biochemical subcellular fractionation showed that thia-
met G treatment promoted a statistically significant increase in
the nuclear distribution of EWS by approximately 2-fold
(Fig. 4B). A similar result was obtained with another O-GlcNAcase
inhibitor, PUGNAc (data not shown). Interestingly, microscopic
observation revealed that thiamet G treatment induces the perinu-
clear localization of EWS (Fig. 4C and D). This result indicates that
the O-GlcNAc glycosylation stimulates the recruitment of EWS to
the periphery of the nuclear pore rather than its nuclear import.
In silico O-GlcNAc glycosylation site analysis using the YinOYang
1.2 server (http://www.cbs.dtu.dk/services/YinOYang/) [19]
predicted that 54 Ser/Thr residues of mouse EWS are possible mod-
ification sites and these putative sites are unevenly distributed in
the N-terminus (Fig. S2). Although we do not have any data indi-
cating the actual glycosylation sites of EWS in 3T3-L1 cells at the
present time, EWS will be glycosylated at multiple sites in its
N-terminus upon the induction of adipogenic differentiation.
EWS is composed of a transactivation domain at the N-terminus
and RNA recognition motifs at its C-terminus. Although the regula-
tory mechanism for the subcellular localization of EWS is less clear,
the N-terminal R7BS domain and 3 independent C-terminal
domains, including the third RGG motif, the zinc-finger motif,
and the PY-NLS, are important for its efficient nuclear localization
[2,11,14]. Since 12 out of the 54 possible glycosylation sites are
located in the N-terminal R7BS domain, the nuclear localization
potency of this domain might be regulated by glycosylation.
Further study is needed to prove this hypothesis.

Recently, it was shown that EWS mediates the maturation of let-
7g [7], which is an important microRNA for 3T3-L1 adipogenesis
[20]. The adipogenesis-dependent nuclear localization of EWS that
we found in this study may help to elucidate the molecular mecha-
nism of microRNA processing mediated by EWS during adipogene-
sis. Furthermore, the cell cycle-dependent dynamic subcellular
distribution of EWS in Cos7, HeLa, and human embryonic kidney
293T cells has been reported [13]. EWS has also been identified in
cytoplasmic inclusions in the brain of a subset of patients with fron-
totemporal lobar degeneration [21,22]. Therefore, the regulatory
mechanism for the localization of EWS in other cell lineages, includ-
ing neuronal cells, is an important matter that should be explored.
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