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GSK-3 is active in the absence of growth factor stimulation
and generally acts to induce apoptosis or inhibit cell prolifer-
ation. We previously identified a subset of growth factor-in-
ducible genes that can also be induced in quiescent T98G
cells solely by inhibition of GSK-3 in the absence of growth
factor stimulation. Computational predictions verified by chro-
matin immunoprecipitation assays identified NF-�B binding
sites in the upstream regions of 75% of the genes regulated by
GSK-3. p50 bound to most of these sites in quiescent cells, and
for one-third of the genes, binding of p65 to the predicted sites
increased upon inhibition of GSK-3. The functional role of p65
in gene induction following inhibition of GSK-3 was demon-
strated by RNA interference experiments. Furthermore, inhibi-
tion of GSK-3 in quiescent cells resulted in activation of I�B
kinase, leading to phosphorylation anddegradation of I�B� and
nuclear translocation of p65 and p50. Taken together, these
results indicate that the high levels of GSK-3 activity in quies-
cent cells repress gene expression by negatively regulating
NF-�B through inhibition of I�B kinase. This inhibition of
NF-�B is consistent with the role of GSK-3 in the induction of
apoptosis or cell cycle arrest in cells deprived of growth factors.

Glycogen synthase kinase-3 (GSK-3)2 is a serine/threonine
kinase that plays a key role in regulating cell differentiation,
proliferation, and survival (1–3). Although initially identified as
ametabolic control enzyme that phosphorylated glycogen-syn-
thase in the absence of insulin, GSK-3 is now known to target
multiple cell regulatory proteins and to be controlled by both
Wnt signaling and the PI 3-kinase/Akt pathway. Responsible
for a diverse range of functions, defects inGSK-3 signaling have
been implicated in various diseases including cancer, heart dis-
ease, Alzheimer disease, and diabetes.
There are two highly homologous mammalian isoforms,

GSK-3� and GSK-3�, which are both ubiquitously expressed.

Unlike most protein kinases, GSK-3 is active in the absence of
growth factor stimulation and generally acts to inhibit cell pro-
liferation or induce apoptosis (1–5).Wnt signaling disrupts the
complex of GSK-3, axin, APC, and �-catenin, inhibiting GSK-3
and leading to the stabilization of�-catenin and transcriptional
activation of �-catenin/TCF target genes (6). Growth factor
stimulation and activation of PI 3-kinase/Akt signaling also
results in inhibition of GSK-3, caused by phosphorylation by
Akt (7). In addition to �-catenin, the targets of GSK-3 that have
been implicated in the regulation of cell proliferation and sur-
vival include cyclin D1 (5), the Bcl-2 family member Mcl-1 (8),
eukaryotic translation initiation factor 2B (9, 10), and several
transcription factors (1, 2).
The fact that GSK-3 is active in the absence of growth factor

stimulation suggests that it may play a role in regulating gene
expression in quiescent cells. We have addressed this question
by identifying genes whose transcription is regulated by GSK-3
downstream of PI 3-kinase signaling in cells arrested in G0 by
growth factor deprivation. These studies initially identified a
subset of immediate-early genes whose induction in response
to growth factor stimulationwas dependent on the activation of
PI 3-kinase (11). Twelve of these PI 3-kinase-dependent genes
(�40%) were further shown to be inducible solely by inhibition
of GSK-3 in the absence of growth factor stimulation, indicat-
ing that the activity of GSK-3 was required to maintain repres-
sion of these genes during quiescence (12).
Computational analysis identified binding sites for the

transcription factor CREB as highly over-represented in the
upstream regions of the GSK-3-regulated genes, and subse-
quent chromatin immunoprecipitation and siRNA experi-
ments indicated that inhibition of CREB by GSK-3 plays an
important role in repressing transcription of these genes in qui-
escent cells (12). In the current study, we extended this analysis
to identify additional transcription factors through which
GSK-3 may be regulating gene expression. A combination of
computational and experimental approaches determined that
inhibition of NF-�B byGSK-3 is similarly involved inmaintain-
ing repression of gene expression during quiescence. Further-
more, we have shown that the inhibition of NF-�B by GSK-3
affects activation of p65 (RelA) and occurs upstream of the
phosphorylation and degradation of I�B. Previous studies have
shown that GSK-3 similarly inhibits NF-�B in some cell types
(13–15), although it activates NF-�B in others (16–23). In this
context, our results indicate that GSK-3 plays a dual role in the
regulation of NF-�B depending on the physiological state of the
cell. NF-�B is inhibited by the high intracellular activity of
GSK-3 expressed either during quiescence or during apoptosis
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induced by growth factor deprivation, whereas GSK-3 may be
required for the activation of NF-�B in response to cytokine
stimulation or in some tumor cells where theNF-�B pathway is
constitutively active.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—T98G human glioblastoma
cells were grown in minimal essential medium (Invitrogen)
supplemented with 10% fetal bovine serum (HyClone). To
induce quiescence, the cells were incubated in serum-free
medium for 72 h and then either left untreated or treated with
DMSO vehicle control, 20 ng/ml of TNF� (R & D Systems),
50 ng/ml of human PDGF-BB (Sigma), 5 �M of SB-216763
(BioMol), or 1 �M of 6-bromoindirubin-3�-oxime (BIO) (Cal-
biochem) for the times indicated in the text.
Prediction of Transcription Factor Binding Sites—Computa-

tional analysis to identify over-represented transcription factor
binding sites was done as previously described (11, 12, 24).
Briefly, the 1-, 3-, and 5-kb upstream regions of the 12 genes
that were up-regulated by inhibition of GSK-3 (12) were
obtained from the University of California Santa Cruz Genome
Browser along with the corresponding mouse orthologous
sequences (human version hg18 andmouse versionmm8) (25).
These sequences were analyzed with the Match program using
the MinSUM threshold and the 588 position weight matrices
from TRANSFAC professional version 11.1 (26, 27). For each
matrix, a permutation test was used to compare the frequencies
of the predicted sites in the GSK-3-regulated genes with those
in a background set of 165 genes that were expressed but not
induced by PDGF stimulation. The p values were adjusted with
a false discovery rate correction (28).
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitations (ChIPs) were performed as previously described
(12), using 5 �g of the following antibodies: anti-p65 (sc-372),
anti-RelB (sc-226), anti-c-Rel (sc-71), anti-p50 (sc-114), anti-
Bcl-3 (sc-185), anti-HDAC-1 (H-51) (all from Santa Cruz), or
anti-p52 (Upstate; 06-413). Protein A-agarose beads were suc-
cessively washed with low salt, high salt, and LiCl buffers and
washed twice with 1� Tris-EDTA. Immunoprecipitated chro-
matin was quantified with real time PCR using primers located
within 250 bp of the predicted transcription factor binding
sites. Primer sequences are listed in supplemental Table S1.
Real Time RT-PCR—RNA extraction and real time RT-PCR

were performed as described (12), except that 1 �g of total
RNA was used in the reverse transcription reactions. Primer
sequences for the real time PCR are listed in supplemental
Table S1.
RNA Interference—Transfections were performed using pre-

designed siRNAs against p65 (Ambion; S11915) or a nonspe-
cific negative control (Ambion; 4390843). Shortly before trans-
fection, 105 cells/ml were seeded on 60-mm plates in 4 ml of
medium containing 10% fetal bovine serum. Transfection reac-
tions containing 5 nM of siRNA, 20 �l of HiPerfect (Qiagen),
and 100 �l of serum-free media were incubated for 10 min at
room temperature and added dropwise onto the cells. The cells
were then incubated at 37 °C for 24 h and then serum-starved
for 48 h to induce quiescence. The quiescent cells were then

appropriately treated, after which RNA was extracted and ana-
lyzed by real time RT-PCR.
Immunoblot Analysis—Whole cell extracts were prepared by

lysing cells with 2� Laemmli buffer (29). Cytoplasmic and
nuclear fractionswere isolated as described elsewhere (30). The
proteins were separated by electrophoresis in 12% SDS-polyac-
rylamide gels, transferred to a nitrocellulose membrane, and
incubated with appropriate primary antibody: anti-I�B� (Cell
Signaling; 9242), anti-phospho-I�B� (Ser32) (Cell Signaling;
2859), anti-p65 (Santa Cruz; sc-372), anti-phospho-p65 (Ser468)
(Cell Signaling; 3039), anti-p50 (Santa Cruz; sc-114), anti-
GSK-3� (BD Transduction Laboratories; 610202), anti-phoso-
pho-GSK-3� (Tyr216) (BD Transduction Laboratories; 612312),
anti-PARP (Cell Signaling; 9542), anti-14-3-3 (Upstate; 06-
511), or anti-�-actin (Sigma). The immunoblots were visual-
ized using species-specific horseradish peroxidase-conjugated
secondary antibodies (Bio-Rad) and chemiluminescence
(PerkinElmer Life Sciences).
I�B Kinase Assay—In vitro assays of I�B kinase (IKK) were

performed according to the procedure of Liang et al. (31) but
using anti-IKK� antiserum (BD Pharmingen; 559675). Briefly,
the T98G cells were incubated in serum-free medium for 72 h
prior to treatment with SB-216763 or DMSO. IKK complexes
were immunoprecipitated from whole cell extracts by using
anti-IKK� antiserum. The complexes were resuspended in
kinase assay buffer containing [�-32P]ATP. Half the sample was
incubated in the presence of GST-I�B� (residues 1–55, con-
taining the IKK phosphorylation site), and the other half was
incubated in the presence ofGSTalone as a control (GST fusion
protein constructs were kindly provided by Dr. Thomas Gil-
more, Boston University). The reactions were incubated at
30 °C for 20 min and then terminated by adding 4� Laemmli
sample buffer and boiling for 5 min. The proteins were sepa-
rated by SDS-PAGE, dried, and exposed to either film for visu-
alization or a phosphor screen for quantification. Phosphorim-
ages were quantified using Image J analysis software.

RESULTS

Identification of NF-�B Sites in Promoter Regions of Genes
Regulated by GSK-3—We previously identified 12 growth
factor-inducible genes whose repression in quiescent T98G
human glioblastoma cells required GSK-3, which is highly
active in these cells in the absence of growth factors (12). These
genes were induced not only by PDGF stimulation in a PI 3-kinase-
dependent manner but also by inhibition of GSK-3 in the
absence of growth factor stimulation. Because genes that par-
ticipate in the same pathway may be regulated by the same
transcription factors, we analyzed the upstream sequences of
this set of genes to determine whether there were over-repre-
sented transcription factor binding sites in their promoter
regions. Functional transcription factor binding sites are gen-
erally more likely to be evolutionarily conserved (32); therefore
we focused on sites that were conserved between human and
mouse orthologs. A similar analysis of the 5-kb upstream re-
gions of these genes previously identified conserved binding
sites for CREB as being statistically over-represented in this
gene set (12). By analyzing themore proximal promoter regions
and using updated versions of both the human and mouse
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genomes as well as the TRANSFAC data base, we found that
NF-�B binding sites were also significantly enriched upstream
of the transcription start sites of these genes. Comparisons of
the 12 GSK-3-regulated genes with a background set of 165
genes that were expressed in quiescent T98G cells but not
induced by growth factor stimulation indicated that binding

sites for NF-�B were statistically
over-represented in the 1-, 3-, and
5-kb regions upstream of the GSK-
3-regulated genes with p values of
4.7 � 10�4, 1.5 � 10�5, and 1.4 �
10�4, respectively. Computational
analysis predicted 19 NF-�B sites in
the 5-kb upstream regions of the
GSK-3-regulated genes. Of the 12
genes regulated by GSK-3, 9 con-
tained at least one predicted NF-�B
binding site, suggesting the possible
involvement of NF-�B in regulat-
ing gene expression downstream
of GSK-3.
The NF-�B family is comprised

of five different members (p65,
c-Rel, RelB, p50, and p52), all
of which share a conserved Rel
homology domain that binds to
DNA (33, 34). To initially test
whether NF-�B was physiologically
able to bind to the predicted sites,
ChIP assays were performed follow-
ing treatment of cells with TNF�,
which produces a rapid and robust
activation of p65 (33, 34). ChIP
assays performed on T98G cells
treated for 15 or 30 min with TNF�
demonstrated that at least 12 sites
upstream of 9 genes exhibited sig-
nificantly increased p65 binding in
response to TNF� stimulation (Fig.
1). Thus, 9 of the 12 genes that are
induced in response to inhibition of
GSK-3 contain functional NF-�B
binding sites in their upstream reg-
ulatory regions.
Activation of p65 Contributes to

Gene Induction in Response to
Inhibition of GSK-3—Once the re-
levant binding sites had been estab-
lished, we next sought to determine
whether NF-�B was bound to these
promoters following either growth
factor stimulation of quiescent cells
or inhibition of GSK-3 in the ab-
sence of growth factor stimulation.
NF-�B binding was therefore mea-
sured after treating quiescent cells
with either PDGF or SB-216763, a
highly specific GSK-3 inhibitor (35,

36) that we have shown inhibits GSK-3 in quiescent T98G cells
without activating the Akt or extracellular signal-regulated
kinase (ERK) signaling pathways (12). To comprehensively
assess binding of different NF-�B family members, ChIP assays
were performedwith antibodies against all five familymembers
as well as Bcl-3, which is an I�B�-like protein that can regulate

FIGURE 1. NF-�B sites upstream of GSK-3-regulated genes. A, NF-�B sites located in the 5-kb upstream
region relative to the transcription start site are represented by vertical black lines, with the position of the
primers used for ChIP assays indicated above. Only sites that were confirmed by ChIP are shown. Displayed
below is a depiction of the human sequence aligned to the corresponding mouse ortholog. Black, exact match;
gray, mismatch; white, gap. B, T98G cells were either untreated or treated for 15 or 30 min with TNF�. Chromatin
fragments were precipitated with either anti-p65 antibody or nonimmune IgG and quantified by real time PCR.
The data shown for nonimmune IgG are averaged from cells treated for 15 and 30 min with TNF�. Indicated
within parentheses are the positions of the first nucleotide of the binding sites for each gene relative to the
transcription start site. If the sites were too close together to be distinguished by a single primer, both sites are
listed. �-globin was used as a negative control. The data are presented as the percentages of input and are the
means of two independent experiments � S.E.
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transcription by associatingwith either p50 or p52homodimers
(37).
We did not observe any significant binding of RelB, c-Rel,

p52, or Bcl-3 to the promoter regions in either untreated qui-
escent cells or following treatment with PDGF or SB-216763
(data not shown). In contrast, PDGF treatment significantly
increased p65 binding to the same 12 sites that responded to
TNF� (Fig. 2A). Of note, some sites (e.g. the sites upstream of
BHLHB2 and NR4A1) also exhibited higher p65 binding in the
untreated cells as compared with the nonimmune IgG or �-glo-
binnegative controls, suggesting that theremay be a low level of
p65 binding in quiescent cells. Importantly, inhibition ofGSK-3
by treatment of quiescent cells with SB-216763 in the absence
of growth factor stimulation also induced a significant increase
in p65 binding to five sites in four genes (Fig. 2B), suggesting
that GSK-3 may regulate expression of these genes via p65.

We found that p50, the most common heterodimerization
partner of p65, bound to most of the predicted sites in both
unstimulated quiescent cells and those treated with either
PDGF or SB-216763 (Fig. 3, A and B). Although p50 binding to

FIGURE 2. Binding of p65 increases in response to PDGF stimulation or
GSK-3 inhibition. Quiescent T98G cells were either untreated or treated for
30 min with PDGF (A) or treated for 60 min with either DMSO or SB-216763 (B).
Chromatin fragments were precipitated with either anti-p65 antibody or
nonimmune IgG and quantified by real time PCR. The values for nonimmune
IgG are from treated cells. The data are presented as the percentage of input
and are the means of three independent experiments, � S.E. In B, * represents
sites that showed �1.8-fold increase in binding upon SB-216763 treatment,
in addition to statistically significant binding (p � 0.01) as compared with
both �-globin and to DMSO control samples, as assessed by t test.

FIGURE 3. Binding of p50 and HDAC-1 to predicted NF-�B sites in quies-
cent and stimulated cells. Quiescent T98G cells were either untreated or
treated for 30 min with PDGF (A) or treated for 60 min with either DMSO or
SB-216763 (B and C). Chromatin fragments were precipitated with either anti-
p50 antibody (A and B), anti-HDAC-1 antibody (C) or nonimmune IgG and
quantified by real time PCR. The values for nonimmune IgG are from treated
cells. The data are presented as the percentage of input and are the means of
two (C) or three (A and B) independent experiments � S.E.
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most of the predicted siteswas significantly higher than binding
to the�-globin control, we did not observe a significant increase
upon growth factor stimulation or inhibition of GSK-3. This
suggests that p50 is constitutively bound, which is consistent
with a previous report that showed that p50 binds to a majority
of its target genes in the absence of stimulation (38).
In unstimulated cells, p50 has been reported to bind to

NF-�B sites in a complex with HDAC-1, which represses tran-
scription (39).HDAC-1was also bound tomost of the predicted
NF-�B sites in quiescent T98G cells (Fig. 3C), consistent with
repression by p50 homodimers. Treatment with SB-216763 did
not affect the association of HDAC-1 with these promoters,
indicating that gene induction resulted primarily from recruit-
ment of p65 rather than dissociation of HDAC-1 from promot-
ers following inhibition of GSK-3.
To investigate the functional role of p65 in the induction of

GSK-3-regulated genes, siRNA experiments were performed.
Transfection with p65 siRNA followed by 48 h of serum with-
drawal reduced p65 levels by almost 90% in quiescent T98G
cells (Fig. 4A). Induction of the nine genes with confirmed
NF-�B binding sites was not affected by knockdown of p65 in
quiescent cells treated with PDGF, indicating that there are
additional factors inducing these genes upon growth factor
stimulation (data not shown). Upon inhibition of GSK-3 by
treatment with SB-216763, however, there was at least a 60%
decrease in the induction of three genes (FOSB, NR4A1, and
NR4A2) when p65was knocked down (Fig. 4B). It is noteworthy

that the induction of NR4A2 markedly decreased upon p65
knockdown, even though ChIP assays did not show an increase
in p65 binding to the NR4A2 promoter after inhibition of
GSK-3. This suggests that although GSK-3 inhibition did not
induce a sufficient increase in p65 binding to be detected by
ChIP, activation of p65 still contributes significantly to NR4A2
induction.
Taken together, these results indicate that inhibition of

GSK-3 in quiescent cells increased binding of p65 to the pro-
moter regions of a third of the GSK-3-regulated genes. More-
over, p65 is required for efficient induction of at least three
genes in response to GSK-3 inhibition.
GSK-3 Regulates p65 at the Level of I�B� Phosphorylation—

GSK-3 has previously been reported to inhibit NF-�B either by
phosphorylating p65 on Ser468 (40) or by inhibiting the phos-
phorylation of I�B by IKK (14). We first investigated Ser468
phosphorylation by immunoblotting with an anti-Ser(P)468
antibody. Phosphorylation of Ser468 was undetectable in quies-
cent T98G cells, although stimulation with TNF� induced
robust Ser468 phosphorylation (data not shown), as was previ-
ously reported to occur via IKK (41). We therefore concluded
that GSK-3 does not inhibit p65 by phosphorylating Ser468 in
quiescent cells.
We next investigated whether inhibiting GSK-3 in quiescent

cells stimulates p65 by activating IKK. In most cells, p65 is
mainly located within the cytoplasm in an inhibitory complex
with I�B�. Activated IKK phosphorylates I�B� at serines 32
and 36, causing its proteasomal degradation, which liberates
p65 and allows it to translocate to the nucleus (34). Stimulation
ofT98Gcells withTNF� resulted in phosphorylation of I�B� at
Ser32 within 5 min (Fig. 5A). This was followed by a marked
decrease in the levels of I�B�, indicating that I�B� is quickly
phosphorylated and then degraded (Fig. 5A). Resynthesis of
I�B� occurred by 60 min, which is expected, because the I�B�
gene is activated by NF-�B as part of a negative feedback loop
(42). A low level of I�B� phosphorylation was also detected in
the untreated cells, consistent with the ChIP results, suggesting
that a small pool of p65 is active in quiescent cells. Growth
factor stimulation by treatment with PDGF resulted in phos-
phorylation of I�B� within 15 min, followed by a modest deg-
radation of I�B� at 30 min (Fig. 5B). Inhibition of GSK-3 by
treatment with SB-216763 also resulted in an increase in I�B�
phosphorylation, with maximum effects seen within 60–120
min, accompanied by partial degradation of I�B� at 120 min
(Fig. 5C).
To directly test whether inhibition of GSK-3 resulted in

the activation of IKK, in vitro kinase assays were performed
(Fig. 5D). Endogenous IKK complexes were immunoprecipi-
tated from extracts of T98G cells that had been treated with
SB-216763, and kinase activity was measured by the ability of
the IKK complexes to phosphorylate an exogenous GST-I�B�
(1–55) substrate. Consistent with the I�B� phosphorylation
kinetics in vivo (Fig. 5C), treatment with SB-216763 resulted in
an increase of IKK activity by 30 min continuing to an increase
of 2-fold by 60–120 min as compared with the DMSO control
(averaged from four independent experiments). GST-only con-
trols that were run in parallel showed no incorporation of phos-
phate under identical conditions.

FIGURE 4. Inhibition of gene induction by p65 siRNA. T98G cells were trans-
fected with p65 siRNA or a nonspecific control siRNA for 24 h and serum-
starved for 48 h to induce quiescence. Immunoblots were used to measure
p65 knockdown (A). Gene induction after treatment for 60 min with either
DMSO or SB-216763 was measured by real time RT-PCR (B). The data repre-
sent the fold increase compared with the vehicle control and are the means of
three independent experiments � S.E.
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Because activation of IKK and the subsequent degradation of
I�B� are followed by nuclear translocation of p65, we further
determined whether growth factor stimulation and inhibition
of GSK-3 resulted in an increase of p65 in the nucleus. Tomea-
sure translocation, the cells were fractionated into cytoplasmic
and nuclear extracts, and p65 levels were analyzed by immuno-
blots. Quiescent T98G cells were initially treated with TNF�,
which induced a rapid translocation of p65, shown by high lev-
els of p65 in the nucleus with little protein remaining in the
cytoplasm (Fig. 6A). Stimulation with PDGF induced translo-
cation as well, with peak accumulation of p65 in the nucleus
occurring by 30 min (Fig. 6B). Although less robust, GSK-3
inhibition by treatment with SB-216763 also resulted in trans-
location of p65, with the highest nuclear levels found after
60–120 min (Fig. 6C). These results show that inhibition of
GSK-3 is sufficient to induce p65 activation, with the kinetics of
p65 nuclear translocation correlating with the kinetics of I�B�
phosphorylation.
Because the most abundant form of NF-�B consists of the

p50/p65 heterodimer, and this complex is presumed to be the
primary target of I�B� (34), we thought it likely that this het-
erodimer was being activated upon both growth factor stimu-
lation and inhibition of GSK-3. To confirm this, we measured
translocation of p50 after treatment with either PDGF or

SB-216763 (Fig. 7). Although p50 is present in the nuclei of
quiescent cells, the amount substantially increased upon either
growth factor stimulation or GSK-3 inhibition. This is consis-
tent with the idea that p50 homodimers are constitutively pres-
ent within the nucleus, and upon stimulation, p50 levels in-
crease because of translocation of the p50/p65 heterodimer.
Although SB-216763 is a potent and highly specific inhibitor

of GSK-3 (35, 36), we wanted to rule out the possibility that
activation of p65 following GSK-3 inhibition was due to off
target effects. Therefore, we also investigated the effects of BIO,
an indirubin that is a highly selective inhibitor of GSK-3 com-

FIGURE 5. Inhibition of GSK-3 induces phosphorylation of I�B� by in-
creasing IKK activity. Quiescent T98G cells were either not treated (NT) or
stimulated with TNF� (A) or PDGF (B) or treated with either DMSO or
SB-216763 (C and D) for the indicated times. A–C, cell extracts were analyzed
by immunoblotting to detect both phospho-I�B� and total I�B�, with �-actin
used as a loading control. The untreated cells were used as controls for both
TNF� and PDGF and are repeated in A and B. The data are representative of
three independent experiments. D, IKK complexes were immunoprecipitated
from cell extracts and in vitro kinase assays were performed as described
under “Experimental Procedures.” Parallel SDS-PAGE gels were run and
stained with Coomassie Blue to confirm equal loading of GST-I�B� (residues
1–55) and GST-only substrates (data not shown). The kinase assay data are
representative of four independent experiments.

FIGURE 6. Nuclear translocation of p65 is stimulated by inhibition of
GSK-3. Quiescent T98G cells were fractionated into cytoplasmic (�1 �g of
protein) or nuclear extracts (�2 �g of protein) and were either not treated
(NT) or stimulated with either TNF� (A) or PDGF (B) or treated with DMSO or
SB-216763 (C) for the indicated times. The untreated samples were used as
controls for both TNF� and PDGF and are repeated in A and B. Immunoblots
were used to analyze the level of p65. 14-3-3 and PARP confirmed the cyto-
plasmic and nuclear fractions, respectively. Representative data from three
independent experiments are presented.

FIGURE 7. Inhibition of GSK-3 increases nuclear translocation of p50. Qui-
escent T98G cells were fractionated into cytoplasmic (�2 �g of protein) or
nuclear extracts (�2 �g of protein) and were either not treated (NT) or stim-
ulated with PDGF for 30 min (A) or treated with DMSO or SB-216763 for 60 min
(B). Immunoblots were used to analyze the level of p50. 14-3-3 and PARP
confirmed the cytoplasmic and nuclear fractions, respectively. Representa-
tive data from two independent experiments are presented.
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pared with cyclin-dependent kinases (43).We verified that BIO
inhibits GSK-3 to a similar extent as SB-21676 by confirming
that both inhibitors decreased the stimulatory tyrosine 216
phosphorylation on GSK-3 (Fig. 8A). Treatment with BIO also
resulted in I�B� phosphorylation and degradation, as well as
nuclear translocation of p65 (Fig. 8, B and C). Both the extent
and kinetics of I�B� phosphorylation and p65 translocation
following treatment of cells with BIO were similar to those
observed following treatment with SB-216763.
These results confirm that inhibition of GSK-3 in quiescent

cells stimulates the phosphorylation of I�B� by IKK, resulting
in degradation of I�B� and nuclear translocation of p65.
Although inhibiting GSK-3 did not cause as rapid or as strong
effects as those observed after PDGF- or TNF�-induced activa-
tion, the relative levels of p65 translocation and I�B� phos-
phorylation and degradationwere proportional. It thus appears
that GSK-3 acts to suppress p65 activity in quiescent cells via
inhibition of IKK.

DISCUSSION

GSK-3 plays a critical role in regulating cell proliferation and
survival downstream of both Wnt and PI 3-kinase signaling.
Unlike most protein kinases involved in signal transduction
cascades, GSK-3 is active in the absence of growth factor stim-
ulation and generally functions to induce apoptosis or inhibit
cell proliferation (1–5). Because the targets of GSK-3 include
multiple transcription factors, we have investigated the role of

GSK-3 in regulating gene expression in quiescent cells arrested
in G0 by growth factor deprivation, which have a high level of
GSK-3 activity (4, 7, 12, 44–46). A subset of the genes induced
by growth factor stimulation of such cells are also inducible
solely by inhibitingGSK-3, indicating that the continual activity
of GSK-3 is required to maintain repression of these genes in
the quiescent state (12). In the present study, we have identified
inhibition of NF-�B as one of the targets of GSK-3 that medi-
ates repression of gene expression.
Previous studies identified CREB binding sites as over-repre-

sented in the promoter regions of GSK-3-regulated genes and
demonstrated by ChIP assays and RNA interference that inhi-
bition of CREB by GSK-3 is involved in repressing the expres-
sion of these genes in quiescent cells (12). In the present study,
utilization of updated computational tools indicated that
evolutionarily conserved binding sites for NF-�B were also
over-represented in the promoter regions of the GSK-3-reg-
ulated genes. These computational predictions were confirmed
by ChIP assays demonstrating the binding of p65 and p50, but
not other NF-�B family members, to predicted sites in the
upstream regions of 9 of 12 of these genes. p50, together with
HDAC-1, was bound to promoter regions in both unstimulated
and stimulated cells, consistent with previous data indicating
that p50 is constitutively bound as a repressor to the promoters
of most target genes (38). In contrast, the binding of p65 was
stimulated by both TNF� and PDGF, as well as by inhibition of
GSK-3 in the absence of growth factor stimulation. Nuclear
translocation of both p50 and p65 were also stimulated by inhi-
bition of GSK-3, so activation of these genes is likely occurring
as a result of binding of the p50/p65 heterodimer.
We confirmed the functional role of p65 by showing that the

induction of three genes in response to inhibition of GSK-3 was
reduced when p65 was depleted by siRNA. Although knock-
down of p65 did not significantly affect the induction of other
genes, it may still play a role in the expression of these genes.
Indeed, we have previously shown that inhibition of CREB by
GSK-3 also represses gene expression in quiescent cells (12). In
addition, inhibition of c-Jun by GSK-3 plays a similar role.3
Therefore it seems likely that multiple factors may act redun-
dantly to regulate gene expression downstream of GSK-3
signaling.We have further shown that GSK-3 inhibition in qui-
escent cells resulted in stimulation of IKK, leading to phosphor-
ylation and degradation of I�B�, followed by nuclear transloca-
tion of p65. This indicates that the high level of active GSK-3
present in cells arrested by growth factor deprivation inhibits
p65 by preventing the phosphorylation of I�B� by IKK. Taken
together, these results indicate that inhibition of p65 by GSK-3
is involved in maintaining repression of growth factor-induc-
ible genes in quiescent cells.
Although GSK-3 has been previously reported to regulate

NF-�B activity, whether it activates or inhibits NF-�B appears
to depend upon the physiological context. In contrast to our
results, in some cells GSK-3 activates NF-�B following TNF�
stimulation. Hoeflich et al. (16) initially reported that inactiva-
tion of the mouseGSK-3� gene resulted in embryonic lethality

3 J. W. Tullai, J. R. Graham, S. Tacheva, L. Owens, and G. M. Cooper, manuscript
in preparation.

FIGURE 8. Inhibition of GSK-3 with BIO induces phosphorylation of I�B�
and translocation of p65. A, quiescent T98G cells were treated with DMSO,
SB-216763, or BIO for the indicated times. Phospho-GSK-3� (Tyr216) and total
GSK-3� levels in whole cell extracts were measured by immunoblots, with
�-actin used as a loading control. B, levels of phospho-I�B� or I�B� in whole
cell extracts were measured by immunoblots, with �-actin used as a loading
control. C, cells were fractionated into cytoplasmic (�1 �g of protein) or
nuclear extracts (�2 �g of protein), and immunoblots were used to analyze
the level of p65, with 14-3-3 and PARP confirming the cytoplasmic and
nuclear fractions, respectively. The data are representative of two (A) or three
(B and C) independent experiments.
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caused by liver degeneration. In contrast to its usual role as a
proapoptotic protein kinase, GSK-3 was instead required to
prevent TNF�-induced apoptosis of hepatocytes. GSK3��/�

fibroblasts derived from these mice were also sensitive to
TNF�-induced apoptosis caused by a decrease in NF-�B activ-
ity, indicating that GSK-3 is required for activation of NF-�B
following TNF� stimulation (16). GSK-3 has since been impli-
cated in theTNF�-induced activation ofNF-�B in several other
cell types, including hepatocytes, renal epithelial cells, and
intestinal epithelial cells, in addition to mouse fibroblasts (17,
19–21). Consistentwith the role ofGSK-3 in inhibiting apopto-
sis induced by TNF� and in stimulating cytokine activation of
NF-�B, inhibition of GSK-3 has also been reported to induce
apoptosis and to inhibitNF-�B in somehuman cancer cell lines,
particularly pancreatic carcinomas, in which the NF-�B path-
way is constitutively active (18, 22, 23).
The mechanism(s) by which GSK-3 acts to stimulate the

activity of NF-�B remain to be fully understood. In most cases,
GSK-3 did not affect activation of IKK, degradation of I�B, or
nuclear translocation of p65 but instead appeared to affect the
DNAbinding or transcriptional activity of nuclear p65 (16–20).
One possible mechanism for these effects is phosphorylation of
p65 by GSK-3 (17, 20). It is also noteworthy that inhibition of
GSK-3 can lead to the accumulation of nuclear �-catenin,
which directly interacts with p65 to inhibit its transcriptional
activity (47, 48). However, GSK-3 has also been reported to
affect the stability of I�B� in hepatocytes (21) and to be
required for maintenance of constitutive IKK activity in some
pancreatic cancer cell lines (23).
In contrast to these stimulatory effects of GSK-3 on the acti-

vation of NF-�B by TNF� or in cell lines with constitutive
NF-�B signaling, our results indicate that the elevated levels of
GSK-3 activity resulting from growth factor deprivation act to
inhibit NF-�B in quiescent cells. This is consistent with other
studies indicating that the elevated activity of GSK-3 normally
associated with arrest of cell proliferation or induction of apo-
ptosis acts to inhibit NF-�B. In PC12 cells, growth factor dep-
rivation induces apoptosis by inhibition of PI 3-kinase signal-
ing, at least in part by activation of GSK-3 (4, 13). Inhibition of
GSK-3 leads to activation of NF-�B and inhibition of apoptosis
in these cells (13). Conversely, overexpression of GSK-3 by
transfection of astrocytes induced apoptosis and inhibited
NF-�B (14). The high levels of GSK-3 expressed in serum-de-
prived epithelial cells have likewise been reported to inhibit
NF-�B (15). Consistent with our results, the high levels of
GSK-3 that inhibited NF-�B in these studies were found to
prevent nuclear translocation of p65 (13–15). Moreover,
GSK-3 was shown to affect the stability of I�B� in serum-de-
prived epithelial cells (15) and to inhibit the phosphorylation of
I�B� by IKK in astrocytes in which GSK-3 was overexpressed
by transfection (14).
Taken together, these findings and the present study indicate

that GSK-3 plays distinct roles in regulation of NF-�B depen-
ding on the physiology of the cell. GSK-3 can act to promote cell
survival and stimulate the activity of NF-�B in cells treatedwith
TNF� or in some tumor cells in which the NF-�B pathway is
constitutively active. In contrast, the more common role of
GSK-3 as a kinase activated by growth factor deprivation is to

induce apoptosis or cell cycle arrest. Under these conditions,
GSK-3 acts as a negative regulator of the NF-�B pathway by
inhibiting the phosphorylation of I�B� by IKK. In addition to
contributing to the induction of apoptosis (13, 14), we have
shown that this inhibition of NF-�B by GSK-3 plays a role in
suppressing the expression of growth factor-inducible genes in
quiescent cells.
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