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lycogen synthase kinase-3 (GSK-3)

plays a central role in cell survival
and proliferation, in part by the regula-
tion of transcription. Unlike most pro-
tein kinases, GSK-3 is active in quiescent
cells in the absence of growth factor sig-
naling. In a recent series of studies, we
employed a systems-level approach to
understanding the transcription network
regulated by GSK-3 in a quiescent cell
model. We identified a group of imme-
diate early genes that were upregulated
in quiescent cells solely by the inhibition
of GSK-3 in the absence of growth fac-
tor stimulation. Computational analysis
of the upstream sequences of these genes
identified statistically over-represented
binding sites for the transcription factors
CREB, NFkB and AP-1, and the roles of
these factors in regulating expression of
GSK-3 target genes were verified by chro-
matin immunoprecipitation and RNA
interference. In quiescent cells, GSK-3
inhibits CREB, NF«B and AP-1, thereby
maintaining repression of their target
genes and contributing to maintenance
of cell cycle arrest.

Introduction

Glycogen synthase kinase-3 (GSK-3) was
first identified as a metabolic regulatory
enzyme that phosphorylated and inacti-
vated glycogen synthase. However, it is
now recognized that GSK-3 plays diverse
roles in cell regulation and functions as
a key element in signaling pathways that
control cell proliferation, survival and dif-
ferentiation.'? Consistent with its criti-
cal roles in normal cells, abnormalities of
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GSK-3 regulation have been implicated in
cancer, diabetes, heart disease, Alzheimer
disease and psychiatric disorders.

GSK-3 is a central element in both
the Wnt and PI 3-kinase signaling path-
ways. In both cases, unlike most protein
kinases, GSK-3 is active in the absence
of growth factor stimulation. In the Wnt
pathway, GSK-3 is associated with Axin
and APC in a complex that phosphory-
lates B-catenin, leading to its ubiquiti-
nation and degradation. Wnt signaling
disrupts this complex, preventing the
phosphorylation and degradation of
B-catenin and leading to the transcrip-
tional activation of B-catenin/TCF tar-
get genes.* In the PI 3-kinase pathway,
GSK-3 is likewise constitutively active
in the absence of growth factor signaling
and is inhibited as a result of phosphory-
lation by Akt following growth factor
stimulation of PI 3-kinase. It appears that
separate pools of GSK-3 function in Wnt
and PI 3-kinase signaling, with Wnt sig-
naling targeting a distinct pool of GSK-3
bound to Axin and dedicated to phos-
phorylation of B-catenin. In contrast, the
pool of GSK-3 regulated by PI 3-kinase/
Akt signaling phosphorylates a variety of
substrates, including glycogen synthase
and other metabolic enzymes, translation
initiation factor elF2B,>® multiple tran-
scription factors," and regulators of cell
cycle progression and apoptosis, such as
cyclin D1,7 and the Bcl-2 family member
Mcl-1.8

The PI 3-kinase pathway is a central
regulator of mammalian cell proliferation
and apoptosis and is one of the signaling
pathways most commonly targeted by

Volume 10 Issue 18



I E————  EXTRAVIEW

Quiescent T98G cells

64 Immediate Early Genes

PDGF
30 min.

Genes independent
of Pl 3-kinase and
MEK/ERK
(10)

| Pl 3-kinase-re

on MEK/ERK
(20)

and MEK/ERK
(23)

gulated genes I

\4

12 Genes Repressed by GSK-3

SB-216763
60 min.

Genes downstream
of PI 38-kinase

(4)

Genes downstream
of both Pl 3-kinase
and MEK/ERK

®)

MEK/ERK for their induction. The genes showing

Figure 1. |dentification of genes repressed by GSK-3. Microarray analysis was used to identify
immediate early genes that were induced by 30 min of PDGF stimulation of quiescent T98G cells.”
Small-molecule inhibitors were used to identify genes that were dependent on Pl 3-kinase and

tested for their ability to be induced by direct inhibition of GSK-3 (using the small-molecule inhibi-
tor SB-216763) in the absence of growth factor stimulation.’®

Pl 3-kinase dependence were subsequently

mutations in human cancers. Within this
pathway, GSK-3 plays an important role
as a pro-apoptotic protein kinase whose
inhibition by Akt is critical to the survival
of a wide range of cell types. In addition,
the constitutive activity of GSK-3 in the
absence of growth factor stimulation sug-
gests a potential function of GSK-3 not
only in apoptosis, but also in regulating
gene expression in quiescent cells. It is
interesting to note that mTOR, another
downstream target of PI 3-kinase/Akt
signaling, has been reported to play a role
in determining the choice between quies-
cence and senescence in response to cell
cycle arrest.”'® In particular, inhibition of
mTOR favors the entry of cells into the
quiescent state, whereas mTOR activity
favors senescence. Under conditions of
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growth factor deprivation, the opposing
effects of PI 3-kinase signaling on mTOR
and GSK-3 may serve to facilitate the
entry of cells into quiescence via inhibi-
tion of mMTOR and to maintain the quies-
cent state via activation of GSK-3.

We have addressed the function of
GSK-3 in quiescent cells by studying
its role in the control of gene expression
downstream of PI 3-kinase signaling in
cells that have been arrested in G. As dis-
cussed below, these studies have revealed
a significant role for GSK-3 in maintain-
ing repression of growth factor-inducible
genes during quiescence and have iden-
tified a network of three transcription
factors (CREB, NFkB and AP-1) that
mediate this regulation of gene expression

by GSK-3.

Cell Cycle

Transcriptional Regulation
by Pl 3-Kinase/Akt/GSK-3
Signaling

A variety of transcription factors are
known to be regulated via phosphoryla-
tion by GSK-3, and many of these factors,
including NFkB, c-Myc, p53, CREB and
c-Jun, play important roles in cell prolif-
eration and survival. However, studies of
the regulation of individual transcription
factors cannot yield an overall apprecia-
tion of the program of gene expression
controlled by GSK-3 in specific physi-
ological settings. We have approached
this question by global expression analy-
sis of genes regulated by PI 3-kinase/Akt/
GSK-3 signaling in both quiescent cells
and immediately following growth factor
stimulation.

In order to identify genes that were
regulated by PI 3-kinase signaling,
microarray analysis was first used to char-
acterize immediate early genes induced
by platelet-derived growth factor (PDGF)
stimulation of quiescent T98G glioblas-
toma cells. These cells have been widely
used as a model for cell cycle analysis
of human cells, because they undergo
reversible cell cycle arrest upon growth
factor  deprivation.”  Small-molecule
inhibitors of either PI 3-kinase or MEK/
ERK signaling were then used to identify
genes whose induction was dependent
upon each of these signaling pathways,
allowing the induction of specific target
genes to be attributed to individual sig-
naling pathways activated downstream of
the PDGF receptor tyrosine kinase. The
results of these experiments indicated
that approximately 20% of the immedi-
ate early genes induced by PDGF were
principally dependent on PI 3-kinase
signaling, 30% were principally depen-
dent on MEK/ERK signaling, 35% were
dependent on both the PI 3-kinase and
the MEK/ERK pathways, and 15%
were independent of both PI 3-kinase
and MEK/ERK signaling (Fig. 1)."
Subsequent studies using small-molecule
inhibitors combined with global expres-
sion profiling have been used to identify
genes specifically regulated by the MEK/
ERK and PI 3-kinase signaling pathways
in several other cell types.!*"

3073



The identification of a set of genes
whose induction in response to PDGF
stimulation was dependent on PI 3-kinase
signaling allowed us to address the role
of GSK-3 in regulating gene expression
in quiescent cells. Specifically, we asked
whether inhibition of GSK-3 in response
to growth factor stimulation played a
role in the induction of immediate early
genes via the PI 3-kinase pathway. If the
high activity of GSK-3 was involved in
maintaining repression of growth factor-
inducible genes during quiescence, then
inhibition of GSK-3 in the absence of
growth factor stimulation might be suffi-
cient to induce a subset of immediate early
genes. This was tested by treating quies-
cent cells with a small-molecule inhibitor
of GSK-3 in the absence of growth fac-
tor stimulation, mimicking the effect of
PI 3-kinase signaling on GSK-3 without
activating either Akt or other downstream
targets of the PI 3-kinase pathway. These
experiments demonstrated that approxi-
mately 40% of the PI 3-kinase-dependent
genes could be induced solely by inhibi-
tion of GSK-3 (Fig. 1).® Moreover, for
approximately half of these genes, the
level of induction by inhibition of GSK-3
was comparable to their level of induc-
tion by PDGF, indicating that GSK-3 was
the principal effector of their regulation.
Thus, the constitutive activity of GSK-3
in quiescent cells plays a significant role in
maintaining repression of growth factor-
inducible genes. Like other immediate
early genes, the genes induced by GSK-3
inhibition encoded transcription factors,
growth factors and other signaling mol-
ecules with known roles in cell prolifera-
tion and motility (Table 1).

Identification of Transcription
Factor Binding Sites Upstream
of GSK-3-Regulated Genes

We have taken an integrated computational
and experimental approach to identify-
ing the transcription factors that control
gene expression downstream of GSK-3.
Computational prediction of transcription
factor sites, particularly in mammalian
cells, is challenging, because they consist
of short, degenerate sequences that occur
frequently by chance.!” We have addressed
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Table 1. Functional categories of the GSK-3-repressed genes

Category
Transcription Factors
Growth Factors/Cytokines
Intracellular Signaling

Extracellular Protease

this problem by using two approaches
to predict transcription factor binding
sites in the upstream promoter regions of
the GSK-3-regulated genes. First, genes
that are coordinately regulated might be
expected to share common regulatory
sequences, so we searched for transcription
factor binding sites that are statistically
over-represented in the upstream regions
of the 12 genes that are induced follow-
ing inhibition of GSK-3 in quiescent cells.
In addition, predicted transcription factor
binding sites are more likely to be func-
tionally significant if they are phyloge-
1920 50 we focused on
sites that are conserved between human

netically conserved,

and mouse genomes. This computational
analysis predicted conserved binding sites
for three families of transcription factors
that are over-represented within the 5-kb
upstream regions of the 12 genes induced
by inhibition of GSK-3 in quiescent cells:
CREB, NFkB and AP-1.1%2!

CREB

Computational analysis identified bind-
ing sites for CREB in the upstream
regions of 9 of the 12 GSK-3-regulated
genes.®  Chromatin  immunoprecipita-
tion (ChIP) assays confirmed the bind-
ing of CREB to predicted sites in the
upstream regions of six of these genes.
Since CREB is constitutively bound to
its target sequences in both unstimulated
and stimulated cells,?* the physiological
activity of these CREB binding sites was
investigated by treatment of cells with
forskolin, which directly activates cAMP
signaling. Forskolin stimulated binding
of the coactivator CBP to CREB sites
upstream of all six genes, indicating that
CREB bound to these sites was activated
as a result of phosphorylation by pro-
tein kinase A. The binding of CBP was
also stimulated by inhibition of GSK-3,
indicating that inhibition of GSK-3 was

Cell Cycle

Genes
BHLHB2 (DECT), FOSB, NR4A1, NR4A2, NR4A3
CCL8, CTGF, CYR61
RGST, RGS2, RND3
PLAU

sufficient to increase the transcriptional
activity of CREB in quiescent cells. In
addition, RNAi confirmed the role of
CREB in the induction of five of these
genes by forskolin and three genes by
inhibition of GSK-3.

These results indicated that CREB is
one target of GSK-3 that plays a role in
repressing gene expression in quiescent
cells. This is consistent with previous
reports indicating that CREB is inhibited
by GSK-3 phosphorylation.?* In addi-
tion, studies in monocytes and macro-
phages have shown that the regulation of
CREB by GSK-3 plays a significant role
in the Toll-like receptor inflammatory
response.”

NF«B

Phylogenetically conserved binding sites
for NFkB were also predicted in the
upstream regions of nine of the 12 GSK-
3-regulated genes, and all of these sites
were verified as physiologically func-
tional binding sites for p65 in cells that
were stimulated with TNFa to produce
a robust activation of this NFkB family
member.? The NFkB family is composed
of five different members (p65, c-Rel,
RelB, p50 and p52) that share a common
DNA binding domain. We therefore per-
formed ChIP assays for all five members
of the NFkB family in quiescent cells as
well as following inhibition of GSK-3.
These studies demonstrated binding of
p50 and p65 but not of the other family
members to sites upstream of the GSK-3-
regulated genes. p50 was bound to most of
the predicted NFkB sites in quiescent cells
as well those treated with SB-216763 to
inhibit GSK-3. The co-repressor HDAC-1
was bound in association with p50, con-
sistent with previous studies indicating
that it is constitutively bound as a repres-
sor to the promoters of most NFkB target
genes.”” In contrast, the binding of p65 (a
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Figure 2. GSK-3 transcriptional network in quiescent cells. Grey and black arrows indicate positive ChIP binding by the indicated transcription factor.
Black arrows indicate that siRNA against the transcription factor blocked induction of the gene upon direct inhibition of GSK-3 using the small-mol-

ecule inhibitor SB-216763. The blunt-ended line between AP-1 and NR4AT indicates an inhibition of induction in the presence of AP-1. RND3 and CCL8
are excluded, as no functional connections could be established with AP-1, NFkB or CREB.

strong activator®®) to the upstream regions
of four genes was stimulated by inhibi-
tion of GSK-3 as well as by growth fac-
tor stimulation. In addition, knockdown
of p65 by siRNA inhibited the induction
of three target genes following inhibition
of GSK-3. These results indicate that p50
represses NFkB target genes in quiescent
cells, and that GSK-3 serves to maintain
repression of these genes by inhibiting
po>S.

In order to further elucidate the action
of GSK-3, we investigated its effects on
p65. In most cells, p65 is localized in the
cytoplasm in an inhibitory complex with
IkBa. Activated IKK phosphorylates
IkBa, which targets it for ubiquitination
and degradation in the proteasome. This
liberates p65, which then translocates to
the nucleus and activates transcription of
its target genes.”® Inhibition of GSK-3 in
quiescent cells, like growth factor stimula-
tion, resulted in activation of IKK, phos-
phorylation and degradation of IkBae and
nuclear translocation of p65.?! It therefore
appears that the high activity of GSK-3 in
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quiescent cells inhibits IKK, thereby nega-
tively regulating NFkB and maintaining
repression of NFkB target genes.

In contrast to the inhibition of NFkB
by GSK-3 that we observed in quies-
cent T98G cells, it has been reported
that GSK-3 can stimulate NFkB in cells
treated with TNFa and in some tumor
cells with constitutively active NFkB
signaling.®?* The mechanism by which
GSK-3 stimulates NFkB in these settings
remains to be fully understood, but gener-
ally appears to affect the activity of nuclear
p65 rather than the activation of IKK. On
the other hand, consistent with our results,
other studies have shown that high levels
of GSK-3 activity associated with induc-
tion of apoptosis of neuronal cells****
and serum deprivation of epithelial cells®
inhibits NFkB at the level of IkBa phos-
phorylation. It thus appears that the
effects of GSK-3 on NFkB may vary with
cell type and physiological circumstance.
Under the common condition of activa-
tion of GSK-3 by growth factor depriva-
tion, it appears that GSK-3 inhibits NFkB
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signaling, thereby contributing to either
induction of apoptosis or cell cycle arrest.

AP-1

AP-1 binding sites were likewise shown
to be statistically overrepresented in the
GSK-3-regulated genes, with phyloge-
netically conserved binding sites predicted
upstream of the transcription start site
of all 12 genes. AP-1 proteins are com-
prised of the Jun and Fos transcription
factor families, which must dimerize to
form functional transcription factors that
bind to their target DNA sequences. The
homo- and heterodimeric combinations
of these two families, in turn, modulate
AP-1-mediated gene transcription:* FosB,
c-Fos and c-Jun are transcriptional activa-
tors, whereas JunB, JunD, Fra-1 and Fra-2
have weaker transactivation domains.
JunB, JunD, Fra-1 and Fra-2 can there-
fore behave as repressors by competing for
c-Fos, FosB and c¢-Jun binding.

As expected, Fra-1, Fra-2, c-Fos and
FosB were not detected by immunoblots
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in quiescent T98G cells,” as their
expression requires growth factor sig-
341 In contrast, c-Jun, JunD
and JunB were all expressed in quies-

naling.

cent cells, and, therefore, were consid-
ered as candidate targets for regulation
by GSK-3. Consistent with this, ChIP
assays indicated that c-Jun and JunD but
not JunB were bound to predicted AP-1
sites upstream of eight of the GSK-3-
repressed genes.” The binding of ¢-Jun
increased in response to both PDGF
stimulation and direct GSK-3 inhibi-
tion, whereas the binding of JunD was
unaffected, suggesting a direct effect of
GSK-3 on c-Jun. In addition, targeted
siRNA knockdown confirmed that c-Jun
is required for the induction of three
genes following GSK-3 inhibition.

These results indicated that c-Jun is a
target of GSK-3 and plays a role in repress-
ing gene expression in quiescent cells. This
is consistent with the known physiologi-
cal action of GSK-3 upon c-Jun. GSK-3
phosphorylates c-Jun on threonine 239,
thereby inhibiting its DNA binding activ-
ity® as well as targeting it for proteasomal
degradation.” As expected, c-Jun was
phosphorylated on threonine 239 in qui-
escent T98G cells.” This phosphorylation
was rapidly reduced following inhibition
of GSK-3, allowing AP-1 transcriptional
activity to proceed.

Network of Transcriptional
Regulation Downstream
of GSK-3 in Quiescent Cells

As summarized above, the high activ-
ity of GSK-3 in quiescent cells maintains
repression of growth factor-inducible
genes by inhibiting at least three tran-
scription  factors: CREB, NFkB (p65)
and AP-1 (c-Jun). These three transcrip-
tion factors form a network regulating
GSK-3-mediated gene expression (Fig. 2).
Together, they bind to upstream regions
of 10 of the 12 genes that are inducible
by inhibition of GSK-3 (Fig. 2, gray and
black lines). Notably, nine of the 10 genes
are targeted by at least two of these tran-
scription factors, and four of the genes
(CYR61, NR4A2, FOSB, NR4AI) are tar-
geted by all three factors.

The overlapping binding of these tran-
scription factors to the promoters of most
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target genes suggests that they act coor-
dinately to regulate gene expression. The
relative contribution of each factor to the
induction of specific target genes follow-
ing inhibition of GSK-3 is indicated by
the effects of siRNA against each factor
on gene induction. Knockdown of CREB,
p65 and c-Jun each significantly inhibited
(more than 2-fold) the induction of three
genes, with two genes (FOSB, NR4AI)
inhibited by knockdown of both CREB
and p65 (Fig. 2, black lines). Combined
knockdown of either two or three tran-
scription  factors did not inhibit the
induction of any additional target genes,
suggesting that induction of each gene
is dominated by one or two of the tran-
scription factors targeted to its regulatory
region. Of note, induction of NR4AI was
antagonized by AP-1 (c-Jun), suggesting
that it is competing for CREB binding at
a common binding site.

AP-1,4 NFkB?**% and CREB*# all
play key roles in the induction of imme-
diate early genes in response to growth
factor stimulation of quiescent cells.
Furthermore, previous studies have shown
that AP-1,° NFkB*3> and CREB$:23-2¢
can all be inhibited by GSK-3. Our results
indicate that these three factors comprise
a transcriptional network whose inhibi-
tion by GSK-3 plays an important role in
maintaining repression of growth factor-
inducible genes during quiescence. By
regulating this network of transcription
factors, GSK-3 acts as a check to inhibit
the expression of growth factor-inducible
genes in the absence of appropriate stimu-
latory signals.
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