
Interaction between ERK and GSK3� Mediates Basic
Fibroblast Growth Factor-induced Apoptosis in SK-N-MC
Neuroblastoma Cells*

Received for publication, August 30, 2007, and in revised form, February 7, 2008 Published, JBC Papers in Press, February 7, 2008, DOI 10.1074/jbc.M707316200

Cuiling Ma‡§, Kimberly A. Bower‡, Gang Chen‡, Xianglin Shi¶, Zun-Ji Ke�1, and Jia Luo‡�2

From the ‡Department of Microbiology, Immunology and Cell Biology, West Virginia University School of Medicine, Robert C. Byrd
Health Sciences Center, Morgantown, West Virginia 26506, the §Department of Dermatology, Xijing Hospital, Xi’an 710032, China,
the ¶Graduate Center for Toxicology, University of Kentucky, Lexington, Kentucky 40536, and the �Institute for Nutritional Sciences,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, 294 Taiyuan Road, Shanghai 200031, China

The Ewing’s sarcoma family of tumors (ESFT) includes
Ewing’s sarcoma (ES), Askin’s tumor of the chest wall, and
peripheral primitive neuroectodermal tumor. Basic fibroblast
growth factor (FGF2) suppresses the growth of ESFT cells and
causes their apoptosis. The underlying mechanism is unclear.
Using a human peripheral primitive neuroectodermal tumor
cell line, SK-N-MC, we demonstrated FGF2 stimulated phos-
phorylation of ERK1 and ERK2 (pERK1/2) and GSK3�

(pGSK3�(Tyr-216)), all of which were primarily retained in the
cytoplasm. FGF2 promoted the association between ERK and
pGSK3�(Tyr-216). Inhibitors for GSK3� (TDZD and LiCl) and
ERK (PD98059) protected cells from FGF2-induced apoptosis.
On the other hand, inhibitors of GSK3�, but not PD98059
decreased ERK/pGSK3�(Tyr-216) association and caused a
nuclear translocation of pERK1/2. Similarly, expression of a
kinase-deficient (K85R) GSK3� or GSK3�-small interfering
RNA inhibited FGF2-regulated ERK/pGSK3�(Tyr-216) associ-
ation and translocated pERK to the nucleus. Both K85R GSK3�

and small interfering RNA offered protection against FGF2-in-
duced cell death. In contrast, overexpression of wild-type
GSK3� sensitized cells to FGF2 cytotoxicity. Hydrogen perox-
ide and ethanol enhanced FGF2-stimulated pGSK3�(Tyr-216),
ERK/pGSK3�(Tyr-216) association, and cytoplasmic retention
of pERK1/2. As a result, they potentiated FGF2-induced cell
death. Taken together, our results suggested that FGF2-induced
accumulation of pERK1/2 in the cytoplasm is toxic for
SK-N-MC cells. The formation of an ERK�GSK3� complex
retained pERK1/2 in the cytoplasm. In contrast, disruption of
the ERK�GSK3� complex resulted in nuclear translocation of
pERK1/2 and offered protection.

The Ewing’s sarcoma family of tumors (ESFT)3 including
Ewing’s sarcoma, Askin’s tumor of the chest wall, and periph-
eral primitive neuroectodermal tumor are common bone and
soft tissue tumors among children and young adults. It is gen-
erally believed that ESFT are derived from pluripotent neural
crest cells (1). They are malignant tumors of childhood and
adolescence (1). The outcomes of treatment of these tumors are
poor; less than 20% of patients withmetastatic disease are long-
term survival patients (2). Therefore, development of new
treatment strategies for these tumors is important.
Basic fibroblast growth factor (bFGF or FGF2) belongs to the

FGF family, which consists of up to 23members (3, 4). FGFs and
their cell surface receptors (FGFR) make up a large and com-
plex family of signalingmolecules that play an important role in
a variety of processes of embryonic development and tissue
homeostasis, as well as pathogenesis of some morphogenetic
disorders and cancers. FGF2 is ubiquitously expressed, but is
most abundant in the nervous system (5). In embryonic tissues,
FGF2 plays a critical role in morphogenesis by regulating cell
proliferation, differentiation, and cell migration. In adult orga-
nisms, FGF2 plays an important role in the function of the nerv-
ous system, tissue repair, wound healing, and tumor angiogen-
esis (3, 4).
FGF2 is generally viewed as a mitogen or pro-survival factor.

Dysregulation of FGF signaling has been implicated in tumori-
genesis and malignant progression (6). However, the response
to FGF2 depends on cell type and developmental status (7, 8).
For example, FGF2 causes apoptosis in chondrocytes and
breast cancer cells (9, 10). FGF2 suppresses the growth of ESFT
cells by inducing apoptosis of tumor cells in vivo (2). FGF2-
induced death of ESFT cells is confirmed in vitro using various
ESFT cell lines (2, 11–13). However, the cellular and molecular
mechanisms underlying FGF2-mediated death of ESFT cells
remain unclear.
Key components of FGF2 signaling are mitogen-activated

protein kinases (MAPKs) (3). In mammals, three major groups
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of MAPKs have been identified: extracellular signal-regulated
kinases (ERKs), p38MAPK, and c-JunN-terminal kinase (JNK).
The ERKs are stimulated by receptor tyrosine kinases and G
protein-coupled receptors, and their activation generally leads
tomitogenic or growth response. JNK and p38MAPK are stim-
ulated by cellular stresses, such as free radicals and inflamma-
tory agents, leading to apoptotic cell death. Although ERKs
have been generally known for their mitogenic and survival
promoting functions, many studies indicate that ERK activa-
tion may lead to cell death (14). It appears that the subcellular
localization of ERK plays an important role in determining the
function of ERKs (15).
In the present study, we used human SK-N-MC cells, which

were derived from soft tissue peripheral primitive neuroecto-
dermal tumors, to investigate the mechanism of FGF2-induced
apoptosis. SK-N-MC cells endogenously express FGF2 and
FGF receptor (FGFR-1) (2). We demonstrate here that FGF2
induces a sustained phosphorylation of ERK1 and ERK2
(pERK1/2), whereas it has a modest effect on JNK and p38
MAPK.The FGF2-induced pERK1/2 is predominantly retained
in the cytoplasm and forms a complex with GSK3�. The cyto-
plasmic accumulation of pERK is accountable for FGF2-in-
duced death of SK-N-MC cells. Our findings underscore a
novel mechanism by which FGF2 induces cell death.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against GSK3� (catalog number
9332), Histone 3 (catalog number 9715), pERK1/2 (catalog
number 9101), pJNK (catalog number 9251), poly(ADP-ribose)
polymerase (catalog number 9542), and cyclin D1 (catalog
number 2926) were obtained from Cell Signaling Technology,
Inc. (Beverly, MA). Anti-tubulin antibody (catalog number
T6199) was purchased from Sigma. Anti-pGSK3�(Ser-9) (cat-
alog number 44-600G) and pGSK3�(Tyr-216) antibodies (cat-
alog number 44-604G) were obtained from Invitrogen. Anti-p-
p38 antibody (catalog number 7973) was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). GSK3� inhibitors
(TDZD-8 and LiCl) and MEK1 inhibitor (PD98059) were pur-
chased from Calbiochem (La Jolla, CA). Annexin-V FITC
Apoptosis Detection Kit was obtained from Biovision Inc.
(Mountain View, CA). Other chemicals were obtained from
Sigma.
Cell Culture—Human SK-N-MC cells obtained from ATCC

were grown in Eagle’s minimal essential medium containing
10% fetal bovine serum, 2 mM L-glutamine and 25 �g/ml gen-
tamicin, 100 units/ml penicillin, and 100�g/ml streptomycin at
37 °C with 5% CO2.
Determination of Cell Viability and Apoptosis—Cell viability

was determined by MTT assay as previously described (16).
Apoptosis was quantified by the expression of Annexin-V using
an Annexin-V FITC Apoptosis Detection Kit as previously
described (17). Briefly, cells (1 � 106) were suspended in 500 �l
of binding buffer (10mMHEPES/NaOH, pH 7.4, 150mMNaCl,
5 mMKCl, 1 mMMgCl2, and 1.8 mMCaCl2) and treated with 10
�l of FITC-conjugated anti-Annexin-V antibody and 10 �l of
propidium iodide for 10 min in the dark at room temperature.
The sampleswere analyzed by flow cytometry (excitation� 488
nm; emission � 530 nm).

Preparation of Cell Lysates of Whole Cell and Cytoplasmic
and Nuclear Fractions—For the lysates of whole cells, cells
were washed with phosphate-buffered saline (pH 7.4) and
lysed with RIPA buffer (150 mM NaCl, 50 mM Tris (pH 8.0),
1% Nonidet P-40 (Nonidet P-40), 0.1% SDS, 0.5% deoxy-
cholic acid sodium, 0.1 mg/ml phenylmethylsulfonyl fluo-
ride, 1 mM sodium orthovanadate and 3% aprotinin) on ice
for 10 min, solubilized cells were centrifuged, the superna-
tant was collected and designated as the whole cell lysates.
For extraction of cytoplasmic and nuclear fractions, cells
were lysed in phosphate-buffered saline that contained 5 mM
EDTA, 1% Nonidet P-40, 1 mM dithiothreitol (Sigma), 10
�g/ml leupeptin, and 1 mM Pephabloc SC. After 5 min incu-
bation on ice, the lysate was centrifuged at 12,000 � g for 5
min. The supernatant was designated the cytoplasmic frac-
tion. The pelleted nuclei were sonicated in nuclear extrac-
tion buffer (20 mM Tris-HCl, pH 7.5, 1% SDS, 5 mM EGTA,
0.5% Triton X-100, 150 mM NaCl, 1 mM dithiothreitol, 10
mg/ml leupeptin, and 1 mM Pephabloc SC) and centrifuged
at 12,000 � g for 5 min. The supernatant was collected and
designated the nuclear fraction.
Immunoblotting—The immunoblotting procedure has

been previously described (16). Briefly, after the protein con-
centrations were determined, aliquots of the protein samples
(30 �g) were loaded into the lanes of a SDS-polyacrylamide
gel. The protein samples were separated by electrophoresis,
and the separated proteins were transferred to nitrocellulose
membranes. The membranes were blocked with either 5%
bovine serum albumin or 5% nonfat milk in 0.01 M phos-
phate-buffered saline (pH 7.4) and 0.05% Tween 20 (TPBS)
at room temperature for 1 h. Subsequently, the membranes
were probed with primary antibodies directed against target
proteins for 2 h at room temperature or overnight at 4 °C.
After three quick washes in TPBS, the membranes were
incubated with a secondary antibody conjugated to horse-
radish peroxidase (Amersham Biosciences) diluted at 1:2000

FIGURE 1. FGF2-induced death of SK-N-MC cells. A, SK-N-MC cells were
treated with FGF2 (10 ng/ml), heregulin �1 (30 ng/ml), or forskolin (10 �M) for
48 h. Cell viability was determined by MTT as described under “Experimental
Procedures.” Each data point (�S.E.; bar) is the mean of three experiments.
Asterisk denotes significant difference from controls. B, SK-N-MC cells were
treated with FGF2 (10 ng/ml) for 12 h. Annexin-V-positive cells were analyzed
via flow cytometry as described under “Experimental Procedures.” C, SK-N-MC
cells were treated with FGF2 (10 ng/ml) for 12 h. The expression of poly(ADP-
ribose) polymerase (PARP) was determined with immunoblotting.
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in TPBS for 1 h. The immune complexes were detected by
the enhanced chemiluminescence method (Amersham Bio-
sciences). In some cases, the blots were stripped and
re-probed with either an anti-tubulin or an anti-Histone H3
antibody. The density of immunoblotting was quantified
with the software of Quantity One (Bio-Rad). The expression
of target proteins was normalized to the levels of either tubu-
lin or Histone H3.

Cell Transfection and Establish-
ing Stable Transfectants—Stable
transfectants expressing various
GSK3� constructs were established
as previously described (18).
V5-tagged GSK3� constructs (wild-
type and K85R) carried by vector
pcDNA3 were generous gifts from
Dr. Thilo Hagen (University Hospi-
tal Nottingham, Nottingham, UK).
Constitutively activeMEK1 plasmid
(CA-MEK1) was obtained from
Stratagene (pFC-MEK1, catalog
number 219065). Cell transfection
was carried out with Lipofectamine
2000 reagent (Invitrogen) according
to the manufacturer’s instructions.
Stable cell clones expressing exoge-
nous GSK3� were selected by treat-
ment of G418 (600 �g/ml) for 3–4
weeks. Positive clones were verified
by the expression of the V5 tag pro-
tein, as well as the evidence of
GSK3� overexpression. The clones
expressing the highest levels of
exogenous GSK3� were selected for
subsequent experiments.
GSK3� Small Interfering RNA

(siRNA)—GSK3� siRNA (catalog
number 6301; Cell Signaling Tech-
nology, Inc.) or Silencer Negative
Control siRNA (catalog number
4611; Ambion, Inc., Austin, TX)
were transfected into SK-N-MC
cells with either oligofectamine rea-
gent (Invitrogen) or Nucleofec-
torTM (Amaxa Inc., Gaithersburg,
MD) according to the manufactur-
er’s protocol. At 48 h after transfec-
tion, the cells were subjected to im-
munoblotting analysis for GSK3�
expression.
Statistical Analysis—Differences

among treatment groups were
tested using analysis of variance.
Differences in which pwas less than
0.05 were considered statistically
significant. In cases where signifi-
cant differences were detected, spe-
cific post hoc comparisons between

treatment groupswere examinedwith Student-Newman-Keuls
tests.

RESULTS

ERK1/2 Mediate FGF2-induced Death of SK-N-MC Cells—
Weexamined the effect of FGF2, forskolin, and heregulin�1 on
the viability of SK-N-MCcells. Forskolin and heregulin�1were
selected for comparison because forskolin-induced pERK1/2

FIGURE 2. Effect of FGF2 on the phosphorylation of MAPKs and GSK3�. A, SK-N-MC cells were main-
tained in serum-free medium overnight and then exposed to FGF2 (10 ng/ml) for the indicated times.
Total cell lysates were collected and examined for the expression of phosphorylated ERK1/2, JNK, and p38
MAPK. B, SK-N-MC cells were maintained in serum-free medium overnight and then exposed to FGF2 (10
ng/ml) for the indicated times. The cytoplamic and nuclear proteins were collected. The expression of
ERK1/2 and GSK3� as well as phosphorylated ERK1/2 (pERK1/2) and pGSK3�(Ser-9 and Tyr-216) was
examined with immunoblotting. The purity of cytoplamic and nuclear protein was verified by the expres-
sion of tubulin and histone H3, respectively. The experiment was replicated three times.

FIGURE 3. Effect of inhibitors of MAPKs and GSK3� as well as ERK2 siRNA on FGF2-induced death of
SK-N-MC cells. A, SK-N-MC cells were pretreated with inhibitors of MEK1 (PD98059, 50 �M), JNK (JNK-I, 1 �M),
p38 MAPK (SB203580, 10 �M), and GSK3� (LiCl, 20 mM; TDZD, 10 �M) for 30 min. After that, cells were exposed
to FGF2 (10 ng/ml) for 48 h. Cell viability was determined by MTT as described under “Experimental Proce-
dures.” The experiment was replicated three times. Asterisk denotes significant difference from untreated
controls. Number sign denotes significant difference from the group treated with FGF2 but without inhibitors.
B, SK-N-MC cells were treated with an ERK2 siRNA for 48 h. The expression of ERK1/2 was determined with
immunoblotting (top panel). After transfection with ERK2 siRNA or control siRNA for 48 h, cells were treated
with FGF2 (0 or 10 ng/ml) for 48 h. Cell viability was determined by MTT (bottom panel). Each data point (�S.E.;
bar) is the mean of three replications. Asterisk, ERK2 siRNA-mediated protection; denotes significant difference
from the control siRNA-treated group (open bar in ERK2 siRNA-treated group versus open bar in control siRNA-
treated group).
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was mainly localized in the nucleus (15), whereas heregulin �1
did not affect pERK1/2 (data not shown). As determined by
MTT assay, FGF2 decreased the viability of SK-N-MC cells,
whereas forskolin enhanced the survival of SK-N-MC cells;
heregulin �1 had little effect on cell viability (Fig. 1A). FGF2-
induced apoptosis of SK-N-MC cells was confirmed by
Annexin-V staining and the cleavage of poly(ADP-ribose) po-
lymerase (Fig. 1, B and C).
FGF2 caused a prolonged phosphorylation of ERK1 and

ERK2, whereas it had amodest effect on the phosphorylation of
JNK and p38 MAPK (Fig. 2A). FGF2-induced pERK1/2 per-
sisted for at least 6 h. The majority of FGF2-induced pERK1/2
was retained in the cytoplasm (Fig. 2B). GSK3� is a substrate of
ERK, and ERK phosphorylates GSK3� at serine 9 (19). Full
activity of GSK3� generally requires phosphorylation at tyro-
sine 216, and conversely, phosphorylation at serine 9 inhibits
GSK3� activity (19). We thus sought to determine whether
FGF2 affected GSK3� phosphorylation. As shown in Fig. 2B,
FGF2 had little effect on the phosphorylation of GSK3� at ser-
ine 9 (pGSK3�(Ser-9)), but enhanced its phosphorylation at
tyrosine 216 (pGSK3�(Tyr-216)); both phosphorylated and
non-phosphorylated forms of GSK3� were localized to the
cytoplasm (Fig. 2B). ERK1/2 are substrates of MEK1 (14).
PD98059, a selective inhibitor of MEK1, effectively blocked
FGF2-induced ERK phophorylation (Fig. 5A). PD98059, but
not inhibitors for p38 MAPK and JNK, protected SK-N-MC
cells against FGF2-induced cell death (Fig. 3A), suggesting
pERK1/2 were required for FGF2 cytotoxicity. To confirm that
ERK-mediated FGF2 induced cell death, we knocked down the
expression of ERK2 by an ERK2 siRNA. As shown in Fig. 3B,
ERK2 siRNA significantly protected cells against FGF2 cytotox-
icity. Inhibitors of GSK3� (LiCl and TDZD) also offered signif-
icant protection against FGF2-induced cell death (Fig. 3A), sug-
gesting thatGSK3� is also involved in FGF2-induced cell death.
It was noted that GSK3� inhibitors by themselves promoted
cell survival (Fig. 3A).
FGF2Modulates the Interaction betweenERK1/2andGSK3�—

It has been shown that pERK was retained in the cytoplasm by
forming a heterotrimeric complex with other cytosolic pro-
teins, and cytoplamic retention of pERK1/2 is cytotoxic to SK-
N-MC cells (15). We demonstrated here that FGF2 induced an
accumulation of pERK1/2 in the cytoplasm. We therefore
sought to determine the mechanisms underlying the cytoplas-
mic retention of pERK1/2.Our results indicated that FGF2 pro-
moted the association between ERK and GSK3�; the associa-
tionmostly occurred between ERK and pGSK3�(Tyr-216) (Fig.
4A), suggesting that ERK1/2 preferably associated with active
GSK3�. To test this hypothesis, we examined the effect of
GSK3� inhibitors on ERK/pGSK3�(Tyr-216) association. As
shown in Fig. 4B, LiCl and TDZD disrupted FGF2-induced
ERK/GSK3� association. A similar result was obtained using
another specific GSK3� inhibitor (L803) (data not shown). On
the other hand, the phosphorylation status of ERKdid not affect
the ERK/GSK3� association because both ERK and pERK asso-
ciated with pGSK3�(Tyr-216) to a similar extent; PD98059 had
little effect on pGSK3�(Tyr-216) as well as ERK/pGSK3�(Tyr-
216) association (Fig. 4B). To further verify the active form of
GSK3� is required for the interaction, we transfected

SK-N-MC cells with a kinase-deficient GSK3� (K85R) mutant.
The mutant functions as a dominant negative protein and
inhibits the activation of endogenous GSK3� (20). Overexpres-
sion of the K85R mutant in SK-N-MC cells was verified by the
expression ofV5 tag protein andhigh levels ofGSK3�, aswell as
up-regulation of cyclin D1 (Fig. 4C) because GSK3� phospho-
rylates cyclin D1 and induces its degradation (21). In contrast,
transfection of wild-type GSK3� decreased cyclin D1 expres-
sion. As shown in Fig. 4D, overexpression of the K85R GSK3�
mutant inhibited FGF2-mediated ERK/GSK3� association.
Because inhibitors of GSK3� disrupted ERK/pGSK3�(Tyr-

216) association, we sought to determine their effect on the
distribution of pERK1/2. As shown in Fig. 5,A and B, inhibitors
of GSK3� significantly enhanced the nuclear localization of
pERK1/2. The K85R GSK3� mutant failed to associate with
ERK. Like GSK3� inhibitors, overexpression of this mutant
greatly enhanced pERK1/2 translocation to the nucleus (Fig. 5,
C and D). The role of GSK3� in the regulation of pERK1/2
distribution was further confirmed by knocking down GSK3�

FIGURE 4. FGF2-mediated association between ERK1/2 and GSK3�. A, SK-
N-MC cells were treated with FGF2 (10 ng/ml) for the indicated times. Total
protein lysates were collected and immunoprecipitated (IP) with either anti-
ERK1/2 or anti-pERK1/2 antibody. The immunoprecipitates were then immu-
noblotted (IB) for the expression of GSK3�, pGSK3�(Ser-9 and Tyr-216), and
ERK. IGF1-induced pGSK3�(Ser-9) served as a positive control. The experi-
ment was replicated three times. B, SK-N-MC cells were pretreated with inhib-
itors of MEK1 (PD98059, 50 �M), JNK (JNK-I, 1 �M), p38 MAPK (SB20358, 10 �M),
and GSK3� (LiCl, 20 mM; TDZD, 10 �M) for 30 min. After that, cells were
exposed to FGF2 (10 ng/ml) for the indicated times. Cell lysates were immu-
noprecipitated with an anti-ERK1/2 antibody and immunoblotted using an
anti-pGSK3�(Tyr-216) antibody. The experiment was replicated three times.
C, SK-N-MC cells were transfected with either an empty vector or GSK3� con-
structs (wild type, WT; dominant negative, DN) for 48 h. The expression of
GSK3�, V5 tag protein, cyclin D1, and actin was examined with immunoblot-
ting. D, SK-N-MC cells were transfected with either an empty vector or a dom-
inant negative GSK3� construct for 48 h. After that, cells were treated with
FGF2 (10 ng/ml) for the indicated times. Cell lysates were immunoprecipi-
tated with an anti-ERK1/2 antibody and immunoblotted for the expression of
V5 tag protein, GSK3�, pGSK3�(Tyr-216), and ERK1/2. The expression was
replicated three times.
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using a specific GSK3� siRNA. As shown in Fig. 6A, GSK3�
siRNA effectively knocked down the expression of GSK3�. Like
GSK3� inhibitors and the K85RGSK3�mutant, GSK3� siRNA

enhanced pERK1/2 translocation to the nucleus (Fig. 6C). Con-
sistent with the protective effect of GSK3� inhibitors (Fig. 3),
overexpression of the K85R GSK3� mutant (Fig. 7A) and

FIGURE 5. Effect of GSK3� inhibitors and dominant negative (DN) GSK3� on the distribution of pERK1/2. A, SK-N-MC cells were maintained in serum-free
medium overnight and pretreated with inhibitors of MEK1 (PD98059, 50 �M) and GSK3� (LiCl, 20 mM; TDZD, 10 �M) for 30 min. After that, cells were exposed
to FGF2 (10 ng/ml) for the indicated times. The expression of phosphorylated ERK (pERK1/2) in both the cytoplasm and nucleus were examined with
immunoblotting. B, FGF2-induced up-regulation of pERK2 (42 kDa) was much larger than pERK1 (44 kDa). The relative amounts of pERK2 in the nucleus were
measured microdensitometrically, normalized to the level of total cellular pERK2, and expressed as the percentage of total pERK. Each data point (�S.E.; bar)
is the mean of three replications. C, SK-N-MC cells were transfected with either an empty vector or a dominant negative (DN) GSK3� construct (kinase-deficient
mutant) for 48 h. After that, cells were treated with FGF2 (10 ng/ml) for the indicated times. Cytoplasmic and nuclear protein were collected. The expression of
pERK1/2, tubulin, and histone H3 was determined by immunoblotting. D, the relative amounts of pERK2 in the nucleus were measured microdensitometrically
as described above. Each data point (�S.E.; bar) is the mean of three replications.
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GSK3� siRNA (Fig. 7B) also significantly ameliorated FGF2-
mediated cell death. Contrarily, overexpression of wild-type
GSK3� sensitized SK-N-MC cells to FGF2 cytotoxicity (Fig.
7A). To further demonstrate that cytoplasmic pERK1/2 were
cytotoxic for SK-N-MC cells, we transfected cells with a CA-
MEK1. Because MEK1 had little effect on pGSK3�(Tyr-216)
and bypassed FGF2-initiated signaling, CA-MEK1 expression
resulted in pERK localization in the nucleus (Fig. 6, B and C). It
was noted that CA-MEK1 only induced weak pERK expression
(Fig. 6B). On the other hand, CA-MEK1 did increase
pGSK3�(Ser-9), which resulted in reduced association between
GSK andERK (data not shown); this likely caused pERKnuclear
translocation. As shown in Fig. 7C, FGF2 cytotoxicity was sig-
nificantly diminished in cells expressing CA-MEK1. Taken
together, FGF2-induced formation of the ERK�GSK3� complex
caused a cytoplasmic retention of pERK,whichwas cytotoxic to
SK-N-MC cells.
Hydrogen Peroxide and Ethanol Potentiate FGF2-induced

CellDeath byModulating ERK/GSK3� Interaction—To further
establish the role of cytoplamic pERK1/2 in the regulation of
cell death, we investigated the effect of hydrogen peroxide on
ERK/GSK3� association and subcellular distribution of pERK
because oxidative stress-induced cell deathmay bemediated by
ERK activation (14).We sought to determinewhether oxidative
stress may promote the death of SK-N-MC cells by retaining
pERK in the cytoplasm. Both hydrogen peroxide and ethanol
cause cellular oxidative stress. We treated SK-N-MC cells with
FGF2 with/without hydrogen peroxide or ethanol and exam-
ined the expression of pGSK3�(Tyr-216), formation of ERK/
pGSK3�(Tyr-216) complex, and subcellular distribution of
pERK1/2. As shown in Fig. 8A, although hydrogen peroxide or
ethanol alone had a modest or little effect on pGSK3�(Tyr-
216), they greatly enhanced FGF2-stimulated pGSK3�(Tyr-
216). Hydrogen peroxide and ethanol also drastically promoted
FGF2-induced ERK/pGSK3�(Tyr-216) association (Fig. 8B).

Hydrogen peroxide and ethanol alone did not cause ERK1/2
phosphorylation and alteration in their localization (data not
shown). Consistent with our prediction, hydrogen peroxide
and ethanol increased FGF2-mediated pERK1/2 in the cyto-
plasm while decreasing their amount in the nucleus, indicating
a promotion of cytosolic retention of pERK1/2 (Fig. 8C). As a
result, hydrogen peroxide and ethanol potentiated FGF2 cyto-
toxicity (Fig. 9). Taken together, these results suggested that
promotion of the ERK/pGSK3�(Tyr-216) complex by hydro-
gen peroxide and ethanol enhanced cytoplamic retention of
pERK1/2 and subsequently potentiated FGF2-induced cell
death.

DISCUSSION

This is the first report to show that ERK mediates FGF2-
induced death of SK-N-MC cells. We demonstrate that FGF2
causes phosphorylation of ERK1/2 and the phosphorylated
ERK1/2 are primarily retained in the cytoplasm. Accumulation
of cytosolic pERK1/2 is cytotoxic for SK-N-MC cells.
ERK1/2 belong to a family of MAPKs that is comprised of

ERKs, c-Jun N-terminal kinase/stress-activated protein
kinases, and p38 kinases. ERK1/2 are themost extensively stud-
ied ERKs and are regulated by the dual-specificity kinaseMEK1
and MEK2. ERK1/2 are generally stimulated by receptor tyro-
sine kinases andGprotein-coupled receptors; they are also acti-
vated in response to various stress stimuli through divergent
mechanisms involving the Ras-Raf-MEK pathway (14).
Depending upon the cell type, the stimulus and the duration of
activation, a variety of biological responses, i.e. cell prolifera-
tion, survival, migration, differentiation or cell death, are asso-
ciated with ERK1/2 activation (14).
In resting cells, ERK1/2 are mainly kept in the cytoplasm by

the microtubule cytoskeleton, which serves as a major docking
matrix (22). Other putative cytosol-anchoring proteins of ERKs
include MAP kinase phosphatases (23, 24). ERKs are also
retained in the cytosol by their association with MEK1/2 (25).
After phosphorylation byMEK1/2, pERK1/2 are detached from
the cytosolic anchors and rapidly translocated into the nucleus
(26). Once in the nucleus, pERK1/2 phosphorylate various sub-
strates, such as transcription factors, thereby transmitting sig-
nals received by cell surface receptors to the nucleus. The trans-
location of pERK1/2 from the cytoplasm to the nucleus is
believed to bemandatory for efficient regulation of cell survival
and proliferation (23, 27). However, pERK1/2 may be abnor-
mally retained in the cytoplasm, resulting in low transcription
activity, lack of a mitogenic response, or cytotoxicity (15,
28–31). The cytoplamic retention of pERK1/2 may be caused
by forming a complex with other cytosolic proteins. For exam-
ple, it is demonstrated that pERK1/2 form stable heterotrimet-
ric complexes with the G protein-coupled receptors and �-ar-
restin2, which are retained in the cytoplasm (15, 28–31).
GSK3� is a multifunctional serine/threonine kinase. The

activation of GSK3� is regulated by site-specific phosphoryla-
tion. Full activity of GSK3� generally requires phosphorylation
at Tyr-216, and conversely, phosphorylation at Ser-9 inhibits
GSK3� activity (19). GSK3� directly interacts with ERK1/2
(32). In the hepatoma cell line, ERK/GSK3� association
“primes” GSK3� for its subsequent phosphorylation at Ser-9 by

FIGURE 6. Effect of GSK3� siRNA on the distribution of pERK. A, SK-N-MC
cells were treated with a GSK3� siRNA for 24 or 48 h as described under
“Experimental Procedures.” The expression of GSK3� was determined with
immunoblotting. B, SK-N-MC cells were transfected with CA-MEK1 for 48 h.
The expression of cytoplasmic (Cyt) and nuclear (Nuc) pERK1/2 and ERK1/2
was determined with immunoblotting. C, after being treated with GSK3�
siRNA, control siRNA, or CA-MEK1 for 48 h, SK-N-MC cells were exposed to
FGF2 (10 ng/ml) for the indicated times. The expression of cytoplasmic and
nuclear pERK1/2 was determined as described above. The experiment was
replicated three times.
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p90RSK (33). In human colon cancer cell lines, ERK/GSK3�
association inhibits ERK activity in a protein kinase C-depend-
ent manner (34). We demonstrate here that ERK1/2 preferably
associate with pGSK3�(Tyr-216) in SK-N-MC cells and inhib-
itors ofGSK3�disrupt the association, suggesting that an active
GSK3� is required for the association. This argument is further
supported by the result showing that a kinase-deficient GSK3�
fails to associate with ERK1/2. FGF2-stimulated ERK/GSK3�
association in SK-N-MC cells is likely mediated by its effect on
pGSK3�(Tyr-216) because FGF2 does not stimulate GSK3�
phosphorylation at Ser-9, but causes its phosphorylation at
Tyr-216 (Fig. 2B). Compared with pGSK3�(Ser-9), regulation
of GSK3� activity by pGSK3�(Tyr-216) is less common. Stim-
ulation of pGSK3�(Tyr-216) can be mediated by alterations in
intracellular calcium levels or by Fyn, a member of the Src
tyrosine family (35, 36). Recent evidence indicates that

pGSK3�(Tyr-216) is regulated by
MEK1/2 (37). FGF2 is shown to reg-
ulate intracellular calcium levels
and activate Src family kinases
including Fyn (38). FGF2 likely acti-
vates MEK1/2 in SK-N-MC cells
because FGF2-induced pERK1/2 is
blocked by PD98059, aMEK1 inhib-
itor. However, MEK1/2 seem mini-
mally involved in FGF2 regulation
of pGSK3�(Tyr-216) in SK-N-MC
cells because PD98059 has little
effect on FGF2-stimulated pGSK3�-
(Tyr-216) expression.
It appears that ERK1/2�GSK3�

association is important for cyto-
plasmic retention of pERK1/2
because disruption of the ERK1/
2�GSK3� complex by specific
GSK3� inhibitors, dominant nega-
tive protein, or down-regulation of
GSK3� by siRNA promotes nuclear
translocation of pERK1/2. In con-
trast, agents that promote ERK/
GSK3� association, such as hydro-
gen peroxide and ethanol, retain
pERK1/2 in the cytoplasm. Cyto-
plasmic accumulation of pERK1/2 is
toxic for SK-N-MC cells. This is
supported by the results showing
that forced nuclear localization of
pERK1/2 by inhibition of GSK3� or
expression of aCA-MEK1 offer pro-
tection against FGF2 cytotoxicity.
ERK1/2 are believed to mediate
oxidative stress-induced apoptosis
(14). Oxidative stress can cause Fyn
activation, phosphorylation of
GSK3� at Tyr-216, and disruption
of intracellular calcium levels (39–
41). Hydrogen peroxide and ethanol
are oxidative stress inducers, and

they enhance both FGF2-stimulated pGSK3�(Tyr-216) and
ERK/GSK3� association. As predicted, they potentiate FGF2-
induced cytoplamic retention of pERK1/2 and subsequent cell
death. The result further supports the theory that association of
ERK1/2 with active GSK3� results in cytosolic retention of
ERK1/2 and promotes cell death. A recent study shows that
hydrogen peroxide alone can induce pGSK3�(Tyr-216) in
human Hepa-1 cells (40). Our results indicate that hydrogen
peroxide only produces a modest increase in the pGSK3�(Tyr-
216) level, but drastically potentiated FGF2-induced
pGSK3�(Tyr-216) in SK-N-MC cells (Fig. 8). The discrepancy
may be due to the use of different model systems.
FGF2 and oxidative stress initiate different signal pathways.

pGSK3�(Tyr-216) appears to be a converging point for FGF2
and oxidative stress-mediated signaling, and therefore medi-
ates the interaction between FGF2 and oxidative stress. Oxida-

FIGURE 7. Effect of dominant negative (DN), wild-type (WT) GSK3�, GSK3� siRNA, and CA-MEK1 on
FGF2-induced cell death. A, SK-N-MC cells stably expressing dominant negative or wild-type GSK3� con-
structs were established as described under “Experimental Procedures.” These cells were treated with FGF2 (0
or 10 ng/ml) for 48 h. Cell viability was determined by MTT as described under “Experimental Procedures.” Each
data point (�S.E.; bar) is the mean of three experiments. Asterisk, FGF2-induced death; denotes significant
difference from untreated controls (black bar versus gray bar within group). #, DN-GSK3�-mediated pro-
tection; denotes significant difference from FGF2-exposed cultures in the empty vector-treated group
(gray bar in DN-GSK3�-treated group versus gray bar in empty vector-treated group). B, after transfection
with GSK3� siRNA or control siRNA for 48 h, cells were treated with FGF2 (0 or 10 ng/ml) for 48 h. Cell
viability was determined by MTT. C, after transfection with CA-MEK1 or empty vector for 48 h, cells were
treated with FGF2 (0 or 10 ng/ml) for 48 h. Cell viability was determined by MTT. Each data point (�S.E.; bar) is
the mean of three experiments. Asterisk, FGF2-induced cell death (black bar versus gray bar within group). #,
GSK3� siRNA or CA-MEK1 mediate protection (gray bars in GSK3� siRNA- or CA-MEK1-treated group versus gray
bars in empty vector-treated group).
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tive stress potentiates the effect of FGF2 by enhancing
pGSK3�(Tyr-216) expression. It is currently unclearwhy active
GSK3� is required for ERK/GSK3� interaction. It cannot be
excluded that other cytoplasmic proteins may be part of the
complex; an active GSK3� may be necessary for recruiting
these proteins for the complex formation. The investigation of
this mechanism is currently underway. Our finding that ERK/
GSK3� association causes cytosolic retention of pERK1/2 pro-
vides additional insight into the regulation of the function of
ERK. Similar to FGF2, dopamine or agonists for dopamine
receptor cause ERK1/2-dependent apoptosis of SK-N-MC cells
(15). The majority of pERK1/2 stimulated by dopamine or do-
pamine receptor agonist is retained in the cytoplasm and forms
a stable heterotrimeric complex with D1 dopamine receptor
and �-arrestin2. In contrast, forskolin, which induces pERK1/2
localization in the nucleus, enhances survival of SK-N-MC cells
(15) (Fig. 1).
The mechanisms of cytosolic pERK1/2-induced cell death

are unclear. If abnormally retained in the cytoplasm, pERKs

may phosphorylate multiple proteins in plasma membranes as
well as cytoplasmic and cytoskeletal substrates (42), resulting in
inappropriate cellular events. For example, cytosolic ERK may
directly target mitochondria and interfere with mitochondial
functions that cause the release of cytochrome c and subse-
quent caspase activation and apoptosis (43–45). Cytosolic
pERK1/2may suppress survival signaling, such as the phospha-
tidylinositol 3-kinase/AKT pathway, and promote cell death
(46). The significance of cytosolic retention of pERKs is under-
scored by findings in postmortem tissues of neurodegenerative
diseaseswhere neuronal inclusion bodieswere found to contain
substantially high levels of aggregated pERK1/2. pERK1/2 were
found to be localized in the cytoplasm and not in the nucleus of
degenerating neurons of Parkinson disease, Alzheimer disease,
and Pick disease (47–49). GSK3� is believed to play an impor-
tant role during neurodegeneration (32). Our study, which
shows that ERK/GSK3� association causes cytosolic retention
of pERK, provides new insight into mechanisms of GSK3�-
mediated neurotoxicity.
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