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The transcription factor Egr-1 functions as a key regulator
in cellular growth, differentiation, and apoptosis. The loss of
Egr-1 expression is closely associated with tumor develop-
ment, although the molecular mechanism behind the
suppression of Egr-1 is largely unknown. In this report, we
show that growth factor-induced transcriptional activation
of Egr-1 gene is downregulated by chronic expression
of oncogenic H-Ras in NIH3T3 fibroblasts. Our results
demonstrate that phosphoinositide 3-kinase (PI3K) signal-
ing is necessary for oncogenic H-Ras-mediated reduction
of Egr-1 gene expression. Aberrant activation of PI3K
signaling by oncogenic Ras decreased the level of serum
response factor (SRF) protein through the acceleration of
proteolysis, which resulted in decreased SRF binding to
the serum response element (SRE) sites within the Egr-1
promoter, leading to the suppression of Egr-1 transcrip-
tion. Inhibition of PI3K signaling restored the downregu-
lation of SRF and Egr-1 expression caused by oncogenic
Ras. Our findings suggest a novel signaling mechanism by
which prolonged activation of oncogenic H-Ras can trigger
the loss of tumor suppressor Egr-1 through the PI3K
pathway in NIH3T3 fibroblast model cell lines.
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Introduction

Transcription factor Egr-1, also known as NGFI-A, zif268,
krox24, and Tis8, is an immediate-early response gene that
is induced by stress, injury, mitogens, and differentiation
factors (Sukhatme et al, 1988; Edwards et al, 1991; Liu
et al, 1998). Egr-1 regulates the expression of genes that are
involved in growth control and apoptosis by transactivation
of p21, p53, PTEN, TGFp1, fibronectin, and Gadd45 (Liu et al,
1998; Virolle et al, 2001; Krones-Herzig et al, 2003; Ragione
et al, 2003; Baron et al, 2005; Thyss et al, 2005). Egr-1 is
poorly expressed or not expressed at all in tumor cells, and
the lack of Egr-1 expression is closely associated with tumor
formation (Huang et al, 1997). The ectopic expression of the
Egr-1 gene in tumor cells results in the attenuation of cell
proliferation and tumorigenicity with increased cell attach-
ment (de Belle et al, 1999; Liu et al, 1999, 2000). These
results support the notion that functional loss of the Egr-1
gene contributes to tumorigenic potential.

The Ras proteins (H-Ras, K-Ras, and N-Ras) are small,
GTP-binding proteins that initiate the activation of signaling
networks that are involved in the regulation of cell growth
and differentiation (Macara et al, 1996). Point mutations in
the ras gene occur at a high frequency in approximately 30%
of all human cancers (Bos, 1989). These mutant forms of Ras
are constitutively activated in the absence of extracellular
stimuli and play a central role in oncogenesis. The Egr-I
promoter contains the serum response element (SRE) cluster,
which is implicated in the transcriptional activation of
Egr-1 in response to various growth factors (Christy and
Nathans, 1989; Clarkson et al, 1999; Tsai et al, 2000). Egr-1
SREs include both the CArG box (CC[A/T]sGG motif), which
binds the serum response factor (SRF), and the Ets motif
(GGA[A/T]), which binds a ternary complex factor (TCF)
family member (Treisman, 1994). TCFs, which include Elk-1,
Sap-1, and Sap-2/Net/Erp, can be phosphorylated by Erk
MAPK (Price et al, 1995), and Elk-1 phosphorylation by the
Ras-Raf-Erk MAPK cascade correlates with increased tran-
scriptional activation of the Egr-1 gene (Hipskind et al, 1994;
Watson et al, 1997; Hodge et al, 1998; Guha et al, 2001;
Schratt et al, 2001). Previously, we, as well as others, had
demonstrated that Egr-1 expression is downregulated in v-
Ras-transformed NIH3T3 cells (Yu et al, 1993) and in HT1080
fibrosarcoma cells (Liu et al, 1999; Shin et al, 2001). Given
that HT1080 cells contain an endogenous mutant allele of
N-ras, which is critical for the transformation of these cells to
the malignant status (Paterson et al, 1987), the suppression of
Egr-1 expression in Ras-transformed cells seems paradoxical.
In the present study, our aim was to understand the mole-
cular mechanism underlying the suppression of Egr-1 expres-
sion by oncogenic Ras. We show that growth factor-induced
transcriptional activation of Egr-1 gene is reduced by chronic
expression of oncogenic H-Ras in NIH3T3 fibroblasts. The
present report represents the first evidence that chronic
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expression of oncogenic H-Ras decreases the level of SRF
protein through PI3K signaling, which results in the suppres-
sion of Egr-1 transcription. This suppression of Egr-1 expres-
sion in turn could reduce the induction of Egr-1 target genes,
such as PTEN. Since Egr-1 and PTEN contribute significantly
to human tumor development (Liu et al, 1998; Cantley and
Neel, 1999), our findings have important implications for
understanding the mechanisms involved in tumor progres-
sion caused by oncogenic Ras.

Results

Downregulation of PDGF-induced Egr-1 expression

in H-RasV12-expressing NIH3T3 fibroblasts

To investigate whether Egr-1 is downregulated directly by Ras
mutation or by secondary effects in the transformed state,
we established a NIH3T3 cell line that expresses oncogenic
H-RasV12 (NIH3T3/RasV12) (Figure 1A). Upon exposure to
platelet-derived growth factor (PDGF) following serum depri-
vation, the levels of phosphorylated downstream effectors of
Ras, such as Akt (Ser 473) and Erkl/2 (Thr 202/Tyr 204),
were much increased in NIH3T3/RasV12 cells as compared to
those of the empty vector-transfected control cells (NIH3T3/
vec), which demonstrates that the overexpressed oncogenic
H-RasV12 protein is functional. In NIH3T3/RasV12 cells, the
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Figure 1 Suppression of Egr-1 expression in oncogenic H-RasV12-
expressing NIH3T3 fibroblasts. (A) Serum-starved NIH3T3/vec and
NIH3T3/RasV12 cells were treated with PDGF (50ng/ml) for the
indicated periods of time, and Western blot analysis was performed
with antibodies against H-Ras, phospho-Erk1/2 (Thr 202/Tyr 204),
phosphor-Akt (Ser 473), Egr-1, and GAPDH. (B) Serum-starved
NIH3T3/vec and NIH3T3/RasV12 cells were treated with PDGF
(50 ng/ml) for the indicated periods of time, and total RNA samples
were isolated. Northern blot analyses were performed with the Egr-
1 cDNA probe. The GAPDH probe was used as an internal control.
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PDGF-induced Egr-1 protein was barely detectable, compared
with the NIH3T3/vec cells (Figure 1A). Northern blot
analysis also demonstrated marked downregulation of Egr-1
mRNA expression in NIH3T3/RasV12 cells (Figure 1B).
These results suggest that the overexpression of oncogenic
H-RasV12 is sufficient to cause a decrease in the level of Egr-1
in response to PDGF stimulation.

Suppression of Egr-1 expression by conditional
expression of H-RasG12R in NIH3T3 fibroblasts

To determine whether the downregulation of Egr-1 was a
direct consequence of oncogenic Ras, we used a NIH3T3
cell line that harbors a tetracycline-inducible expression
vector that encodes a constitutively active mutant of H-Ras
(NIH3T3tet-on/H-RasG12R). The H-RasG12R protein was
detectable 24 h after the addition of doxycycline (2 pg/ml)
and accumulated through 48h (Figure 2A). The phosphor-
ylation of Ras downstream effectors, which include MEK1
(Ser 217/221), Erkl/2 (Thr 202/Tyr 204), and Akt/PKB
(Ser 473), was increased within 6 h of doxycycline treatment,
which suggests that although the accumulation of H-RasG12R
protein was not detected at earlier time points, its induction
was sufficient to activate downstream effectors. Increased
expression of cyclin D1 was also observed (Figure 8A).
Furthermore, in agreement with the results on the induction
of H-RasG12R, the cells exhibited morphological transforma-
tion between 2 and 3 days after doxycycline treatment (data
not shown). Thus, the doxycycline-induced H-RasG12R
protein is biologically functional.

To determine whether growth factor-induced Egr-1 expres-
sion is affected by prolonged expression of oncogenic H-Ras,
NIH3T3tet-on/H-RasG12R cells were cultured for 48h with
0.5% serum in the absence or presence of doxycycline. In the
absence of H-RasG12R induction, the PDGF-induced increase
in the level of Egr-1 mRNA was evident at 15min, peaked
at 30min, and decreased gradually thereafter (Figure 2B). In
contrast, in the NIH3T3tet-on/H-RasG12R cells cultured with
doxycycline for 48 h, the PDGF-induced Egr-I mRNA levels
were much lower than those seen in the absence of doxycy-
cline. Western blot analysis also demonstrated that PDGF-
induced Egr-1 protein expression was suppressed by the
addition of doxycycline in both time- and dose-dependent
manners (Figure 2C and D).

The PI3K pathway participates in the suppression

of Raf effector-mediated Egr-1 transcription

A number of Ras effector molecules, such as Raf, PI3K, and
RalGDS, have been shown to bind preferentially to Ras in
the GTP-bound state (Joneson and Bar-Sagi, 1997; Campbell
et al, 1998). It has been well established that site-specific
mutants of Ras can distinguish between the downstream
effector pathways of Ras; RasV12G37 activates only
Ral GDS, RasV12E38 activates only Raf, RasV12C40 acti-
vates only PI3K, and RasV12A38 activates none of these
molecules (White et al, 1995; Joneson and Bar-Sagi, 1997;
Rodriguez-Viciana et al, 1997). To analyze the role of the
Ras effector pathways in the regulation of Egr-1 expression,
we transiently transfected NIH3T3 cells with Ras effector
mutants and analyzed Egr-1 promoter activity. The expres-
sion of either RasV12 or RasV12E38 led to a strong increase
in reporter activity, while RasV12A38 and RasV12C40
had no effect (Figure 3A), which indicates that the induction
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Figure 2 Suppression of Egr-1 expression by inducible expression of H-RasG12R in NIH3T3 cells. (A) Log-phase cultured cells were harvested
at different time points after the addition of doxycycline (2 pg/ml). Protein lysates were prepared and subjected to Western blot analysis
with antibodies against H-Ras, phosphor-Akt (Ser 473), phosphor-MEK1/2 (Ser 217/221), phospho-Erk1/2 (Thr 202/Tyr 204), and c-Jun.
(B, C) NIH3T3tet-on/H-RasG12R cells were cultured in the absence (—Doxy) or presence (4 Doxy) of doxycycline (B and C: 2 ug/ml;
D: 0.05-1pg/ml) for 24 h, serum-starved for an additional 24 h in the absence or presence of doxycycline, and then treated with PDGF
(50ng/ml) for various periods of time (B and C) or for 1h (D). Egr-1 expression was analyzed in Northern (B) and Western (C and D) blots.

GAPDH was used as an internal control.

of Egr-1 promoter activity is mediated through a Ras-Raf
effector pathway. Interestingly, RasV12C40 partially inhi-
bited the Egr-1 promoter activity induced by dominant-
active MEK1 or RasE38 (Figure 3B). Expression of the con-
stitutively active p110 subunit (p110-CAAX) led to partial
inhibition of dominant-active MEK1-induced Egr-1 promoter
activity, while the dominant-negative p85 regulatory
subunit that lacks the SH2 domain (p85ASH2) or PTEN,
which is a phosphatase that dephosphorylates the phos-
phatidylinositol 3,4,5-trisphosphate (PIP3) produced by
PI3K, synergized with MEKI1 to increase reporter activity
(Figure 3C). These data suggest that the PI3K effector path-
way functions to regulate, in a negative fashion, Raf-mediated
Egr-1 transcription.

PI3K signaling acts downstream of Erk MAPK to
suppress Egr-1 expression

To determine the role of the PI3K pathway in the suppression
of Egr-1 expression, LY294002 was used to block the activa-
tion of the PI3K pathway in NIH3T3/RasV12 cells. The effect
of LY294002 on the inhibition of PI3K was determined by
measuring the level of phosphorylation of Akt, which is a
downstream effector of PI3K (Figure 4A, second panel).
Treatment with LY294002 alone or LY294002 plus PDGF
increased the amounts of Egr-1 protein (Figure 4A, third
panel) and mRNA (Figure 4B) in NIH3T3/RasV12 cells, but
not in NIH3T3/vec cells, which suggests that activation of the
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PI3K pathway is involved in the suppression of Egr-1 expres-
sion in oncogenic Ras-expressing cells. Although LY294002 is
also known to inhibit mTOR, treatment with rapamycin,
which is an inhibitor of mTOR, had no effect on the restora-
tion of Egr-1 expression (data not shown). It has been
reported that Akt/PKB, which is a downstream effector of
PI3K, downregulates the Ras-Raf-Erk pathway by reducing
both the activity of Erk and the protein level of Elk-1, which
leads to the inactivation of SRE-dependent transcription
of c-fos in HEK 293 cells (Galetic et al, 2003). Since the
Ras-Raf-MEK-Erk cascade is essential for growth factor-
induced Egr-1 expression, we next determined whether the
inhibition of PI3K signaling modulated Ras-Raf-MEK-Erk
signaling. The activity of the Ras-Raf-MEK-Erk pathway
was monitored according to the levels of phosphorylated
Erk1/2 (Thr 202/Tyr 204). LY294002 had no effect on
either the basal or EGF-stimulated phosphorylation of Erk
(Figure 4A, fourth panel), which suggests that the PI3K
pathway does not act directly on the Raf effector pathway.
However, when MEK was inhibited by treatment with
PD98059, LY294002-induced Egr-1 expression was strongly
impaired (Figure 4C), which suggests that the inhibition of
PI3K-induced Egr-1 expression requires MEK-Erk signaling.
Thus, Raf-dependent stimulation of Egr-1 expression and
PI3K-dependent inhibition may operate on different levels
and it appears that, at least in oncogenic Ras-expressing cells,
the latter becomes dominant.
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Figure 3 Role of the PI3K pathway in the suppression of Raf-
mediated Egr-1 promoter activity. NIH3T3 cells were transfected
with pGL2/Egr1-Luc reporter constructs and the Ras effector mutant
constructs (A), pSG5/V12E38Ras, or pFC-MEK1 (dominant-active
form of MEK1) in the absence or presence of pSG5/RasV12C40 (B),
and pFC-MEKI in the absence or presence of pSG5/p110-CAAX
(constitutively active form of PI3K), pSG5/p85ASH2 (dominant-
negative form of the p85 subunit of PI3K) or pcDNA/PTEN, as
indicated (C). The pCMV/f-gal reporter vector was included as an
internal control for the normalization of transfection efficiency.
After 48h of transfection, cell lysates were assayed for luciferase
and B-galactosidase activities. Luciferase activity was normalized to
B-galactosidase activity. The results are expressed as fold activation
over control. Error bars represent the mean (+s.d.) of three
independent experiments performed in triplicate. The statistical
significance of the assay was evaluated using the Student’s t-test
(*, P<0.01 compared with the MEK1-transfected samples).

Oncogenic H-Ras reduces SRF binding to SRE regions
To identify PI3K signaling-responsive elements within the
Egr-1 promoter, internal deletion mutants of the Egr-1
promoter (Aicher et al, 1999) were transiently cotransfected
with the H-RasV12 expression plasmid into NIH3T3 cells. We
found that SRE regions are necessary for LY294002-induced
activation of Egr-1 promoter activity (Supplementary Figure
S1). When NIH3T3tet-on/H-RasG12R cells were transfected
with mutant reporter construct, which is deleted, the SRE 2-4
region (dSRE2-4), LY294002- or PDGF plus LY294002-induced
Egr-1 promoter activity was markedly attenuated (Figure 5A),
which suggests that SREs may be the potential target site of
the PI3K effector pathway. The TCF forms a ternary complex
with the SRF dimer on the SRE of the Egr-1 gene promoter
and plays a crucial role in growth factor induction of
Egr-1 transcription (Watson et al, 1997; Schratt et al, 2001).
To investigate whether TCF trans-acting activity is altered
by PI3K signaling, Elk-1-dependent trans-activation was
assessed using the pFA2/Gal4-Elkl and pFR-Luc plasmids.
Elk-1-dependent trans-activation increased by ~ 35-fold the
inducible expression of oncogenic H-Ras. This activation
was significantly reduced by cotransfection with dominant-
negative H-RasN17, but not by p110-CAAX (Figure 5B). This
result suggests that Elk-1 is not associated with oncogenic
Ras-induced suppression of Egr-1 expression.
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Figure 4 PI3K signaling acts downstream of Erk MAPK to suppress
Egr-1 expression. Serum-starved NIH3T3/vec and NIH3T3/RasV12
cells were pretreated with LY294002 (20 uM), PD98059 (20 uM), or
LY294002 plus PD98059, as indicated, for 1h, and then either left
untreated or treated with PDGF (50ng/ml) for 1h (A, C) or for
30min (B). Cells were harvested and the Egr-1 expression was
analyzed by Western blotting (A and B) or Northern blotting (C).
GAPDH served as an internal control.

We also investigated whether the DNA-binding activity of
SRF is involved in the suppression of Egr-1 transcription. An
electrophoretic mobility shift assay (EMSA) was performed
using the Egr-1 gene-derived SRE site (Figure 6A). In the
absence of doxycycline, DNA-protein complexes were ob-
served with the oligonucleotide probes that corresponded to
the SRE2 and SRE3 regions of the Egr-1 gene (nucleotides
—353 to —380) (Figure 6B, left panel). The addition of
unlabeled oligonucleotides resulted in a reduction in DNA-
protein binding, which indicates the specificity of this bind-
ing. This DNA-protein complex was supershifted when
incubated with the anti-SRF antibody, but not with the anti-
Elk-1 or anti-NFkB antibody, which demonstrates that the
SRF protein is the main component of the complex. Notably,
this SRF-DNA complex was barely detectable when the
cells were treated with doxycycline for 48 h. Similar results
were obtained when the consensus SRE probe was used
(Figure 6B, right panel). These data strongly suggest that
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Figure 5 The SRE region is essential for Ras-mediated Egr-1 pro-
moter activity. (A) NIH3T3tet-on/H-RasG12R cells were transfected
with the wild-type or mutant Egr-1 promoter construct, which
contained a deletion of the SRE 2-4 region (dSRE2-4). After 12h
of transfection, cells were cultured in the absence or presence of
doxycycline (2 pg/ml) for 24 h in complete medium, serum starved
for an additional 24 h in the absence or presence of doxycycline, and
then treated with either PDGF (50ng/ml), LY294002 (20 puM), or
PDGF plus LY294002 for 12h. Cell lysates were prepared and
luciferase assay was performed. The results are expressed as fold
increase +s.d. of three independent experiments performed in
triplicate and normalized for transfection efficiency using pCMV/
B-gal reporter. (B) PI3K signaling is not involved in Elk-1 trans-
acting activity. NIH3T3 cells were transfected with the pFA2/Gal4-
Elk1 and pFR-Luc plasmids along with the pSV/H-RasN17 or pSG5/
p110-CAAX construct, as indicated. After 12h of transfection, the
cells were untreated or treated with doxycycline for 48 h, and then
assayed for luciferase activity. The results are expressed as fold
increase +s.d. of three independent experiments performed in
triplicate and normalized for transfection efficiency using the
pCMV/B-gal reporter plasmid.

the loss of DNA-binding activity of SRF is associated with
the suppression of Egr-1 transcription by oncogenic H-Ras. To
examine the possible role of PI3K signaling in the loss of
the SRF-DNA complex by oncogenic H-Ras, we next asked
whether the inhibition of PI3K signaling affected the DNA-
binding activity of SRF. Treatment with LY294002 abrogated
oncogenic Ras-induced loss of the DNA-binding of SRF
(Figure 6C), which suggests that PI3K signaling contributes
to oncogenic Ras-induced suppression of the DNA-binding
activity of SRF.

The level of SRF protein is decreased by conditional
expression of oncogenic H-Ras

Although SRF promoter activity has been shown to be
stimulated by Ras signaling (Spencer et al, 1999), we hy-
pothesized that hyperactivation of Ras might aberrantly
deregulate the expression level of SRF. To test this possibility,

©2006 European Molecular Biology Organization
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we examined whether SRF expression could be altered by
the inducible expression of oncogenic Ras. In concordance
with the results of a previous study (Spencer et al, 1999), the
inducible expression of H-RasG12R increased the amount
of SRF mRNA, while the Elk-1 level remained relatively
unchanged (Figure 7A). However, interestingly, the amount
of SRF protein decreased dramatically 24 h after doxycycline
treatment (Figure 7B). Furthermore, a decrease in the SRF
protein level (Figure 7D), but not in the SRF mRNA level
(Figure 7C), was observed in NIH3T3/RasV12 cells, as
compared to NIH3T3/vec cells. In NIH3T3/RasV12 cells,
PDGF-induced expression of the SRF-regulated genes, c-fos
and Egr-1, was also severely reduced. To rule out the possi-
bility that the loss of SRF protein was associated with
changes in translocation, the subcellular localization of the
SRF protein was determined by confocal microscopy. SRF
immunoreactivity was concentrated in the perinuclear region
in the absence of doxycycline, while it was enriched in the
nucleus after 6 h of doxycycline treatment (Figure 7E). This
nuclear accumulation was strongly reduced 48h after the
induction of H-RasG12R.

We next asked whether the decrease in the level of SRF
caused by oncogenic Ras was due to the acceleration of
proteolysis. NIH3T3tet-on/H-RasG12R cells cultured in the
presence of doxycycline for 48 h were treated with protease
inhibitors. The proteasome inhibitor (N-carbobenzoxy-L-leu-
cinyl-L-leucinyl-L-leucinal; MG132), calpain inhibitor I (N-acetyl-
L-leucinyl-L-leucinyl-L-norleucinal; ALLN), and calpain
inhibitor I (N-acetyl-L-leucinyl-L-leucinyl-L-methional; ALLM)
prevented oncogenic Ras-induced loss of SRF protein
(Figure 7F). Moreover, the DNA-binding activity of SRF was
restored by MG132 treatment (Figure 7G). Together, these
results demonstrate that oncogenic H-Ras accelerates the
degradation of SRF protein via modulation of the proteolytic
system, which results in reductions in the DNA-binding
activity of SRF and SRE-mediated Egr-1 gene transcription.

Oncogenic Ras-induced reduction of the SRF protein
level is reversible

To investigate whether the reduction in the level of SRF
protein was caused by oncogenic H-Ras, the effect of
doxycycline withdrawal was examined. NIH3T3tet-on/
H-RasG12R cells were treated with doxycycline for 48h
followed by withdrawal of the drug. The amount of induced
oncogenic H-Ras protein declined gradually after doxycycline
withdrawal, which resulted in low-level expression of onco-
genic H-Ras 60h after withdrawal (Figure 8A). In parallel
with the disappearance of H-Ras, the Erk1/2 phosphorylation
and cyclin D1 levels also declined. Under these conditions,
nuclear SRF protein was restored 48 h after the withdrawal of
doxycycline (Figure 8B). Concomitant with the restoration of
SRF expression, PDGF-induced expression of Egr-1 and c-Fos,
which are targets of SRF, was also recovered. This result
demonstrates that the reduction of the SRF protein level by
oncogenic Ras is reversible.

PI3K signaling contributes to the reduction in the level
of SRF protein caused by oncogenic H-Ras

Since oncogenic H-Ras-induced loss of SRF-DNA complex
was recovered by inhibition of PI3K (Figure 6C), we investi-
gated whether the PI3K pathway was involved in the reduc-
tion in the level of SRF protein by oncogenic Ras. We first
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Figure 6 Binding of SRF to the Egr-1 promoter is decreased by the expression of oncogenic H-Ras. (A) Schematic diagram of the
oligonucleotide probes used in the EMSA analysis. The SRE sites are underlined. (B) Suppression of the DNA-binding activity of SRF by
oncogenic Ras. NIH3T3tet-on/H-RasG12R cells cultured in the absence or presence of doxycycline were serum starved for 24 h in medium that
contained 0.5% FBS, and then stimulated with PDGF (50 ng/ml) for 30 min. Nuclear extracts (10 pg/lane) were prepared and subjected to
EMSA analysis for the DNA-binding activity of SRF using oligonucleotides derived from the Egr-1 gene (left panel) or conserved SRE gene (right
panel). Cold competitor (10-fold molar excess) or the anti-SRF, anti-Elk-1, and anti-NFxB antibodies were incubated for 15 min prior to the
addition of **P-labeled oligonucleotides. The arrow and arrowhead indicate the shift and supershift forms, respectively, corresponding to the
position of the SRF protein-DNA complexes. (C) Effect of PI3K inhibition on the DNA-binding activity of SRF. NIH3T3tet-on/H-RasG12R cells
were cultured for 24 h, serum starved with 0.5% FBS for an additional 24 h in the absence or presence of doxycycline (2 pg/ml) either with or
without LY294002, as indicated. Nuclear extracts (10 pg/lane) were prepared and subjected to EMSA analysis for the DNA-binding activity of
SRF, as described in (B).

examined the effect of a chemical inhibitor of PI3K on the inhibitory effect of RasV12C40 was partially abrogated by the
abundance of SRF protein. Oncogenic Ras-induced suppres- addition of LY294002 (Figure 9E), which lends further support
sion of the SRF protein level was abolished by treatment with to the role of PI3K effector signaling in the reduction of SRF
LY294002, but not by the MEK inhibitor PD98059 (Figure 9A). protein levels by oncogenic Ras.

To ascertain the contribution of PI3K signaling to the reduced To extend these findings, we attempted to determine
SRF protein level, PTEN or dominant-active PI3K (pl10- whether the activation of PI3K signaling modulates Egr-1
CAAX) was expressed using an adenovirus expression system expression in PTEN-negative U-87MG glioma cells, in which
in NIH3T3tet-on/H-RasG12R, and the levels of the SRF and PI3K signaling is constitutively activated. When U-87MG cells
Egr-1 proteins were examined. Transient expression of PTEN were treated with LY294002, the Egr-1 protein level increased
(Ax-PTEN) resulted in a decrease in the phosphorylation of in a time-dependent manner, which inversely correlated with
Akt with concomitant increases in the amounts of SRF and the decrease in the level of phosphorylated Akt (Figure 9F).
Egr-1 proteins in response to PDGF stimulation (Figure 9B). In Furthermore, the forced expression of PTEN in U-87MG cells
contrast, p110-CAAX recombinant adenovirus (Ad5-p110CAAX) increased the steady-state levels of the SRF and Egr-1 proteins
infection of wild-type NIH3T3 cells decreased the levels of SRF (Figure 9G). Thus, aberrant activation of PI3K effector signal-
and Egr-1 proteins, while it increased the phosphorylation of ing by oncogenic Ras seems to decrease in a specific manner
Akt (Figure 9C). Among the Ras effector mutants, RasV12C40 the level of SRF protein via the acceleration of proteolysis,
activates only PI3K (Rodriguez-Viciana et al, 1997). To further which results in the suppression of SRE-mediated Egr-1 gene
confirm the involvement of PI3K, we stably expressed the transcription.

RasV12C40 mutant in NIH3T3 cells (NIH3T3/RasV12C40)
and measured the levels of the SRF and Egr-1 proteins.

Although the expression levels of the RasV12C40 mutant in Discussion

the two selected clones were far lower than that of the RasV12 Although Egr-1 was originally identified as a gene that is
mutants, the expression levels of SRF and Egr-1 were compar- strongly induced by Ras signaling, the question as to how
able to those in RasV12-expressing cells (Figure 9D). This Egr-1 is downregulated in Ras-transformed cells has not been

1098 The EMBO Journal VOL 25| NO 5 | 2006 ©2006 European Molecular Biology Organization



Suppression of Egr-1 expression by oncogenic Ras
SY Shin et a/

A Doxy C Vec RasV12 E -Doxy +Doxy (6 h)  + Doxy (48 h)
0 3 6122448 (h) PDGF - + - +
- w | Egr-1 w » | H-ras
&-. g
i Egr-1
CERERE | cjun .t 9
| S S
W e o | Elk-1 - c-fos
L wmeNw (St Srf
LT T L L el M
B Doxy D vec Rasvi2
0 3 6 122448 (h) PDGF — + - +
= = |H-Ras == ==| H-Ras
Erms _lshr =~ - |SRF
- vy =
b=, R = =art
: L c-Fos
»Y =
— == | P-AKT
_ = &= =| P-Erki/2
Egr-1 SRE 2-3
= =~ = =—| GAPDH

Figure 7 Loss of SRF protein following induced expression of oncogenic H-Ras. NIH3T3tet-on/H-RasG12R cells treated with doxycycline (2 pug/
ml) were harvested at the indicated time points, and subjected to Northern blot (A) and Western blot (B) analyses. (C, D) Serum-starved
NIH3T3/vec and NIH3T3/RasV12 cells were treated with PDGF for 30 min (C) or for 1 h (D), and subjected to Northern blot (C) or Western blot
(D) analysis. (E) NIH3T3tet-on/H-RasG12R cells were cultured on glass slides and either left untreated (—Doxy) or treated (+ Doxy) with
doxycyline (2 pg/ml) for 6 or 48 h. The cells were fixed, stained with the anti-SRF antibody, and observed using the confocal microscope. (F)
Effect of protease inhibitors on the SRF protein level. NIH3T3tet-on/H-RasG12R cells were cultured in the absence or presence of doxycyline
(2 pg/ml) for 6 or 48h, as indicated. Protease inhibitors, which included MG132 (20 uM), ALLN (20 uM), and ALLM (20 uM), were added for
1h, and Western blot analysis was performed with the anti-SRF, anti-Egr-1, or anti-GAPDH antibody. (G) Effect of protease inhibition on the
DNA-binding activity of SRF. NIH3T3tet-on/H-RasG12R cells were cultured for 24h, serum starved for an additional 24h in the absence
or presence of doxycycline (2 pg/ml), and then treated with PDGF, either with or without MG132, for 1h, as indicated. Nuclear extracts

(10 pg/lane) were prepared and subjected to EMSA analysis for the DNA-binding activity of SRF, as described in Figure 6B.

answered. In the present study, we have demonstrated that
oncogenic H-Ras controls the transcription of the Egr-1 gene
through differential effector pathways. The Raf pathway
activates SRE-mediated Egr-1 transcription, while the PI3K
pathway suppresses Raf pathway-mediated Egr-1 transcrip-
tion. PI3K signaling prevents SRE-mediated Egr-1 transcrip-
tional activity through promoting the degradation of the SRF
protein. This event could lead to consequent suppression
of Egr-1 target genes, such as PTEN, TGF-f1, p53, and fibro-
nectin, which serve to maintain normal growth regulation
(Baron et al, 2005).

We found that the protein level of SRF, but not the SRF
mRNA level, was decreased by the expression of oncogenic
H-Ras, which resulted in the suppression of the DNA-binding
activity of SRF. Since Egr-1 and c-fos expression are severely
impaired in SRF-null ES cells (Schratt et al, 2001), this loss of
SRF protein is probably a critical factor in the suppression of
Egr-1 expression. Our results demonstrate that the inhibition
of PI3K activity by treatment with LY294002 or by adeno-
virus-mediated expression of PTEN prevents oncogenic Ras-
induced reduction of the level of SRF protein. In addition, we
have determined that stable expression of Ras effector mutant

©2006 European Molecular Biology Organization

RasV12C40, which activates PI3K signaling only, or adeno-
virus-mediated expression of p110-CAAX, which is a domi-
nant active form of PI3K, reduces the abundance of the
SRF protein. Furthermore, stable expression of PTEN in
PTEN-negative U87MG glioma cells resulted in increased
levels of the SRF and Egr-1 proteins. Therefore, our results
suggest that aberrantly activated PI3K signaling may play
a critical role in reducing the SRF protein levels in oncogenic
Ras-expressing cells.

Ras transformation may be qualitatively different from the
Ras signaling that occurs during normal activation by growth
factors; high levels of constitutively active Ras may engage
effector proteins that are not activated by normal Ras
(McCormick, 1999). Although the functional roles of Ras
and its effector pathways can vary among cell types and
species, even within the same cell type (Gire and Wynford-
Thomas, 2000), multiple pathways are required for efficient
Ras transformation (Campbell et al, 1998). Several lines of
evidence suggest that the Raf and PI3K effector pathways
are necessary and sufficient for Ras transformation of
rodent fibroblasts (Cowley et al, 1994; Rodriguez-Viciana
et al, 1997). Given that dominant-negative PI3K can block

The EMBO Journal VOL 25| NO 5| 2006 1099
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Figure 8 The suppression of SRF and Egr-1 expression by onco-
genic H-Ras is reversible. (A) NIH3T3tet-on/H-RasG12R cells were
cultured in the presence of doxycycline for 48 h, after which the
doxycycline was removed by washing. At the indicated time points,
total cell lysates were prepared and Western blot analysis was
performed with antibodies directed against H-Ras, phospho-Erkl/
2 (Thr 202/Tyr 204), and cyclin D1. (B) NIH3T3tet-on/H-RasG12R
cells were serum starved for 24 h in medium that contained 0.5%
FBS, and then stimulated with PDGF for 1 h. Doxycycline was added
before, 6h after, or 48h after PDGF stimulation (+ Doxy).
Doxycycline was removed by washing out the medium after cultur-
ing the cells with doxycycline for 48 h. The cells were cultured in the
absence of doxycycline for 48 or 60h, and then stimulated with
PDGF for 1 h (Doxy-withdrawal). Serum starvation was performed
before 24h of PDGF stimulation. Total protein extracts were pre-
pared and used to detect the expression of H-Ras, SRF, Egr-1, PTEN,
and c-Fos by Western blot analysis. GAPDH was used as a loading
control.

Ras-induced transformation of NIH3T3 cells (Rodriguez-
Viciana et al, 1997), it is possible that PI3K pathway-
mediated degradation of SRF protein may contribute to the
development of tumor by oncogenic Ras through the down-
regulation of SRF-responsive genes (see Supplementary text).

Although the present study does not specifically address
the mechanism by which chronic expression of oncogenic H-
Ras causes degradation of the SRF protein, it is of particular
interest that there are three potential PEST motifs at amino-
acid residues 58-91 (score 6.6), 231-256 (score 8.59), and
369-402 (score 6.1) in the mouse SRF protein, as analyzed
using a web-based algorithm maintained by EMBnet
Austria (www.at.embnet.org/embnet/tools/bio/PESTfind/).
PEST motifs, which are polypeptide sequences that are rich
in proline (P), glutamate (E), serine (S), and threonine (T),
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have been proposed to induce rapid protein turnover by the
26S proteasome (Rechsteiner and Rogers, 1996; Spencer et al,
2004). Thus, it is possible that SRF is targeted for degradation
by proteasome-dependent proteolytic pathway through the
PEST sequences. We have found that treatment with the
proteasome inhibitor MG-132 completely prevents the loss
of both SRF and Egr-1 proteins caused by expression of
oncogenic H-Ras, leading to the restoration of the DNA-
binding activity of SRF. Alternatively, SRF degradation may
be induced by a PEST motif-independent E3 ubiquitin ligase,
which remains to be identified. In addition, we cannot rule
out the possibility that multiple proteases are involved in
oncogenic Ras-induced SRF proteolysis. It is known that the
PEST sequence is often cleaved by a proline endopeptidase or
by calpain (Rechsteiner and Rogers, 1996), and we have
found that treatment with the calpain inhibitors ALLN and
ALLM increases the amount of SRF protein in oncogenic Ras-
expressing cells. Further characterizations of PI3K-induced
signaling steps as well as the identification of specific
protease(s) that target the SRF regulated in this manner will
promise a deeper understanding of the molecular mechan-
isms that regulate tumor development due to oncogenic Ras.
An understanding of the precise molecular mechanism of SRF
proteolysis would be beneficial to the design of therapeutics
for the future development of anticancer drugs.

PTEN is a phosphatase that dephosphorylates phosphati-
dylinositol 3,4,5-trisphosphate (PIP3), which is a product of
PI3K, and focal adhesion kinase (Tamura et al, 1998; Cantley
and Neel, 1999). PTEN functions as a tumor suppressor
that plays an important role in the suppression of cell
growth, focal adhesion formation, apoptosis, cell migration,
and invasion (Tamura et al, 1998; Cantley and Neel, 1999;
Parsons, 2004). In this study, we found that a decrease in
PTEN expression was accompanied by suppression of
Egr-1 expression by oncogenic H-Ras (Figures 8B and 9B,
Supplementary Figure S3A). It seems likely that oncogenic
Ras further facilitates the activation of the PI3K effector
pathway through the negative regulation of PTEN. It has
been reported that induction of Egr-1 expression by ultravio-
let light upregulates the expression of PTEN mRNA and
protein, and leads to apoptosis in wild-type but not in Egr-
1-null mouse embryo fibroblasts (Virolle et al, 2001), which
indicates that the PTEN gene is directly regulated by Egr-1.
Indeed, we observed that PTEN expression was increased
by PDGF stimulation in nontransformed NIH3T3 cells
(Supplementary Figure S2), while transfection with small
interfering RNA (siRNA) targeted to a specific sequence of
Egr-1 partially blocked both basal and PDGF inducibility of
PTEN protein expression (Supplementary Figure S3B).
Further studies are required to elucidate the precise mechan-
ism for the suppression of PTEN expression by oncogenic
Ras, and whether the reduction of Egr-1 expression is directly
linked to the downregulation of PTEN.

In this study, we have investigated the role of oncogenic H-
Ras in the regulation of tumor suppressor Egr-1 expression.
The major finding of our study is that oncogenic H-Ras
controls Egr-1 gene expression by differential effector path-
ways. According to our model, H-Ras stimulates SRE-depen-
dent transcription of the Egr-1 gene via the Raf effector
pathway in nontransformed fibroblasts. However, if onco-
genic H-Ras is expressed chronically at a high level, aberrant
activation of the PI3K effector pathway decreases the nuclear
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Figure 9 Inhibition of PI3K increases the levels of the SRF and Egr-1 proteins. (A) NIH3T3tet-on/H-RasG12R cells were cultured with
doxycycline for 48 h in the absence or presence of PD98059 (20 uM), SB203580 (20 uM), or LY294002 (20 uM), and subjected to Western blot
analysis with the anti-phospho-Erk1/2, anti-phospho-Akt, anti-SRF, or anti-Egr-1 antibody. (B) Effect of PTEN expression on the SRF protein
level. NIH3T3tet-on/H-RasG12R cells were cultured with doxycycline for 24h and serum starved for an additional 24h in medium that
contained 0.5% FBS medium and doxycycline in the absence or presence of recombinant PTEN-expressing adenovirus (Ax-PTEN). The serum-
starved cells were treated with PDGF (50ng/ml) for an additional hour. Total protein extracts were prepared and subjected to Western blot
analysis to detect the expression of PTEN, SRF, and Egr-1. Actin was used as an internal control. (C) Effect of dominant-active PI3K expression
on the SRF protein level. Wild-type NIH3T3 cells were infected with recombinant adenovirus that expressed p110-CAAX (Ad5-p110CAAX). Total
protein extracts were prepared and subjected to Western blot analysis to detect the expression of SRF or Egr-1. GAPDH was used as an internal
control. The expression of p110-CAAX was monitored by the detection of Akt phosphorylation. (D) Effect of RasV12C40 mutant expression on
the SRF protein level. Serum-starved NIH3T3/vec, NIH3T3/RasV12, and NIH3T3/RasV12C40 cells were treated with PDGF (50 ng/ml) for 1 h.
Total protein extracts were prepared and subjected to Western blot analysis to detect the expression of SRF or Egr-1. (E) Effect of LY294002 on
the SRF protein level in RasV12C40-expressing cells. Serum-starved NIH3T3/vec, NIH3T3/RasV12, and NIH3T3/rasV12C40 cells were treated
with LY294002 (20 uM) for 2 h. Total protein extracts were prepared and subjected to Western blot analysis to detect the expression of SRF and
Egr-1. (F) Effect of LY294002 treatment on Egr-1 expression in PTEN-null U-87MG glioma cells. U-87MG cells were serum starved for 24 h, and
then treated with LY294002 (20 uM) for the indicated periods of time. Total cell lysates were prepared and subjected to Western blot analysis to
detect the expression of Egr-1. The same blot was stripped and reprobed with the anti-phospho-Akt (Ser 473) and anti-Akt antibodies. Asterisk
indicates the undetached proteins stained with the anti-Egr-1 antibody. (G) Increased SRF and Egr-1 expression levels due to PTEN. U-87MG/
vec and U-87MG/PTEN were lysed and subjected to Western blot analysis to detect the expression of PTEN, SRF, and Egr-1.

level of SRF protein by accelerating proteolysis, which results noteworthy that the loss of PTEN function may occur due to

in the suppression of Raf signaling-dependent SRE-mediated
Egr-1 transcription. Since Egr-1 functions as a regulator of
negative feed-back loop of PI3K signaling through the induc-
tion of PTEN, as well as of a regulation of cell cycle and
apoptosis through induction of TGF-f1, p53, p21 Cipl, or Bax
(Liu et al, 1998; Virolle et al, 2001; Krones-Herzig et al, 2003;
Ragione et al, 2003; Baron et al, 2005; Thyss et al, 2005), loss
of Egr-1 function could provide an excessive activation of
PI3K signaling, which results in the inhibition of apoptosis
and hyperactivation of cell proliferation, and thereby
could promote a more aggressive malignant phenotype. It is

©2006 European Molecular Biology Organization

oncogenic Ras without mutation or deletion of the PTEN
gene. In summary, we suggest a novel signaling mechanism
by which prolonged activation of oncogenic H-Ras can trigger
the loss of tumor suppressor Egr-1 through the PI3K pathway
in NIH3T3 fibroblasts.

Materials and methods
Cells and plasmid construction

NIH3T3 and the derivatives of NIH3T3 cell lines, including NIH3T3/
RasV12, NIH3T3/RasV12C40, or NIH3T3tet-on/H-RasG12R, are
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described in the ‘Supplementary Materials and methods’. The Egr-1
mutant promoter constructs have been described elsewhere (Aicher
et al, 1999). Full-length PTEN cDNA (a gift from Dr HJ Zhou,
Ludwig Institute for Cancer Research, Melbourne, Australia) was
subcloned into the EcoRI site of pcDNA3.1 (Invitrogen). The pSG5
Ras effector mutant constructs (pSG5/V12Ras, pSG5/V12A38Ras,
pSG5/V12E38Ras, pSG5/V12G37Ras, and pSG5/V12C40Ras),
pSGS/p110-CAAX, and pSG5/p85ASH2 (dominant-negative form
of the p85 subunit of PI3K) plasmids have been described elsewhere
(Marte et al, 1997; Wennstrom and Downward, 1999).

Northern blot analysis

Total RNA samples (10 pug) were separated by electrophoresis in a
formaldehyde/agarose gel and transferred to a Hybond N* nylon
membrane (Amersham Pharmacia Biotech). Northern blotting was
performed with the [y-**P]dCTP-labeled (High Prime DNA Labeling
Kit; Roche) Egr-1 cDNA probe, followed by hybridization with the
GAPDH cDNA probe, as described previously (Shin et al, 2004).

Western blot analysis

Cells were lysed in buffer that contained 20 mM HEPES (pH 7.2),
1% Triton X-100, 10% glycerol, 400 mM NacCl, 10 pg/ml leupeptin,
and 1mM PMSF, and Western blot analysis was performed
according to standard procedures using anti-Egr-1 (1:1000 dilution;
Santa Cruz Biotechnology), anti-SRF (1:1000; Santa Cruz Biotech-
nology), anti-H-Ras (1:500; Oncogene), anti-phospho-MEK1
(1:1000; Cell Signaling), anti-phospho-Erkl/2 (Thr 202/Tyr 204;
1:1000, Cell signaling), anti-phospho-Akt (Ser 473; 1:1000; Cell
Signaling), anti-Akt (1:1000; Cell Signaling), anti-Erk2 (1:5000;
Santa Cruz Biotechnology), anti-GAPDH (1:2000; Santa Cruz
Biotechnology), and anti-actin (1:5000; Santa Cruz Biotechnology)
antibodies.

EMSA

After the serum-starved cells were treated with PDGF (50 ng/ml),
nuclear extracts were prepared, and incubated with 25000 cpm of
32p_]labeled oligonucleotide probe (for details, see Supplementary
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