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Recent evidence indicates that phosphatidylinositol
3-kinase (PI3K) is a central regulator of mitosis, apop-
tosis and oncogenesis. Nevertheless, the mechanisms
by which PI3K regulates proliferation are not well
characterized. Mitogens stimulate entry into the cell
cycle by inducing the expression of immediate early
genes (IEGs) that in turn trigger the expression
of G; cyclins. Here we describe a novel PI3K-
regulated transcriptional cascade that is critical for
mitogen regulation of the IEG, c-fos. We show that
PI3K activates gene expression by transactivating
SRF-dependent transcription independently of the
previously described Rho and ETS TCF pathways.
PI3K-stimulated cell cycle progression requires
transactivation of SRF and expression of dominant-
negative PI3K blocks mitogen-stimulated cell cycle
progression. Furthermore, dominant-interfering SRF
mutants attenuate mitogen-stimulated cell cycle pro-
gression, but are without effect on MEK-stimulated
cell cycle entry. Moreover, expression of constitutively
active SRF is sufficient for cell cycle entry. Thus, we
delineate a novel SRF-dependent mitogenic cascade
that is critical for PI3K- and growth factor-mediated
cell cycle progression.
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element/transcription

Introduction

Mitogens and growth factors activate phosphatidylinositol
3-kinase (PI3K) and promote the phosphorylation of
phosphoinositides at the D3 position. These phospholipids
play a critical role in the regulation of mitogenesis,
apoptosis and cytoskeletal rearrangement (for a review see
Rameh and Cantley, 1999). Type 1 PI3K is comprised of
regulatory (p85) and catalytic (p110) subunits and was
identified by virtue of its role in Src-mediated transform-
ation (Sugimoto et al., 1984). Expression of constitutively
active PI3K can trigger DNA synthesis (Frevert and Kahn,
1997; Klippel et al., 1998) and PI3K activity is required
for mitosis in some cells (Jhun et al., 1994; Roche et al.,
1994). Mice deficient for p110o catalytic subunits (Bi
et al., 1999) have a proliferative defect that results in
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embryonic lethality. The identification of oncogenic forms
of p110 and p85 PI3K further illustrates the critical role of
PI3K in proliferation (Chang et al., 1997; Jimenez et al.,
1998).

The identification of the tumor suppressor, PTEN, as a
D3 phosphoinositide phosphatase underscores the critical
role of PI3K in cell growth and oncogenesis (Myers et al.,
1998). A significant fraction of human cancers contain
deletions or mutations of PTEN (for review see Cantley
and Neel, 1999). However, the mechanisms by which
PTEN regulates cell cycle progression are not clear and the
targets of PI3K signaling during mitosis remain obscure.

The ability of mitogens to trigger cell cycle progression
depends on the rapid transcription of immediate early
genes (IEGs). In particular, c-fos and related transcription
factors play a critical role in mitogenesis (Riabowol et al.,
1988; Kovary and Bravo, 1991) by inducing the expres-
sion of genes necessary for the activation of G; cyclins
(Brown et al., 1998). For example, cyclin DI mRNA is
increased by overexpression of c-fos (Miao and Curran,
1994) and mitosis and mitogen-stimulated cyclin D1
transcription are impaired in cells deficient for c-fos and
FosB (Brown et al., 1998). Interestingly, mitogen-stimu-
lated c-fos transcription requires PI3K activity (Yamauchi
et al., 1993; Jhun et al., 1994) and activated PI3K
stimulates c-fos transcription (Wang et al., 1998).

The cis-acting serum response element (SRE) is crucial
for mitogen-induced c-fos transcription and is important
for the mitogen-stimulated transcription of many IEGs
(Treisman, 1995). The MADS box-containing protein,
serum response factor (SRF), binds to the SRE as a dimer
and is necessary for the activation of SRE-mediated gene
expression by mitogens (Norman et al., 1988).

ETS family transcription factors (Elkl, Sapla) bind a
site adjacent to the SRE in the c-fos promoter and in some
cells are required for growth factor-stimulated transcrip-
tion (reviewed in Treisman, 1994). These ETS ternary
complex factors (TCFs) are phosphorylated and trans-
activated by mitogen-activated protein kinases (MAPKs)
(Treisman, 1995). Nevertheless, in many systems mito-
gens stimulate SRF-dependent transcription via an ETS-
independent transcriptional pathway that targets the SRF
DNA binding domain (Johansen and Prywes, 1994; Hill
and Treisman, 1995). For example, in NIH 3T3 cells a
Rho-dependent signaling pathway (Hill er al., 1995), a
JNK-dependent histone acetylation cascade (Alberts et al.,
1998) and the LIMK-1-dependent regulation of actin
dynamics (Sotiropoulos et al., 1999) are required for ETS-
independent transcription.

The role of PI3K signaling in cell cycle progression and
the ability of activated PI3K to promote entry into S phase
led us to examine whether PI3K signaling regulates
mitogen-stimulated c-fos expression. Although PI3K may
induce c-fos transcription indirectly via crosstalk with Ras
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and Rho signaling cascades (Yamauchi et al., 1993; Urich
et al., 1997; Wang et al., 1998), other studies suggest a
novel mechanism (Jhun et al., 1994; Bruning et al., 1997,
Montmayeur et al., 1997). Here we demonstrate that SRF
mediates PI3K-regulated c-fos transcription and that
activation of SRF-dependent transcription by PI3K occurs
via a novel ETS TCF and Rho-independent pathway. We
also show that PI3K-dependent cell cycle progression
depends on activation of SRF-dependent gene expression.

Results

Growth factor-stimulated c-fos transcription
requires PI3K signaling

Because PI3K signaling regulates cell growth, we
examined whether PI3K is required for growth factor-
stimulated c-fos transcription. Treatment with nerve
growth factor (NGF) increased c-fos transcription
~6-fold in PC12 cells transfected with a c-fos promoter-
regulated reporter construct (c-fos—LacZ) (Figure 1A).
Treatment of cells with the PI3K inhibitor, wortmannin, or
coexpression of a dominant-negative PI3K regulatory
subunit (DN p85) significantly reduced NGF-mediated
c-fos transcription. Mutations in the SRE (mSRE) that
prevent SRF binding markedly attenuated NGF-stimulated
c-fos transcription (Figure 1A). NGF-induced transcription
of the endogenous c-fos gene also depended on PI3K
signaling (Figure 1B).

PDGFp receptors (PDGFRs) couple to both the Ras/
Raf/Erk pathway through Shc and Src, and PI3K lipid
signaling through p85 (Valius and Kazlauskas, 1993).
Cotransfection of the wild-type PDGFR and the c-fos
reporter led to a 4-fold increase in c-fos—LacZ expression
when cells were treated with PDGF (Figure 1C). PDGF
stimulation was absent in cells transfected with the Y740F/
Y751F receptor mutant, which does not couple to PI3K. In
contrast, the Y771F mutant, which does not couple to Shc,
showed activation of c-fos—LacZ expression comparable
to the wild-type PDGFR-transfected cells. Taken together,
these data suggest that the PI3K pathway is required for
activation of c-fos transcription by NGF or PDGF.

PI3K signaling is necessary for full activation of
SRE-mediated gene expression by growth factors
Because PI3K-regulated c-fos transcription targets the
SRE, we explored the regulation of SRE-mediated tran-
scription further by transfecting PC12 or 3T3-L1 cells with
SRE-luciferase reporter constructs. NGF markedly activ-
ated PI3K as measured by Ser473 phosphorylation of the
PI3K-regulated kinase, Akt (Figure 2B). Wortmannin and
LY294002 inhibited NGF-stimulated SRE-mediated tran-
scription in PC12 cells at concentrations consistent with
specific inhibition of PI3K (Figure 2A). This inhibition
was not due to non-specific effects on other SRE
transactivating kinases since NGF-stimulated Erk, JNK
and p38 phosphorylation were not attenuated by
LY294002 treatment (Figure 2B). We also confirmed
that inhibition of PI3K in PC12 cells and 3T3-L1 cells
does not result in toxicity or downregulation of SRF
expression (unpublished observations). As was the case for
c-fos transcription, PC12 cells transfected with a PI3K-
deficient PDGF receptor did not show PDGF-stimulated
SRE-mediated transcription (Figure 2C). Cotransfection
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Fig. 1. PI3K signaling is required for growth factor-stimulated c-fos
transcription. (A) NGF stimulation of c-fos transcription required PI3K
signaling through the SRE. PC12 cells were transfected with wild-type
c-fos promoter—LacZ reporter construct (c-fos—LacZ) or a mutant SRE
c-fos reporter construct (mSRE c-fos—LacZ). PI3K activity was blocked
by cotransfection with a 3-fold excess (125 ng/well) of the dominant-
negative regulatory subunit of PI3K (DN p85) DNA or pretreatment
with 100 nM wortmannin (Wort). Cells were treated with 100 ng/ml
NGF and assayed for LacZ activity. (B) Inhibition of PI3K attenuated
NGF-induced c-fos transcription. PC12 cells were pretreated with

10 nM Wortmannin (Wort) or vehicle for 1 h and stimulated with

100 ng/ml NGF for 45 min. RT-PCR for c-fos was performed on total
cellular RNA. B-actin transcription was used to normalize the level of
c-fos transcription. (C) The PI3K signaling pathway was required for
PDGF-mediated stimulation of c-fos expression. PC12 cells were
transfected with the wild-type or mSRE c-fos LacZ reporter plasmids
and either wild-type PDGFp receptor (PDGFR wt), or mutants deficient
in coupling to PI3K activation (Y741F/Y750F) or Shc/Ras GAP
activation (Y771F) (375 ng/well). Cells were treated with 30 ng/ml
PDGEF and assayed for LacZ activity. The data are means * standard
deviation (SD) of triplicate assays normalized to luciferase activity
driven from an SV40-luciferase plasmid.

of DN p85 also attenuated mitogen-stimulated SRE-
regulated transcription in PCI12 and 3T3-L1 cells
(Figure 2D). These data establish a role for PI3K in
growth factor-stimulated SRE-mediated gene expression.

Expression of constitutively active PI3K (p110%)
increased SRE-mediated transcription, indicating that
PI3K activity is sufficient for SRE-dependent transcription
(Figure 3A). Activated PI3K targeted SRF because
mutation of the core SRF binding site (mSRF) blocked
pl10*-mediated transcription (Figure 3A). The ability of
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Fig. 2. NGF stimulation of SRE-mediated gene expression in PC12 is attenuated by inhibition of PI3K. (A) PI3K inhibitors decreased NGF-stimulated
SRE-mediated gene expression. PC12 cells were transfected with a SRE-luciferase reporter plasmid, pretreated with the indicated concentrations of
wortmannin or LY294002, treated with 100 ng/ml NGF and assayed for luciferase activity. NGF-stimulated, SRE-mediated transcription in the
absence of inhibitor was set at 100%. (B) LY294002 inhibited PI3K signaling selectively. PC12 cells were serum starved for 18 h, pretreated with
vehicle or 25 uM LY294002 (LY), treated with 100 ng/ml NGF for 10 min, lysed and analysed by western blot analysis for phosphorylated Erk, JNK,
p38 and Akt. (C) PDGF receptor activation of SRE-mediated gene expression depended upon coupling to PI3K. PC12 cells were transfected with a
SRE-luciferase reporter plasmid and PDGF receptor (PDGFR) (as described in Figure 1C). Cells were treated with 30 ng/ml PDGF and assayed for
luciferase activity. (D) Dominant-negative PI3K inhibited SRE-mediated gene expression. PC12 and 3T3-L1 cells were transfected with a SRE—
luciferase reporter plasmid along with a 3-fold excess of either empty vector or dominant-negative PI3K regulatory subunit (DN p85) expression
vectors (125 ng/well). Cells were treated with 10% FBS, 100 ng/ml NGF or 50 ng/ml FGF, and assayed for luciferase activity. Where applicable, the
data are means = SD of triplicate assays normalized to EF1o. promoter-driven LacZ expression.

PI3K to couple to SRE-dependent transcription was not
the result of crosstalk with MAPK cascades because p110*
increased Akt phosphorylation but not phosphorylation of
Erk, INK or p38 MAPK (Figure 3B). Consistent with this,
pl10*-stimulated transcription was not inhibited by
expression of dominant-negative (DN) MEKI1 (MEK
S222A), JBD (Jun kinase binding domain of JIP) or DN
Rho NI19 (unpublished observations). This led us to
examine whether downstream targets of PI3K regulate
SRE-mediated gene expression. Through the use of
selective inhibitors or dominant negatives we ruled out a
major role for atypical PKCs, conventional PKCs, p70
S6 kinase and Akt in mitogen-induced SRE-mediated
transcription (unpublished observations). PI3K signaling
regulates activation and nuclear translocation of serum-
and glucocorticoid-inducible kinase (SGK) (Kobayashi
and Cohen, 1999; Park et al., 1999), making it an
attractive candidate for a downstream SRF effector.
Expression of constitutively active SGK, but not Akt,

markedly increased mEts SRE-luciferase reporter gene
expression (Figure 3C). Both mutants were active because
expression of activated Akt and SGK in PCI12 cells
increased GSK3 phosphorylation (Figure 3D). This sug-
gests that SGK is a major PI3K-regulated effector of SRF-
regulated transcription. Collectively these data indicate
that PI3K is both necessary and sufficient for growth
factor-stimulated SRE-mediated gene expression in PC12
cells and 3T3-L1 cells.

Since SRE-mediated gene expression can be activated
by several MAPK cascades, including the ERK, p38
MAPK and JNK pathways (for a review see Treisman,
1995), we determined to what extent these pathways
contribute to mitogen-stimulated transcription. We inhibi-
ted ERK, JNK and p38 MAPK signaling by expressing
dominant-negative inhibitors or by treating cells with
specific inhibitors (Table I). Inhibition of MAPK signaling
either had no effect or only modestly inhibited SRE-
mediated transcription (Table I). In every case, positive
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Fig. 3. Activation of PI3K and SGK induces SRE-mediated
transcription. (A) Constitutively active PI3K increased SRE-mediated
gene expression. PC12 cells were transfected with either a wild-type
SRE luciferase reporter (SRE-luc) or a mutant SRE reporter (nSRF
SRE-luc) that cannot bind SRF. Cells were cotransfected with
increasing amounts of a constitutively active PI3K (p110*) expression
vector. The data are means = SEM of triplicate assays normalized to
EFlo-driven LacZ expression. (B) Expression of pl10* selectively
activated PI3K-dependent signaling. PC12 cells were transfected with
control or p110* expression vectors. Cells were treated with 100 ng/ml
NGF for 10 min. Cells transfected with p110* were lysed 36 h post-
transfection. Lysates were western blotted for phosphorylated Akt,

Erk, INK or p38 MAPK. (C) Expression of activated SGK increased
SRF-dependent gene expression. PC12 cells were transfected with an
SRF-regulated luciferase reporter that contains a mutation in the TCF
binding Ets site (mEts SRE-luc) and a 3-fold excess of empty,
constitutively active Akt (CA Akt) or constitutively active SGK

(CA SGK) expression vectors. The data are means = SEM of triplicate
assays normalized to SV40-driven SEAP expression. (D) Expression of
activated SGK and activated Akt increased GSK3 phosphorylation.
PC12 cells were transfected with EF1o—~LacZ and vector, activated Akt
(CA Akt) or activated SGK (CA SGK), and extracts were blotted for
phospho-GSK3. The extracts were then blotted for LacZ to control for
transfection efficiency.

controls were performed to confirm that each inhibitor or
dominant negative potently blocked their respective
targets. For example, DN MEK and PD98059 blocked
Gal4-Elk1-mediated transcription 87 and 98%, respect-
ively (Figure 4G). These observations indicate that the
PI3K pathway plays a major role in mitogen-stimulated
SRE-mediated transcription.

Growth factors stimulate SRE-mediated
transcription independently of Rho signaling

The Rho family of small G-proteins regulate c-fos
expression and SRF-dependent transcription via LIMK-
1-regulated actin treadmilling (Sotiropoulos et al., 1999).
To determine whether Rho family G-proteins contribute to
PI3K-regulated gene expression, PC12 cells were trans-
fected with a SRE-luciferase reporter construct and
inhibitors of Ras (Ras N17), Rho (C3 exoenzyme, Rho
GDI and Rho N19), Rac (Rac N17) or Cdc42 (Cdc42
N17). Surprisingly, expression of these dominant nega-
tives was either without effect or only slightly decreased
mitogen-induced SRE-regulated transcription (Table II).
Interestingly, the modest inhibition of SRE-mediated
transcription by these dominant negatives (5-13%;
Table II) was far less than that seen following inhibition
of PI3K (57-82%; Figure 2D and Table I), indicating that
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Table 1. Effects of dominant negative and chemical inhibitors on
growth factor stimulation of SRE-mediated gene expression

Dominant negative/ % Inhibition of stimulation® by

inhibitor

Serum NGF Serum

PC12 cells PC12 cells 3T3-L1 cells
MEK1P 124 £ 0.6 38+ 1.0 0*0.6
PD98059¢ 0+02 10.5 £ 1.0 84 = 0.3
JBDP 0+46 109 = 1.0 0+70
SB203580¢ 53+ 1.0 151 £ 1.0 5.6 = 1.7
1L.Y294002¢ 782 + 27.4 827 =24 49.7 £ 7.8

3PC12 and 3T3-L1 cells were transfected with a SRE-luciferase
reporter, serum starved for 18 h, then treated with either 10% fetal
bovine serum (Serum) or 100 ng/ml NGF for 5 h.

"Dominant-negative MEK1 and JBD were cotransfected at a 3-fold
excess (133 ng/well) of dominant negative to reporter constructs.
Constructs are referenced in Materials and methods.

Cells were pretreated with 25 uM PD98059, 5 uM SB203580, 25 uM
LY294002 for 1 h. Values are the mean of triplicate assays = SD
normalized to EFlo-driven LacZ expression.

in PC12 cells the Rho transcriptional pathway is dispens-
able for mitogen-stimulated SRE-regulated transcription.
The potent efficacy of each inhibitory construct was
confirmed in PC12 and NIH 3T3 cells (unpublished
observations). Therefore, we propose a novel PI3K-
dependent pathway for the activation of SRF-mediated
transcription that does not involve Rho family G-proteins.

PI3K activation of SRE-mediated gene expression
occurs via SRF

Several transcription factors bind to the c-fos SRE and
regulate transcription. To determine the target of PI3K-
dependent signaling, we generated mutant reporter con-
structs that are deficient for binding of SRF (mSRF) or
TCF (mEts) to the SRE. PC12 cells transfected with the
mSRF luciferase reporter construct did not show NGF-
induced transcription (Figure 4A). Disruption of the TCF
site 5 of the CArG had little effect on NGF stimulation of
the SRE. Although the ETS TCF pathway plays an
important role in SRE-regulated transcription in fibro-
blasts (Hill et al., 1993), in other cell types different
pathways predominate (Johansen and Prywes, 1994; Hill
and Treisman, 1995). For example, disruption of the TCF
binding site reduced EGF-induced SRE-mediated tran-
scription (Figure 4B). Nevertheless, significant stimulation
remained, indicating a TCF-independent target for poly-
peptide growth factors at the SRE.

We also confirmed that SRE-mediated gene expression
required SRF via the use of two specific SRF dominant
negatives. One is a mutant with a deleted C-terminal
activation domain, which forms transcriptionally
inactive heterodimers with wild-type SRF (SRF A). The
other mutant is a DNA binding domain mutant that
forms heterodimers with wild-type SRF, reducing the
pool of DNA binding competent SRF (SRFpml). Both
dominant-negative SRF mutants inhibited NGF-stimu-
lated SRE-mediated transcription (Figure 4C), but not
forskolin-stimulated CRE-mediated transcription (unpub-
lished observations).

To confirm that SRF is transactivated by PI3K signal-
ing, we examined the ability of fusions of full-length SRF
to the yeast Gal4 DNA binding domain (Gal4—SRF) to
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Fig. 4. PI3K and mitogens regulate SRE-mediated gene expression by transactivating SRF but not TCF. (A) Mutations in the DNA binding sequences
for SRF, but not Ets, abolished NGF-stimulated SRE-mediated transcription. SRE reporter plasmids were constructed containing mutations in the SRF
(mSRF SRE-luc) or Ets (mEts SRE-luc) binding sites (see Materials and methods for sequences) and transfected into PC12 cells. Cells were treated
with 100 ng/ml NGF, then assayed for luciferase activity. (B) Ets DNA binding mutations reduced growth factor-induced SRE-mediated gene
expression in HeLa cells. Cells were transfected as in (A) with the wild-type and mEts SRE-luciferase reporter plasmids, treated with 50 ng/ml EGF
and assayed. (C) SRF was required for NGF-stimulated SRE-mediated transcription. PC12 cells were transfected with equal amounts (75 ng/well) of a
SRE-luciferase reporter plasmid and expression vectors for wild-type SRF (wt SRF), a dominant-negative SRF with a C-terminal truncation (SRF A)
or a dominant-negative SRF deficient for DNA binding (SRFpm1). Cells were treated with 100 ng/ml NGF and assayed for luciferase activity.

(D) Mitogens transactivated Gal4—SRF. PC12 cells were transfected with a Gal4-luciferase reporter plasmid and a 2-fold excess (67 ng/well) of either
Gal4 DNA binding domain (Gal4) or Gal4-SRF expression vectors. Cells were stimulated with 10% fetal bovine serum (serum) or 100 ng/ml NGF,
and assayed for luciferase activity. (E) Blocking PI3K, but not MEK or JNK, inhibited NGF stimulation of Gal4—SRF-mediated transcription. PC12
cells were transfected with a Gal4—luciferase reporter, Gal4—SRF and a 4-fold excess of DN p85 (200 ng/well), a 3-fold excess of DN MEK

(133 ng/well) or JIBD (133 ng/well) expression constructs. Cells were stimulated with 100 ng/ml NGF and assayed for luciferase activity. (F) MEK
inhibitors, but not PI3K inhibitors, blocked phosphorylation of Elk1 at Ser383. PC12 cells transfected with Elk1 (pCMV Elk1) DNA, were pretreated
with dimethylsulfoxide (DMSO), 10 uM PD98059 or 25 uM LY294002, then blotted for Elk1, Akt and Erk phosphorylation following treatment

with 100 ng/ml NGF for 10 min. An SV40-LacZ expression vector was cotransfected and lysates were blotted for -galactosidase as a control

for transfection efficiency. (G) Inhibition of MEK, but not PI3K, attenuated transactivation of Gal4-Elk1. PC12 cells were transfected with a
Gal4-luciferase reporter construct, a 2-fold excess of Gal4-Elk1 expression vector (89 ng/well) and a 3-fold excess of control or DN MEK

expression plasmids (167 ng/well). Cells were pretreated with 25 pM LY294002, then treated with 100 ng/ml NGF and assayed for luciferase
activity. Where applicable, the data are means * SD of triplicate assays normalized to EF1o promoter-driven LacZ expression.
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Table II. Inhibition of Rho family small G proteins does not affect
mitogen stimulation of SRE-mediated gene expression

Expression constructs® % Inhibition of stimulation® by

Serum NGF
Ras N17 0=*+1.0 0+ 6.1
C3 12.5 £ 0.7 13.0 = 0.5
Rho GDI 0= 0.1 4.5+ 0.1
Rho N19 0=* 1.1 7.7 =09
Rac N17 0+22 10.6 = 1.2
Cdc42 N17 0*15 104 £ 0.4

aPC12 cells were transfected with a SRE-luciferase reporter plasmid,
serum starved for 18 h, then treated with either 10% FBS (Serum) or
100 ng/ml NGF for 5 h, then assayed for luciferase activity.

bA 3-fold excess (133 ng/well) of either control vector, C3 botulinum
toxin expression vector, a Rho guanine nucleotide dissociation inhibitor
(Rho GDI) dominant-negative Rho (Rho N19), Cdc42 (Cdc42 N17) or
Rac (Rac N17) to reporter was cotransfected.

Values are the mean of triplicate assays = SD. Values are normalized
for transfection efficiency by cotransfection of an EFla-LacZ
expression vector and measurement of -galactosidase activity from
cell lysates.

drive Gal4-luciferase transcription. Serum and NGF
transactivated Gal4-SRF (Figure 4D). Transactivation of
SRF required PI3K, as LY294002 and DN p85 both
inhibited NGF stimulation of transcription (Figure 4E).
Similarly, expression of DN MEK and JBD had no effect
on activation of Gal4—SRF by NGF (Figure 4E).

These data argue that SRF or a novel accessory protein
is a direct target of PI3K-dependent signaling. Because
the ETS family TCFs, Elkl and Sapl, play a crucial
role in mitogen-stimulated SRE-dependent transcription
(Treisman, 1995), we examined whether they are also a
target of PI3K signaling. Treatment of PC12 cells with
LY294002 did not reduce NGF-stimulated phosphoryl-
ation of Ser383 of Elkl, a residue critical for Elkl
transactivation (Figure 4E). While LY294002 treatment
did not affect transactivation of Gal4-FElk1 (Figure 4G), it
markedly attenuated the transactivation of Gal4-SRF.
Conversely, PD98059, which had no effect on NGF
stimulation of SRE-mediated transcription (Table I),
strongly inhibited Elkl phosphorylation (Figure 4F).
Similarly, expression of DN MEK attenuated transactiv-
ation of Gal4-Elk1 (Figure 4G) but was without effect on
Gal4-SRF. These data strongly suggest that SRF or a
novel accessory factor is the primary target of a PI3K-
dependent and polypeptide growth factor-mediated tran-
scriptional cascade.

PI3K and SRF are required for mitogen-induced
cell cycle progression
Several lines of evidence suggest that PI3K plays a critical
role in cellular proliferation. Although several studies
report that PI3K may promote cell cycle progression by
activating p70 S6 kinase (Klippel et al., 1998), other
studies suggest an unknown mechanism (Gille and
Downward, 1999; Takuwa et al., 1999). Thus, the
mechanism(s) by which PI3K signaling regulates cell
cycle progression is not clear.

Because PI3K can potently activate SRF-dependent
gene expression, we explored whether SRF is a poten-
tial target of PI3K during cell cycle progression.
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Cotransfection of regulatory constructs with a chloram-
phenicol acetyl transferase (CAT) expression vector
enabled us to identify transfected cells and assess whether
DNA synthesis occurred, using immunocytochemistry
(ICC) for CAT detection and BrdU incorporation, respect-
ively. Treatment of quiescent 3T3-L1 cells with serum or
fibroblast growth factor (FGF) resulted in a marked
increase in DNA synthesis measured by ICC for BrdU
incorporation (Figure 5A and B). Expression of DN p85
attenuated serum-induced BrdU labelling, confirming that
PI3K signaling is critical for the G,—S transition (Figure 5A
and B). If SRF is an important target of PI3K during the
G,-S transition, then inhibition of SRF-dependent tran-
scription should also attenuate entry into the cell cycle.
Expression of SRF A or SRFpml attenuated serum- or
FGF-induced cell cycle progression relative to vector
control (Figure 5A and B). FACS analysis confirmed that
expression of SRF A and DN p85 inhibits serum-
stimulated cell cycle progression in Go/G, (Figure 5C).

Mitogen-induced cyclin D1 expression is believed to be
an essential event in the G;—S transition (Jiang et al., 1993;
Musgrove et al., 1994). Therefore, we explored the role of
SRF in mitogen-stimulated cyclin D1 gene expression and
found that SRF A and DN p85 both inhibited mitogen-
stimulated cyclin D1 transcription (Figure 5D). Thus,
cyclin D1 is a potential downstream target of PI3K-
stimulated SRF-dependent gene expression and increased
expression of cyclin D1 is likely to contribute to PI3K-
stimulated cell cycle progression. Because the cyclin D1
promoter does not contain SREs, the requirement for SRF
for cyclin D1 transcription is likely to be the result of the
induction of SRF-regulated IEG transcription factors, such
as c-fos and FosB, which in turn induce cyclin DI
transcription (Brown et al., 1998). Since PI3K is critical
for the G;-S transition and is a potent activator of SRF-
dependent gene expression, these data led us to explore
whether PI3K-regulated SRF-dependent transcription
plays an important role in mitosis.

Activation of SRF-mediated gene expression is
sufficient for cell cycle entry

Our data suggest that both PI3K- and SRE-mediated gene
expression are required for mitogen-induced cell cycle
progression. Therefore, we examined whether constitutive
activation of SRF-dependent gene expression is sufficient
to trigger entry into S phase. We made a constitutively
active SRF by fusing SRF to the VP16 transactivation
domain. Expression of SRF VP16 robustly activated SRF-
regulated transcription (Figure 6C). Interestingly, co-
expresion of SRF VP16 triggered DNA synthesis
(Figure 6A and B). Coexpression of SRF VP16 promoted
levels of DNA synthesis comparable to those in FGF-
treated cells. These results indicate that genes induced by
SRF are sufficient for cell cycle entry.

Activation of PI3K triggers cell cycle progression

Because PI3K is a critical regulator of mitogen-stimulated
cell cycle entry we examined whether activation of PI3K
was sufficient for cell cycle progression. Expression of
constitutively active PI3K (p110*) in quiescent 3T3-L1
cells was sufficient to promote entry into the cell cycle
(Figure 7A and B). PI3K-stimulated DNA synthesis was
robust and was equivalent to that induced by an oncogenic
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activated Ras mutant (unpublished observations).
Importantly, coexpression of SRF dominant negatives
(SRF A and SRFpm1) largely attenuated p110*-mediated
cell cycle entry (Figure 7A and B). Thus, we provide direct
evidence that SRF is a critical target of PI3K-stimulated
cell cycle progression.

Although SRF-dependent transcription was critical for
growth factor and PI3K-mediated cell cycle entry, we also
examined whether SRF-dependent transcription was uni-
versally required for cell cycle entry. Expression of
activated MEK induces cell cycle progression in a number
of cell lines (Wright er al., 1999). We also found that
expression of constitutively active MEK (MEK S218E/
S222E) induced S-phase entry in 3T3-L1 cells (Figure 7C).
Contrary to what we observed for pl10* expression,
coexpression of SRF A did not significantly decrease
MEK-induced S-phase entry. Thus, PI3K signaling regu-
lates G;—S progression by distinct transcriptional mechan-
isms from the ERK MAPK cascade.

Discussion

Although PI3K plays a pivotal role in mitosis, cell
transformation and oncogenesis, the mechanisms by
which PI3K regulates cell growth remain unclear. Here,
we characterized a novel mitogen-induced PI3K signaling
cascade that potently increases SRF-dependent transcrip-
tion and regulates the transcription of some growth-
associated IEGs and cyclins. We also provide evidence
that SRF-dependent gene expression is required for PI3K-
mediated cell cycle entry. Therefore, we describe a novel
mechanism for the coupling of mitogenic signals to
increases in gene expression and cell proliferation.

PI3K regulates IEG expression by transactivating
SRF

The IEG, c-fos and related transcription factors are
believed to play a critical role in mitogenesis by inducing
rapid increases in the expression of G; cyclins that
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SRE-mediated gene expression in 3T3-L1 cells. Cells were
transfected with a SRE-luciferase reporter construct and a 2-fold
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to EFla-driven LacZ expression.

promote entry into S phase (Riabowol et al., 1988; Kovary
and Bravo, 1991; Brown et al., 1998). Because PI3K has
recently been implicated as a crucial regulator of cell cycle
entry (Carpenter and Cantley, 1996), we investigated the
mechanisms by which PI3K signaling activates c-fos
transcription. Consistent with earlier work implicating
PI3K in mitogen-stimulated c-fos transcription (Yamauchi
et al., 1993; Jhun et al., 1994), we found that PI3K activity
is required for growth factor- and serum-induced increases
in c-fos transcription in PC12 cells and 3T3-L1 cells. We
also found that PI3K activity is necessary and sufficient for
mitogen-stimulated SRE-regulated transcription.

In fibroblasts, growth factor induction of SRE-mediated
transcription can occur via activation of MAPK cascades
and phosphorylation of the TCFs, Elk1 and Sapla (Hill
et al., 1993; Miranti et al., 1995; Treisman, 1995).
Interestingly, in PC12 cells we found that PI3K was
neither necessary nor sufficient for the transactivation of
Gal4-Elkl and Gal4-Sapl. Furthermore, inhibition of
INK, p38 and ERK MAPKSs, the known activators of ETS
TCFs, only slightly reduced growth factor-stimulated
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cycle progression did not require PI3K signaling. 3T3-L1 cells were
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transcription in PC12 and 3T3-L1 cells. Because PI3K
signaling rather than MAPK signaling was required for the
transactivation of Gal4-SRF by growth factors, we
conclude that PI3K activates SRF via an ETS TCF-
independent pathway. Confirming this idea, mutation of
the ETS TCF binding site adjacent to the core c-fos SRE
had little effect on PI3K or mitogen-induced SRF-
dependent transcription.

Although in certain fibroblast cell lines, such as HeLa,
the ETS TCFs play a role in growth factor-induced
transcription (Hill ef al., 1993; Miranti et al., 1995), we
found that a significant component of growth factor-
induced transcription is TCF independent. Interestingly, in
these cells potent activators of MAPK signaling have been
shown to regulate transcription via an ETS TCF-inde-
pendent pathway (Johansen and Prywes, 1994; Hill et al.,



1995). Clearly, whether ETS-dependent or -independent
pathways are recruited depends not only on cell type but
also on poorly understood combinatorial signaling. The
relative contribution of ETS TCFs may also have been
overstated because several studies used DNA binding
domain SRF mutants that block ETS-independent tran-
scription while leaving ETS-dependent transcription intact
(see Hill et al., 1994 for a discussion of this issue).

This work highlights the potential for growth factors to
increase IEG transcription via an SRF- and PI3K-depend-
ent pathway. PI3K-mediated gene expression is likely to
be of particular importance in the regulation of promoters
that contain core SREs but lack adjacent ETS binding
sites, such as those found in Egr-1, Egr-2, SRF, JunB and
atrial natriuretic factor.

PI3K activates a novel SRF-dependent
transcriptional pathway

The Rho family of small G-proteins are potent regulators
of SRF-dependent transcription (Hill ez al., 1995). Thus,
we investigated whether Rho family members contribute
to PI3K-stimulated gene expression. Dominant-negative
inhibitors of Rho, Rac and Cdc42 had little effect on NGF-
or FGF-stimulated SRF-dependent gene expression in
PC12 cells or 3T3-L1 cells. Conversely, the ability of
activated Rho family G-proteins to increase transcription
also did not depend on PI3K activity (unpublished
observations). Taken together, these results show that the
ability of PI3K to transactivate SRF does not depend on
crosstalk with Rho-dependent transcriptional cascades.

How does PI3K activate SRF-dependent
transcription?

PI3K can activate the ERK and JNK MAP kinase cascades
(Klippel et al., 1996); however, we show that selective
inhibition of these pathways does not block SRF-depend-
ent transcription. Activation of PI3K also promotes the
activation of the AGC family of PI3K-regulated kinases,
including Akt, p70 S6 kinases, PKC isoforms and SGK.
Through the use of selective dominant-negative constructs
we ruled out a major role for Akt, p70 S6 kinase and
the atypical and conventional PKCs (unpublished observ-
ations). The mitogen-induced activation and nuclear trans-
location of SGK depends on PI3K signaling (Kobayashi
and Cohen, 1999; Park er al., 1999), making SGK a
possible candidate for an SRF effector. Interestingly,
expression of a constitutively active SGK mutant
markedly stimulated SRF-dependent transcription. This
suggests that mitogens and growth factors can activate
SRF-dependent transcription via a PI3K-PDK1-SGK
signaling cassette.

Potential transcriptional targets of PI3K signaling

Although mitogen- and Rho-dependent SRF-dependent
transcription are described in several studies, there is at
present little insight into the mechanisms by which SRF is
transactivated (Hill er al., 1994, 1995; Johansen and
Prywes, 1994; Hill and Treisman, 1995). Mitogen stimu-
lation induces the phosphorylation of the N-terminus of
SRF by multiple kinases (for review see Treisman, 1995).
However, it is not known if or how these phosphorylation
events influence SRF transactivation (Johansen and
Prywes, 1993; Hill et al., 1994). Multiple transcription
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factors interact with SRF, including, phox1/MHox,
C/EBPB, NF-xB and ATF6, and could potentially mediate
SRF-dependent transcription. Recent work suggests that
the SRF DNA binding domain interacts with an unknown
factor required for SRF-dependent transcription (Hill ez al.,
1993, 1994; Johansen and Prywes, 1994). Further work is
clearly required to identify the composition of the PI3K-
stimulated SRF-dependent transcriptional complex and to
identify the targets of PI3K signaling.

PI3K-regulated SRF-dependent transcription and
cellular proliferation

A substantial body of evidence demonstrates a critical role
for PI3K in cell cycle progression. For example, oncogenic
mutations have been isolated in both the regulatory and
catalytic subunits of type I PI3Ks (Chang et al., 1997;
Jimenez et al., 1998). Moreover, activation of PI3K is
sufficient for cell cycle entry (Frevert and Kahn, 1997;
Klippel et al., 1998) and PI3K activity is necessary for cell
cycle progression (Jhun et al., 1994; Roche et al., 1994;
Gille and Downward, 1999). Interestingly, expression of
constitutively active PI3K is not sufficient for completion
of the cell cycle (Klippel et al., 1998; unpublished
observations). Because expression of oncogenic Ras is
also not sufficient for completion of the cell cycle in 3T3-
L1 cells (Benito et al., 1991), this result is consistent with a
requirement for additional deregulation of cell cycle
checkpoints for chronic activation of mitogenic cascades
to promote proliferation. Nevertheless, the finding that
mice deficient for the pl10a catalytic subunit of PI3K
have a profound proliferative defect points to a critical role
for PI3K signaling in cell growth (Bi et al., 1999).
Although Ras/MAPK signaling clearly plays an important
role in mitogenesis in some cells, increasing evidence
indicates that PI3K signaling represents an independent
pathway essential for mitogen-induced cell cycle progres-
sion (Roche er al., 1994; Frevert and Kahn, 1997, Gille and
Downward, 1999).

SRF-dependent gene expression is regulated by the cell
cycle and has been proposed to play a role in cell cycle
progression (Gauthier-Rouviere et al., 1991; Liu et al.,
1994). Because SRF is also a transcriptional target
of PI3K, we explored whether it is a target of PI3K
during cell cycle progression. Interestingly, expression of
dominant-negative SRF and PI3K constructs inhibited
FGF-, serum- and PI3K-induced cell cycle entry, suggest-
ing that PI3K can couple mitogenic signals to SRF.
Moreover, expression of a constitutively active SRF was
sufficient to trigger entry into the cell cycle. These results
indicate that PI3K can stimulate cell cycle entry by
inducing SRF-dependent gene expression. Nevertheless,
the incomplete inhibition of serum-induced mitosis by
SRF dominant negatives suggests that PI3K can also target
other mitogenic signaling cascades. We also demonstrate
that PI3K and ERK recruit distinct transcriptional path-
ways for cell cycle progression because MEK-mediated
cell cycle entry does not require SRF-dependent gene
expression.

What are the mitogenic targets of PI3K-stimulated
gene expression?

Cyclin D1 transcription is induced by mitogens (Winston
and Pledger, 1993) and cyclin D1 is thought to play a key
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role in mitogen-stimulated G; progression (Musgrove
et al., 1994; Aktas et al., 1997). Recent evidence indicates
that mitogens induce the expression and transcription of
cyclin D1 in some cells via PI3K signaling (Gille and
Downward, 1999; Takuwa et al., 1999). Interestingly, we
found that growth factor-induced cyclin D1 transcription
was blocked by expression of dominant-negative PI3K or
SRF. Because the cyclin D1 promoter does not contain an
SRE, the requirement for SRF for cyclin D1 transcription
is the result of the indirect expression of SRF-regulated
IEG transcription factors. For example, fibroblasts defi-
cient for the SRF-regulated IEGs, c-fos and FosB, have a
defect in mitogen-induced proliferation and cyclin DI
transcription (Brown et al., 1998). Taken together, these
results suggest that a mitotic target of PI3K-stimulated
SRF-mediated transcription is cyclin D1, which in turn
mediates repression of Rb and activation of E2F.

In conclusion, we delineate a novel SRF-dependent
transcriptional pathway critical for mitogen- and PI3K-
stimulated mitogenesis in 3T3-L1 cells. Moreover, this
SRF-dependent transcriptional pathway is also critical for
PI3K- and growth factor-stimulated c-fos and cyclin D1
transcription. While the identity of SRF-regulated genes
required for cell proliferation is not known, the prolifer-
ative defect in fibroblasts lacking the SRF-regulated IEGs,
c-fos and FosB, is suggestive (Brown et al., 1998). The
coupling of PI3K to the SRE might be critically important
for the early development of organisms as well as for
proliferation.

Materials and methods

Cell culture

Early passage PC12 cells were cultured as described in Mark et al. (1995).
3T3-L1 and HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% bovine calf serum (BCS). For
reporter gene assays, PC12 and 3T3-L1 cells were plated on 24-well
plates (Costar) coated with 100 pg/ml poly-D-lysine (Sigma). For
proliferation assays, 3T3-L1 cells were plated on glass coverslips
(Fisher) coated with 200 pg/ml poly-D-lysine.

Plasmids

Gal4-Elkl (Whitmarsh et al., 1995), c-fos-LacZ reporter plasmids
(Smeyne et al., 1993), IBD (Dickens et al., 1997), DN p85 (Dhand et al.,
1994), p110* (Klippel et al., 1996), Gal4—SRF (Hanlon and Sealy, 1999)
and PDGFR (Valius and Kazlauskas, 1993) expression plasmids are
described elsewhere. The Rho N19, Rac N17 and Cdc42 N17 expression
constructs were described in Coso et al. (1995). The wt SRF (CGN SRF)
and SRF A (CGN SRF 1-338) plasmids were described in Johansen and
Prywes (1993). DN MEK (MEKS222A), MEK EE (MEK S218E/S222E),
Ras N17 and Gal4-E1B-luc are described in Impey et al. (1998). The
SGK and Rho GDI cDNAs were isolated by low-cycle PCR from human
cDNA (Clontech) and cloned into pCDNA3.1 (Invitrogen). CA SGK-
pCDNA3.1 contained an S422D mutation as described in Kobayashi and
Cohen (1999) and was made using the Quickchange mutagenesis system
(Stratagene). SRFpm1 was created by making R143L, K145A and 1146G
mutations in SRF (CGN SRF) using the Quickchange mutagenesis system
(Stratagene). SRF VP16 was made by subcloning human SRF into pVP16
(Clontech). The following double-stranded oligos were inserted into the
SRE-luc vector (Johansen and Prywes, 1994) to make mEts SRE-Iuc and
mSRF SRE-luc, respectively: AAGCTTGCTCGAAAATGTCCATAT-
TAGGTAATTAAGATCT, AAGCTTGCTCGAGGATGTCCCTATTG-
GGACAAGTAGATCT. The mEts and mSRF mutations were described
previously in Johansen and Prywes (1994).

Transient transfections and reporter assays

Cells were transfected with Transfast (Promega) as described by the
manufacturer. Reporter assays were conducted 48 h post-transfection
unless otherwise noted. Cells were serum starved in DMEM containing
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25 mM HEPES for 16-24 h, pretreated with inhibitors for 1 h, then treated
with or without agonists for 5 h. Luciferase, B-gal and secreted alkaline
phosphatase (SEAP) activity were measured using Luciferase Assay,
Galacoto-Light, and Phospha-Light assay kits as described by the
manufacturer (Tropix, Bedford, MA).

RT-PCR analysis of c-fos expression

PC12 cells were plated onto 35 mm plates coated with 100 pg/ml poly-D-
lysine. Total cellular RNA was isolated using Trizol (Life Technologies)
and RT-PCR was conducted with SuperScript II (Gibco-BRL). Primers
for c-fos and B-actin expression are described in Gardier et al. (2000).

Western blot analysis

Agonist- and inhibitor-treated PC12 cells were lysed in 3 X boiling SDS—
PAGE sample buffer and boiled for 10 min at 95°C. The samples were
subjected to SDS—-PAGE and blotted as described in Impey et al. (1998).
Antibodies were used at the following dilutions: 1:1000 [rabbit anti-
phospho Akt, rabbit anti-Akt, rabbit anti-phospho Gsk3 (NEB), mouse
anti-phospho MAP kinase, mouse anti-CREB, goat anti-Erk (Santa
Cruz)]; 1:2000 [rabbit anti-phospho p38 (NEB), AP-conjugated anti-IgG
(Cappel) and HRP-conjugated anti-IgG (Jackson Immunoresearch)];
1:5000 rabbit anti-active JNK (Promega); 1:500 rabbit anti-phospho Elk
(NEB). Blots were developed using alkaline phosphatase (Tropix) or
horseradish peroxidase (Amersham) chemiluminescence as described by
the manufacturer.

Immunochemistry

3T3-L1 cells were serum starved for 24 h and treated with 10 pg/ml BrdU
and growth factors for 20 h. Thirty-six hours post-transfection, cells were
washed twice with phosphate-buffered saline (PBS) pH 7.4 and fixed with
4% formaldehyde in PBS. Coverslips were blocked in PBS—-5% BSA
(USB, Fraction V) and incubated at 23°C for 2 h with the following
primary antibodies: 1:500 goat anti-mouse BrdU (Calbiochem) and 1:250
goat anti-rabbit CAT (5’-3) in PBST containing 5% BSA. Coverslips
were then incubated at 23°C for 1 h with the following secondary
antibodies at 1:500: Alexa594 anti-rabbit and Alexa488 anti-mouse
(Molecular Probes). Following antibody incubations coverslips were
washed 3 X 5 min in PBST.

Image analysis

Images were captured on a Bio-Rad MRC-600 laser scanning confocal
microscope. Quantification of BrdU staining was conducted blind using
Metamorph software (Universal Imaging). Briefly, integrated pixel
intensity was measured in a 10 pixel diameter circle and a measurement
in excess of an integrated pixel value of 2000 was counted as positive. For
each experiment, 15-30 CAT transfected cells were measured.
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