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Heparin-binding epidermal growth factor (HB-EGF) gene transcription is rapidly activated in NIH 3T3 cells
transformed by oncogenic Ras and Raf and mediates the autocrine activation of the c-Jun N-terminal kinases
(JNKs) observed in these cells. A 1.7-kb fragment of the promoter of the murine HB-EGF gene linked to a
luciferase reporter was strongly induced following activation of DRaf-1:ER, a conditionally active form of
oncogenic human Raf-1. Promoter activation by DRaf-1:ER required a composite AP-1/Ets transcription factor
binding site located between bp 2974 and 2988 upstream of the translation initiation site. In vivo genomic
footprinting indicated that the basal level of occupancy of this composite AP-1/Ets element increased following
DRaf-1:ER activation. Cotransfection of Ets-2 and p44 mitogen-activated protein (MAP) kinase expression
vectors strongly potentiated HB-EGF promoter activation in response to DRaf-1:ER. Potentiated activation
required both p44 MAP kinase catalytic activity and threonine 72 in the Pointed domain of Ets-2. Biochemical
assays demonstrated the ability of the p42 and p44 MAP kinases to phosphorylate Ets-2 on threonine 72.
Importantly, in intact cells, the kinetics of phosphorylation of Ets-2 on this residue closely mirror the activation
of the p42 and p44 MAP kinases and the observed onset of HB-EGF gene transcription following DRaf-1:ER
activation. These data firmly establish Ets-2 as a direct target of the Raf-MEK-MAP kinase signaling pathway
and strongly implicate Ets-2 in the regulation of HB-EGF gene expression.

Inducible changes in the phosphorylation of transcription
factors are pivotal to the alterations in gene expression which
govern such fundamental cellular processes as proliferation
and differentiation (17, 35–38). Deregulation of the signaling
pathways that elicit these changes can lead to oncogenic trans-
formation of cells, as the normal stringent control of gene
expression is left unchecked (3). The Ras–Raf–MEK–mitogen-
activated protein (MAP) kinase cascade is a prominent signal-
ing pathway that regulates cellular proliferation and differen-
tiation (14, 28, 31, 44, 45, 50, 65, 66). The functional loss of
components of this pathway gives rise to a variety of develop-
mental defects in organisms from simple eukaryotes to mam-
mals (2, 15, 26, 41, 51, 55). Furthermore, constitutive activity of
this pathway promotes oncogenic transformation of mamma-
lian cells and is firmly implicated in human tumorigenesis (5,
12, 42, 64). For this reason, the transcription factors regulated
by the Ras-Raf-MEK-MAP kinase pathway and the genes
upon which they impinge are of considerable interest.

One of the best-studied mechanisms through which the Ras-
Raf pathway modulates gene expression involves phosphory-
lation of Elk-1, a member of the Ets family of transcription
factors which acts in conjunction with the serum response
factor to transiently stimulate transcription of target genes

containing serum response elements, such as the c-Fos gene
(30, 43). ERK-mediated phosphorylation of Elk-1 in its car-
boxy-terminal transactivation domain is believed to be impor-
tant in serum-induced c-fos transcriptional activation, although
recent evidence has indicated a greater degree of complexity of
c-Fos regulation than initially suspected (11, 22, 32, 48, 58).
Ras-mediated signaling may also regulate the activity of genes
containing binding sites for the Fos and Jun family of tran-
scription factors (AP-1) through the activation of a second
family of MAP kinase-like enzymes known as the c-Jun N-
terminal kinases–stress-activated protein kinases (JNKs-
SAPKs) (13, 29, 36, 39, 61, 67). Another major route through
which Ras signaling regulates gene expression is via composite
binding sites for both Ets and Fos-Jun transcription factors.
First identified in the Ras-responsive element of the polyoma-
virus enhancer (69), AP-1/Ets sites have since been located in
several cellular genes and mediate responses to Ras and other
oncogenes, including Raf (6, 24, 25, 53, 57, 63).

Recent work has demonstrated that, in mammalian cells,
Ras regulates the activities of the Ets-1 and Ets-2 transcription
factors. Both Ets-1 and Ets-2 contain a Pointed domain (by
analogy to the Drosophila melanogaster Ets domain transcrip-
tion factor Pointed-P2) that contains a potential MAP kinase
phosphorylation site (PLLTP). Mutation of the phospho-ac-
ceptor threonine (T72 in Ets-2; T38 in Ets-1) within this site in
either protein abolishes responsiveness to activated Ras. Fur-
thermore, this site is phosphorylated in cells transiently trans-
fected with Ets-2 and activated Ras (73). The kinases respon-
sible for Ets-1 and Ets-2 phosphorylation in response to
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oncogenic Ras in mammalian cells have not yet been identi-
fied.

We have previously employed a conditional form of the
Raf-1 protein kinase, DRaf-1:ER, to study signaling down-
stream of Raf kinases (46, 47, 59, 60). The kinase activity of
DRaf-1:ER can be selectively and conditionally stimulated in
cells by addition of b-estradiol or its analogs to the cell culture
medium (60). Using differential-display PCR, we have identi-
fied several genes whose expression is regulated following ac-
tivation of DRaf-1:ER in NIH 3T3 cells. Among these is the
gene encoding heparin-binding epidermal growth factor (HB-
EGF). DRaf-1:ER activation results in a rapid increase in
HB-EGF gene transcription, leading to sustained induction of
HB-EGF mRNA expression and secretion of mature HB-EGF
from cells which in turn is responsible for the delayed activa-
tion of the JNKs that is observed in cells transformed by DRaf-
1:ER (46).

Aside from highlighting genes that may be involved in the
transformation process, identification of DRaf-1:ER target
genes provides an excellent opportunity to study the mecha-
nisms by which the Raf-MEK-MAP kinase cascade signals to
the nucleus. In this study, we have focused attention on the
regulation of the HB-EGF promoter by DRaf-1:ER and have
identified a route through which Raf-1 signaling regulates gene
expression, namely, MAP kinase-dependent phosphorylation
of Ets-2 and activation of an AP-1/Ets element in the HB-EGF
promoter.

MATERIALS AND METHODS

Transient transfection of C2 cells. NIH 3T3 cells expressing the DRaf-1:ER
fusion protein (46) were grown to confluence in 60-mm cell culture dishes. After
24 h at confluence, the cells were transfected with the indicated DNA constructs
by the DEAE dextran method or, where indicated, by a modified calcium phos-
phate procedure as described previously (18, 27, 73). Amounts of DNA trans-
fected by the DEAE dextran method were as follows: HB-EGF promoter re-
porters, 500 ng; pGCN-Ets-2/PEA3 expression plasmids, 750 ng; pCEP-p44
expression plasmids, 250 ng. The final DEAE dextran concentration was 20
mg/ml, and the final chloroquine concentration was 80 mM. The cells were
incubated for 3 h and then subjected to a dimethyl sulfoxide shock by incubation
for 1 min in a solution of phosphate-buffered saline (PBS) containing 10%
(vol/vol) dimethyl sulfoxide. Following an overnight incubation, each plate of
cells was replated into 4 wells of a 24-well tissue culture plate, and 2 wells were
stimulated with 1 mM b-estradiol or the pure estrogen receptor antagonist ICI
164,384. Ethanol (0.1%, vol/vol) was used as a solvent control in all experiments.
b-Estradiol and ICI 164,384 were used interchangeably and gave identical re-
sults. After 24 h in culture, the cells were lysed in 250 ml of reporter lysis buffer
(Promega) per well, and luciferase activity was measured with a luciferase assay
reagent (Promega) and a Berthold AutoLumat luminometer. Data are presented
as the mean (6 standard error of the mean) of the duplicate stimulations. Each
experiment is representative of at least three similar experiments. The data are
expressed as activity relative to the luciferase activity obtained from cells trans-
fected with the HB-EGF–luciferase vector in which DRaf-1:ER was inactive or as
indicated in the figure legends. Where indicated, data were corrected for trans-
fection efficiency by cotransfection with 500 ng of the plasmid pPGK-lacZ.
b-Galactosidase activity in cell lysates was measured with the Galactolight kit
(Tropix).

HB-EGF promoter deletion and mutation. A series of deletions of the HB-
EGF promoter (8) from 21884 to 2477 (see Fig. 1A) were generated by PCR.
Details of the oligonucleotides used to construct these plasmids are available
upon request. PCR products were ligated to NheI/BglII-digested pGL2 (Pro-
mega). All of the numbering of the upstream region of the HB-EGF gene is with
respect to the A of the initiator methionine of the HB-EGF protein as the 11
nucleotide (8). In addition, a HindIII fragment of the promoter was ligated into
the HindIII site of pGL2, generating a deletion to position 2911. Constructs
were sequenced to verify their integrity. During sequencing, we noticed a 46-bp
insertion between positions 21051 and 21052 and an additional C between
21045 and 21046 compared to the original published sequence (8). This 46-bp
insertion was not a PCR-generated artifact, as resequencing of the original
HB-EGF promoter fragment revealed the presence of the 46-bp insertion that
was apparently overlooked at the time of the original sequencing. Thus, the full
HB-EGF genomic fragment used here is 1,730 bp in length, spanning nucleotides
2155 to 21884 of the murine HB-EGF gene. All construct numbering refers to
this modified DNA sequence. The GenBank submission of this sequence has
been amended accordingly.

Based on previous studies of similar sites in the collagenase (25), stromelysin
(70), and keratin-18 (53) genes, mutations were introduced into a composite
AP-1/Ets site of the HB-EGF promoter by PCR as indicated in Fig. 2A. Details
of the oligonucleotides used to construct the plasmids are available upon request.
The integrity of the introduced mutations was confirmed by DNA sequence
analysis.

DMS genomic footprinting of the AP-1/Ets site in HB-EGF promoter.
Genomic footprinting experiments were performed as described previously (20,
21). Briefly, C2 cells were either untreated or treated with 1 mM ICI 164,384 for
different periods of time, at which point they were exposed to the membrane-
permeable alkylating agent dimethyl sulfate (DMS), and then genomic DNA was
isolated. As a control, EL4 cells, which express little HB-EGF mRNA, were
similarly treated with DMS. As a further control for unprotected DNA, depro-
teinated genomic DNA was prepared from C2 cells and subjected to in vitro
methylation. After in vivo or in vitro methylation, the DNA was treated with
piperidine and subjected to ligation-mediated PCR in order to visualize the
methyl-guanosine-specific DNA sequence ladder. HB-EGF gene-specific prim-
ers were used to detect interactions on one strand of the AP-1/Ets-containing
region. Details of the oligonucleotides used and the conditions for the ligation-
mediated PCR are available upon request. The 32P-labeled ligation-mediated
PCR products were separated on a 6% polyacrylamide sequencing gel. Quanti-
tation of band intensity was performed with a Molecular Dynamics Phosphor-
Imager. The intensity of each band was quantitated by normalization to a band
that displayed an invariant signal intensity.

Preparation of cytosolic and nuclear extracts for Western analysis. Cell ex-
tracts were prepared by lysis of cells in Gold lysis buffer containing protease and
phosphatase inhibitors as previously described (60). The pelleted Triton X-100-
insoluble fraction was reextracted in boiling radioimmunoprecipitation assay
buffer (Gold lysis buffer containing 0.1% [wt/vol] sodium dodecyl sulfate [SDS]
and 0.5% [wt/vol] sodium deoxycholate) to yield a crude nuclear fraction. Fol-
lowing extraction in radioimmunoprecipitation assay buffer, insoluble material
was removed by ultracentrifugation in a Beckman TL-100 ultracentrifuge at
30,000 rpm for 30 min.

Ets-2 Pointed domain expression and purification. NdeI-BamHI PCR frag-
ments encoding amino acids 59 to 177, encompassing the Pointed domain of
Ets-2 and encoding either a threonine (Pd-T72) or an alanine (Pd-A72) in
position 72, were isolated and subcloned into pET15b for expression as polyhis-
tidine fusion proteins in Escherichia coli BL21 under the control of IPTG (iso-
propyl-b-D-thiogalactopyranoside). The Pointed domains were purified by stan-
dard techniques on a 20-ml Ni-nitrilotriacetic acid column with 10 to 100 mM
imidazole to elute the proteins. Fractions containing the Pointed domains were
pooled, dialyzed extensively, and snap frozen for long-term storage. The yields of
Pd-T72 and Pd-A72 were 5.7 and 3.0 mg/liter, respectively, with purities of ;90
and ;93%, respectively, as estimated by Coomassie blue staining.

Ets-2 Pointed domain in-gel protein kinase assay. The in-gel protein kinase
assay was carried out as has been described previously (23, 43, 60). Briefly,
100-mg aliquots of cell extracts were electrophoresed through a 12.5% polyacryl-
amide gel containing 250 to 500 mg of either purified Pd-T72 or Pd-A72 per ml
as described above which had been copolymerized into the gel. After electro-
phoresis, the gel was subjected to a denaturation-renaturation procedure, and
in-gel kinase reactions were performed exactly as described previously (60). The
gel was dried and exposed to X-ray film for 24 to 48 h.

p42 MAP kinase immunoprecipitation and immune-complex kinase assays.
Immune-complex MAP kinase assays using the Ets-2 Pointed domain as a sub-
strate were conducted exactly as previously described, except that instead of
using 20 mg of myelin basic protein as a substrate we used 1 mg of Pd-T72 or
Pd-A72 as substrates (60). The products of the kinase reaction were subjected to
polyacrylamide gel electrophoresis followed by Western blotting and were quan-
titated with a Molecular Dynamics PhosphorImager. Alternatively, the Western
blots were probed with an antiserum that specifically recognizes Ets-2 only when
phosphorylated on threonine residue 72 (anti-PT72), the isolation of which is
described elsewhere (52a). The rabbit polyclonal antibody that recognizes the
Ets-2 protein was generated against a TrpE fusion protein containing Ets amino
acids 163 to 331. This region does not include the Pointed or Ets domains and
has not been found to cross-react with other Ets family proteins (26a).

p42-p44 MAP kinase immunodepletion. Cell extracts were freshly prepared
from cells expressing DRaf-1:ER that were either untreated or treated with ICI
164,384 for 1 h. These extracts were subjected to four successive rounds of
immunodepletion in a total volume of 25 ml with either normal rabbit serum or
a mixture of antisera raised against p42 and p44 MAP kinases, and immune
complexes were collected. Each of the successive immunoprecipitates and the
remaining soluble fractions was assayed for the presence of kinase activity spe-
cific for threonine residue 72 of Ets-2, using 1 mg of either Pd-T72 or Pd-A72 and
[g-32P]ATP as substrates as described above. The products of the kinase reaction
were subjected to polyacrylamide gel electrophoresis followed by Western blot-
ting and were quantitated with a Molecular Dynamics PhosphorImager. Follow-
ing quantitation, the Western blots were probed with antisera that recognize p42
and p44 MAP kinases to demonstrate the presence of these proteins in either the
immune complexes or soluble fractions.
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RESULTS

Activation of the HB-EGF promoter by DRaf-1:ER requires
a composite AP-1/Ets element. To investigate the mechanism
by which DRaf-1:ER activation leads to elevated transcription
of the HB-EGF gene, we transiently transfected cells express-
ing DRaf-1:ER (C2 cells) with a reporter construct containing

a 1.73-kb region of the murine HB-EGF gene encompassing
sequences from positions 21884 to 2155 upstream of the
translation initiation codon in exon 1 (Fig. 1A). This region of
the HB-EGF gene, which contains putative transcription factor
binding sites for NF-kB, AP-1, Ets, E-box binding factors,
Pit-1, and SP-1, has previously been shown to operate as a
functional promoter in myoblasts (8). In addition, we gener-
ated a series of deletion mutants to facilitate the mapping of
Raf-responsive elements in the HB-EGF promoter (Fig. 1A).
For comparison to the HB-EGF promoter, a reporter con-
struct containing the promoter of the murine c-Fos gene was

FIG. 1. Deletion analysis of the HB-EGF promoter. (A) Structures of the
HB-EGF promoter region as defined previously (8) and the deletion mutants
generated in this work. The positions of putative transcription factor binding
sites, the transcription initiation site (2261), and the methionine that is used to
initiate translation [ATG(11)] are indicated. Deletions were prepared by PCR
amplification from a luciferase reporter construct, pGL-HB-EGF, containing the
full-length (F) HB-EGF promoter comprising sequences between the indicated
59 MboI site and a NotI site at 2155 in exon 1. For reference purposes, the
relative position of the AP-1/Ets site is indicated by the dotted line. (B) Activities
of the various HB-EGF promoter deletion mutants in transiently transfected C2
cells. Constructs were transiently transfected into C2 cells, and after 24 h the cells
were stimulated with either 0.1% (vol/vol) ethanol (solvent control) or 1 mM ICI
164,384 to activate DRaf-1:ER for a further 24 h, at which time relative luciferase
activity was determined as described in Materials and Methods. All of the data
were normalized to the luciferase activity obtained from cells transfected with the
full-length HB-EGF promoter fragment (F) in the absence of DRaf-1:ER acti-
vation, which was assigned an arbitrary value of 1.
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also transfected into C2 cells. Activation of DRaf-1:ER led to
a 16-fold activation of the full-length HB-EGF promoter in C2
cells (Fig. 1B). By comparison, activation of DRaf-1:ER stim-
ulated the c-Fos promoter approximately 9-fold (data not
shown). Both the c-Fos and HB-EGF promoters were respon-
sive to tetradecanoyl phorbol acetate (TPA) (three- and nine-
fold, respectively) and were induced by DRaf-1:ER in the ab-
sence or in the presence of serum growth factors (data not
shown).

We next utilized deletion mutants of the HB-EGF promoter
to identify cis-acting sequences that confer Raf responsiveness
on the gene. Successive deletion of the promoter from 21884
to 21154 had no discernible effect on promoter activation by
DRaf-1:ER (Fig. 1B and data not shown). However, deletion
of the promoter to position 2881 resulted in an almost com-
plete ablation of the response to DRaf-1:ER. Consistent with
this observation, further deletions through to positions 2628
and 2477 were largely unresponsive to DRaf-1:ER activation
(Fig. 1B). Interestingly, basal promoter activity was still de-
tected even in those deletion constructs that were no longer
responsive to DRaf-1:ER activation. Consistent with these ob-
servations, digestion of the promoter with HindIII, which
cleaves at position 2911, generated a promoter fragment that
was also nonresponsive to DRaf-1:ER activation (data not
shown). These results suggested that sequences between posi-
tions 2911 and 21154 are required for full activation of the
HB-EGF promoter by DRaf-1:ER. We also tested the respon-
siveness of the HB-EGF promoter to serum stimulation, since
HB-EGF mRNA is serum responsive in NIH 3T3 cells (46).
Serum stimulation of HB-EGF promoter activity also showed
dependence on sequences located between positions 2881 and
21154 (data not shown).

We next investigated whether specific transcription factor
binding sites between positions 2881 and 21154 were re-
quired for induction of the HB-EGF promoter by DRaf-1:ER.
As indicated in Fig. 1A, DNA sequence analysis of the murine
HB-EGF promoter had identified a composite AP-1/Ets site
located between positions 2988 and 2974 (8). Composite AP-
1/Ets elements have been implicated in the responsiveness of a
number of viral and cellular genes to oncogenes, notably Ras
and Raf (4, 6, 57, 72). We therefore introduced mutations into
the D12 (21302) deletion construct to ablate either the AP-1
site, the Ets site, or both sites (Fig. 2A). These mutant con-
structs were then tested for their responsiveness to DRaf-1:ER
by transfection into C2 cells as described above (Fig. 2B). The
D12 construct retained full responsiveness to activation by
DRaf-1:ER similar to that observed with the 1.8-kb promoter
fragment. Point mutations of either the AP-1 site, the Ets site,
or both sites resulted in an almost complete loss of responsive-
ness to DRaf-1:ER activation. Consistent with the deletion
analysis, basal promoter activity was largely unaffected by these
mutations. The small residual responsiveness to DRaf-1:ER of
the mutated HB-EGF promoter may be a consequence of the
presence of upstream sites for transcription factors such as
AP-1 and NF-kB. It is clear, however, that full transcriptional
activation of the HB-EGF promoter requires the presence of
the composite AP-1/Ets binding site described above.

Occupancy of the AP-1/Ets site in the HB-EGF promoter in
vivo. In order to provide further evidence for the role of the
AP-1/Ets site identified above in mediating the activation of
HB-EGF expression, we conducted an in vivo genomic foot-
printing analysis of the HB-EGF promoter (20, 21). C2 cells,
either untreated or treated with 1 mM ICI 164,384 for different
periods of time, were treated with DMS, and genomic DNA
was isolated as described in Materials and Methods. As a
control for unprotected DNA, we isolated naked genomic

DNA from C2 cells and subjected it to DMS treatment in vitro.
As a further control, the mouse T-cell line EL4, which ex-
presses little HB-EGF mRNA, was treated with DMS.
Genomic footprinting analysis was conducted as described in
Materials and Methods.

In vivo protein-DNA interactions render guanosine residues
in transcription factor binding sites either hypo- or hypersen-
sitive to DMS-mediated methylation. Subsequent piperidine
cleavage and ligation-mediated PCR allow the generation of a
DNA sequence ladder that is specific for the presence of meth-
ylated guanosine residues, thus allowing the comparison of the
footprinting patterns of in vitro DMS-treated DNA (naked
DNA) and DNA from cells treated with DMS in vivo as shown
in Fig. 3. We detected differences in the DNA sequence lad-
ders corresponding to the aforementioned AP-1/Ets site be-
tween naked DNA (lanes 1 and 8) and DNA isolated from
untreated C2 cells (compare lane 2 with lanes 1 and 8). This
analysis indicated that the two guanosines in the AP-1 site and
the two guanosines in the adjacent Ets site as indicated in Fig.
3 were protected compared to naked genomic DNA isolated

FIG. 2. Point mutation of an AP-1/Ets element within the HB-EGF pro-
moter abrogates responsiveness to DRaf-1:ER activation. (A) The HB-EGF
promoter contains a composite AP-1/Ets site at positions 2988 to 2974. The
indicated mutations were introduced into either the AP-1 site (D12 mAP-1), the
Ets site (D12 mets), or both sites (D12 mAP-1/ets) in the context of the D12
deletion (21302), which retained full responsiveness to DRaf-1:ER. (B) Activi-
ties of the mutated constructs. Constructs were transiently transfected into C2
cells, and 1 day later the cells were stimulated with either 0.1% (vol/vol) ethanol
(solvent control) or 1 mM ICI 164,384 to activate DRaf-1:ER for a further 24 h,
at which time relative luciferase activity was determined. Full, full-length pro-
moter; D12, 21302 deletion; mAP-1, mutated AP-1 site; mets, mutated Ets site;
mAP-1/ets, mutated AP-1 and Ets sites. All of the data were normalized to the
luciferase activity obtained from cells transfected with the full-length HB-EGF
promoter fragment in the absence of DRaf-1:ER activation, which was assigned
an arbitrary value of 5.
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from C2 cells. These protections were not due to intrinsic
variations between naked DNA and in vivo DMS-treated
DNA, because DNA isolated from DMS-treated EL4 cells
showed no sign of protection of the AP-1/Ets site compared
to naked DNA from C2 cells (Fig. 3, lanes 8 and 9). After
DRaf-1:ER activation, we detected changes in the pattern of
protected guanosines in the AP-1/Ets element. All four of the
guanosines described above displayed a greater extent of pro-
tection from methylation that increased with time following
DRaf-1:ER activation. In addition, the guanosine residue lo-
cated between the AP-1 and Ets sites as indicated in Fig. 3
became more sensitive to DMS methylation after DRaf-1:ER
activation, as demonstrated by enhanced intensity of the indi-
cated band. Two additional guanosine residues displayed in-

creased sensitivity to DMS methylation. One is located imme-
diately upstream of the AP-1 site and the other is located ;28
bp downstream of the Ets site (Fig. 3, lanes 3 to 7). All of the
changes in intensity of genomic footprints were observed as
early as 2 h after DRaf-1:ER activation and became more
intense with time thereafter. Although the changes in the
genomic footprint are undoubtedly subtle, qualitatively similar
results were obtained in at least three independent experi-
ments.

Ets-2 and MAP kinase potentiate HB-EGF promoter acti-
vation. Previous work has demonstrated synergistic activation
of an AP-1/Ets site in the urokinase-type plasminogen activa-
tor (uPA) promoter by Ras in combination with either Ets-1 or
Ets-2. Synergy requires the Ras-induced phosphorylation of a
conserved threonine residue within the Pointed domain of the
Ets proteins (63, 73). In order to explore a possible role for
these proteins in the activation of the HB-EGF promoter by
DRaf-1:ER, we investigated whether the addition of vectors
expressing either normal p44 MAP kinase (p44) or catalytically
inactive p44 MAP kinase (p44KR) along with normal (T72)
or mutated (A72) Ets-2 to the transient transfection assays had
an effect on the activation of the HB-EGF promoter by DRaf-
1:ER (Fig. 4A). The expression of proteins encoded by these
constructs in mammalian cells has previously been well docu-
mented (63, 73). Cotransfection of vectors encoding either p44
MAP kinase (p44) or catalytically inactive p44 MAP kinase
(p44KR) had no effect on the 15-fold activation of the HB-
EGF promoter (D12; 21302) DRaf-1:ER (Fig. 4A). Cotrans-
fection of a vector encoding Ets-2, but not the A72 form of the
protein, led to a 30-fold activation of the HB-EGF promoter.
However, cotransfection of p44 MAP kinase and Ets-2 resulted
in a 50-fold activation of the reporter construct. This potenti-
ated activation was not observed upon transfection of a cata-
lytically inactive form of p44 MAP kinase (p44KR) with Ets-2,
indicating that p44 MAP kinase catalytic activity is required for
the potentiation of reporter activity. Moreover, wild-type p44
MAP kinase failed to potentiate reporter activation when
transfected with the alanine 72 form of Ets-2 (T72A). PEA3,
which does not possess a Pointed domain (69), did not poten-
tiate promoter activity either alone or in combination with p44
MAP kinase. Taken together, these data suggest a simple
model in which the phosphorylation of Ets-2 on threonine 72
by MAP kinase is involved in the transcriptional activation of
the HB-EGF promoter in response to DRaf-1:ER activation.

HB-EGF gene expression is induced by both the Raf and
Ras oncogenes, so we tested whether promoter activation
could be potentiated by oncogenic H-Ras(61L) (46). Transfec-
tion of the full-length HB-EGF promoter linked to luciferase
gave a low level of reporter activity that was potentiated eight-
to ninefold by cotransfection with a vector encoding oncogenic
H-Ras(61L) (Fig. 4B). Cotransfection of Ets-2 with H-Ras(61L)
led to a 28-fold activation of the HB-EGF promoter, which was
not observed with the A72 form of Ets-2.

Although many Ras-responsive genes are regulated by
AP-1/Ets elements, the promoters of at least two Ras-respon-
sive genes, stromelysin and junB, are regulated by tandem
inverted Ets transcription factor binding sites with no apparent
role for AP-1 (10, 18, 70). We therefore tested whether DRaf-
1:ER could activate expression of the synthetic Ras-responsive
reporter construct E18-luciferase, which contains tandem Ets
binding sites inserted adjacent to a minimal promoter (18).
Activation of DRaf-1:ER gave rise to a sevenfold induction of
the E18-luciferase reporter construct (Fig. 4C). Cotransfection
with the Ets-2 expression vector gave rise to a slight increase in
basal promoter activity, but activation of DRaf-1:ER gave rise
to a 24-fold activation that was not observed with the A72 form

FIG. 3. Genomic footprint analysis of the AP-1/Ets element of the HB-EGF
promoter. C2 cells (2 3 107 cells per time point) were either untreated (lane 2)
or treated with 1 mM ICI for 2, 4, 8, 12, or 22 h, at which point they were exposed
to 0.1% (vol/vol) DMS for 2 min at 378C and washed twice with warm PBS, and
then genomic DNA was isolated as described in Materials and Methods. Naked
genomic DNA (lanes 1 and 8) was prepared in parallel from C2 cells and
subjected to in vitro methylation with 0.1% (vol/vol) DMS for 2 min at room
temperature and then ethanol precipitated. As an additional control, the mouse
T-cell line EL4 was treated with 0.1% (vol/vol) DMS in vivo, and genomic DNA
was isolated (lane 9). After piperidine cleavage and ligation-mediated PCR with
HB-EGF gene-specific primers, the 32P-labeled PCR products were separated on
a 6% polyacrylamide sequencing gel. Quantitation of band intensity was per-
formed with a Molecular Dynamics PhosphorImager. The intensity of each band
was quantitated by normalization to a band that displayed an invariant signal
intensity (indicated by an asterisk). Footprints are indicated by linking the G
residue in the ladder to the corresponding sequence displayed at the side. Filled
arrowheads indicate DRaf-1:ER-induced hypersensitivity, and open arrowheads
indicate DRaf-1:ER-induced protection.
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FIG. 4. Synergistic activation of the HB-EGF promoter by Ets-2 and p44 MAP kinase. (A) C2 cells were transiently transfected with the full-length HB-EGF
promoter construct and the indicated combinations of expression plasmids encoding either catalytically active p44 MAP kinase (p44MAPK), catalytically inactive p44
MAP kinase [p44MAPK(KR)], wild-type mouse Ets-2 (Ets-2), wild-type mouse Ets-2 encoding alanine at position 72 (Ets-2 A72), or wild-type mouse PEA3 (PEA3).
Twenty-four hours after transient transfection, the cells were stimulated with either 0.1% (vol/vol) ethanol (solvent control) or 1 mM ICI 164,384 to activate DRaf-1:ER
for a further 24 h, at which time relative luciferase activity was determined. All of the data were normalized to the luciferase activity obtained from cells transfected
with the full-length HB-EGF promoter construct in the absence of DRaf-1:ER activation, which was assigned an arbitrary value of 1. (B) C2 cells were transiently
transfected by a modified calcium phosphate protocol with 250 ng of HB-EGF promoter-luciferase construct and 500 ng of either empty expression vector (vector alone)
or an expression vector encoding H-Ras(61L). Cells were also cotransfected with either 12.5 ng of wild-type mouse Ets-2 (Ets-2) or wild-type mouse Ets-2 encoding
alanine at position 72 [Ets-2(A72)] as described previously. Luciferase activity was measured 48 h after transfection. The data were normalized to the luciferase activity
obtained from cells transfected with the full-length HB-EGF promoter construct in the absence or in the presence of the backbone vector used to express H-Ras(61L),
which was assigned an arbitrary value of 1. (C) C2 cells were transiently transfected by a modified calcium phosphate protocol with 375 ng of the E18-luciferase
promoter in which luciferase expression is promoted by a tandem Ets binding site (18, 27, 73) either alone or with 12.5 ng of expression vectors encoding wild-type
mouse Ets-2 (Ets-2) or mouse Ets-2 encoding alanine at position 72 [Ets-2(A72)] as described above. Twenty-four hours after transient transfection, the cells were
stimulated with either 0.1% (vol/vol) ethanol (solvent control) or 1 mM b-estradiol to activate DRaf-1:ER for a further 24 h, at which time luciferase activity was
measured and fold activation relative to that with the reporter alone was determined. All of the data were normalized to the luciferase activity obtained from cells
transfected with the E18-luciferase construct in the absence of DRaf-1:ER activation, which was assigned an arbitrary value of 1.
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of the protein, consistent with the results obtained with the
HB-EGF promoter in Fig. 4A.

Phosphorylation of threonine 72 of Ets-2 by p42 and p44
MAP kinases in vitro. Although potentiated activation of
AP-1/Ets elements by Ras and Raf oncogenes appears to be
mediated by phosphorylation of threonine 72 of Ets-2 (73), the
kinase(s) responsible for this phosphorylation has not been
identified. Given the potentiation of Raf-induced HB-EGF
promoter activity by Ets-2 and MAP kinase, we next investi-
gated whether the MAP kinases could phosphorylate threo-
nine 72 of Ets-2 in vitro.

The Pointed domain of Ets-2 (Pd-T72) and a mutant
Pointed domain in which threonine 72 was mutated to alanine
(Pd-A72) were expressed in E. coli and used as substrates for
in-gel kinase assays (23, 43, 60) to determine the nature of the
major Ets-2 T72 kinases in C2 cells following DRaf-1:ER ac-
tivation (Fig. 5A). Extracts were prepared from either quies-
cent C2 cells or C2 cells in which DRaf-1:ER was activated for
72 h (Fig. 5A, lane QI72) or that had been stimulated with
serum (lane QS) or TPA (lane QP) as described in Materials
and Methods and as indicated. Two major Pd-T72 kinases of
42 and 44 kDa were activated in quiescent C2 cells following
activation of DRaf-1:ER or stimulation with serum or TPA.
Time course analysis indicated that both the 42- and 44-kDa
kinases were detectably stimulated within 6 h after DRaf-1:ER
activation and that their activity continued to increase for at
least 48 h (Fig. 5A, lanes 1ICI). Furthermore, the activity of
these protein kinases was significantly potentiated when DRaf-
1:ER was activated in the presence of sodium orthovanadate
(Fig. 5A, lanes 1VO4 1ICI), a treatment that potentiates
DRaf-1:ER-mediated MAP kinase activation (60). These data
are highly consistent with the molecular masses and activation
kinetics of the p42 and p44 MAP kinases in response to the
various stimuli described above. Furthermore, no inducible
Ets-2 kinases were observed when Pd-A72 was used as a sub-
strate (Fig. 5B), although a single prominent band was de-
tected that is likely due to the autophosphorylation of a protein
from the cell extract, as it is observed in the absence of any
substrate protein in the gel (data not shown).

The in-gel kinase assays suggested that the p42 and p44
MAP kinases are the major renaturable kinases responsible for
phosphorylation of threonine 72 of Ets-2 following activation
of DRaf-1:ER in NIH 3T3 cells. To further establish the ability
of the p42 and p44 MAP kinases to phosphorylate threonine 72
of Ets-2, we prepared immunoprecipitates of p42 MAP kinase
from extracts of C2 cells made at different times following
DRaf-1:ER activation. Such immunoprecipitates were able to
phosphorylate Pd-T72 but not Pd-A72 in vitro (Fig. 5C). The
specific activity of p42 MAP kinase towards Pd-T72 increased
approximately fivefold after 1 h of DRaf-1:ER activation and
was maintained thereafter, consistent both with the kinetics of
p42 MAP kinase activation that we have previously described
and with the in-gel kinase assays described above (60).

To ensure that the site of p42 MAP kinase phosphorylation
was indeed threonine 72, we performed an identical immuno-
precipitation kinase assay in the presence of excess nonradio-
active ATP. The reaction products were then Western blotted
and probed with a phospho-T72-specific antiserum that recog-
nizes the Pointed domain of Ets-2 only when phosphorylated
on threonine 72 (Fig. 5D). A rapid and sustained increase in
the ability of p42 MAP kinase to phosphorylate threonine 72 of
Pd-T72 observed within 1 h after DRaf-1:ER activation was
consistent with the phosphorylation of Pd-T72 observed in the
experiments whose results are shown in Fig. 5A and C.

The in-gel and immunoprecipitation kinase assays indicated
that the p42 and p44 MAP kinases are capable of phosphory-

lating Ets-2 on threonine 72, but there may be additional
Raf-activated kinases that can do so. In order to address this
issue, we conducted an immunodepletion experiment to deter-
mine if the p42 and p44 MAP kinases are the major Raf-
activated Pd-T72 kinases in extracts of NIH 3T3 cells. Fresh
cell extracts were prepared from C2 cells that were either
untreated (Fig. 6A to D, lanes 1, 3, 5, and 7) or treated with ICI
164,384 to activate DRaf-1:ER for 1 h (Fig. 6A to D, lanes 2,
4, 6, and 8). These extracts were subjected to four successive
rounds of immunoprecipitation with either a mixture of anti-
p42 and anti-p44 MAP kinase antisera (anti-p42/p44 MAP
kinase) (Fig. 6A and C) or normal rabbit serum (Fig. 6B and
D). The kinase activity of the immunoprecipitates (Fig. 6A and
B) and the remaining soluble proteins (Fig. 6C and D) was
assessed with either Pd-T72 or Pd-A72 (data not shown) as
substrates as described in Materials and Methods.

After 1 round of anti-p42/p44 MAP kinase immunoprecipi-
tation, the majority of the Raf-activated Pd-T72 kinase activity
was detected in the immunoprecipitates, and only a small
amount of activity remained in the soluble fraction (Fig. 6A
and C). This remaining activity was removed by subsequent
rounds of immunoprecipitation (Fig. 6C, lanes 3 to 8). The
residual phosphorylation observed in the soluble fraction after
the third and fourth rounds of immunoprecipitation was not
Raf dependent and was identical to the background level of
phosphorylation observed in this experiment when Pd-A72 was
used as a substrate (Fig. 6C, lanes 5 to 8 and data not shown).
Probing these Western blots with anti-MAP kinase antisera
revealed that greater than 95% of the p42 and p44 MAP
kinases was removed from the cell extract after one round of
immunodepletion and that the remainder was removed follow-
ing the second round (data not shown), indicating that the
extent of phosphorylation of Pd-T72 correlated well with the
presence of p42 and p44 MAP kinases in the different samples.

Little or no Pd-T72 kinase activity was detected in immuno-
precipitates of cell extracts made with normal rabbit serum
(Fig. 6B). In this case, all of the Raf-activated Pd-T72 kinase
activity remained in the soluble fraction of the cell extract and
was largely unaffected by the immunodepletion procedure
(Fig. 6D, lanes 2, 4, 6, and 8). Probing of these Western blots
with the anti-p42/p44 MAP kinase antisera revealed that 95%
of the p42 and p44 MAP kinases remained in the soluble
material after four successive rounds of immunoprecipitation
with normal rabbit serum (data not shown).

Rapid phosphorylation of threonine 72 of Ets-2 following
DRaf-1:ER activation in intact cells. The stringent control of
the MAP kinase pathway afforded by cells expressing DRaf-1:ER
allowed a kinetic analysis of the phosphorylation of Ets-2 on
threonine 72. Activation of DRaf-1:ER leads to activation of
the MAP kinases within minutes and to the appearance of
mature HB-EGF mRNA within 1 to 2 h (46, 60). We would
therefore predict that, if phosphorylation of Ets-2 plays a role
in induced HB-EGF gene expression, it should occur with
kinetics that mirror the activation of MAP kinase and the
induction of HB-EGF mRNA. We therefore prepared nuclear
extracts of C2 cells as indicated in the legend to Fig. 7, in which
DRaf-1:ER was either inactive (lane 0) or had been activated
for 30 min or 1, 2, or 24 h. A Western blot of these lysates was
prepared and probed with the antiserum raised against threo-
nine 72-phosphorylated Ets-2 as described in Materials and
Methods. Prior to DRaf-1:ER activation, there was a low basal
level of threonine 72-phosphorylated Ets-2 that was signifi-
cantly increased within 30 min and was maintained for at least
24 h following DRaf-1:ER activation (Fig. 7A). Although we
also detected an increase in Ets-2 protein expression after 24 h
of DRaf-1:ER activation (Fig. 7B), no change was detectable at
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FIG. 5. Threonine residue 72 of Ets-2 is a target for p42-p44 MAP kinase-mediated phosphorylation in vitro. (A and B) In-gel assay for protein kinases able to
phosphorylate threonine 72 in the Pointed domain of Ets-2 (Pd-T72). Two polyacrylamide gels that contained (per milliliter) 500 mg of the Pointed domain of Ets-2
encoding either a threonine (Pd-T72) (A) or an alanine (Pd-A72) (B) at amino acid 72 were prepared. Cell extracts were prepared from quiescent C2 cells that were
either unstimulated (lane Q) or stimulated with either 1 mM ICI 164,384 for 72 h (lane QI72), 20% serum for 15 min (lane QS), or 50 nM TPA for 10 min (lane QP).
Additional extracts were prepared from C2 cells grown in Dulbecco’s modified Eagle’s medium containing 10% (vol/vol) fetal calf serum that were either untreated
(lane 0) or treated with 1 mM ICI 164,384 to activate DRaf-1:ER for 6, 24, or 48 h in the absence (1ICI) or in the presence (1VO41ICI) of 50 mM sodium
orthovanadate. After the lysates were electrophoresed, the gel was subjected to successive denaturation and renaturation steps to detect protein kinases able to
phosphorylate Pd-T72 (A) but not Pd-A72 (B). The positions of renaturable Ets-2 kinases of 42 and 44 kDa (p42 and p44, respectively) as well as a band that is believed
to be due to the autophosphorylation of a cellular protein (auto P) are indicated. (C and D) p42 MAP kinase phosphorylates Ets-2 on threonine-72. (C) Cell extracts
were prepared from C2 cells that were either untreated (lane 0) or treated with 1 mM ICI 164,384 for the indicated times. Immunoprecipitates of p42 MAP kinase were
prepared and incubated for 30 min at 308C in a reaction mix containing [g-32P]ATP and either Pd-T72 or Pd-A72 as substrates as indicated. Reaction products were
separated by SDS-polyacrylamide gel electrophoresis, and Ets-2 phosphorylation was visualized by autoradiography. (D) Immunoprecipitates of p42 MAP kinase were
prepared from either untreated C2 cells or cells treated with 1 mM ICI 164,384 for the indicated times and incubated for 30 min at 308C in a reaction mix containing
1 mM unlabeled ATP and Pd-T72 as a substrate. Reaction products were separated by SDS-polyacrylamide gel electrophoresis and Western blotted into an Immobilon
polyvinylidene difluoride membrane, and Ets-2 phosphorylation was visualized by probing with an antiserum that recognizes the threonine 72-phosphorylated Pd-T72.
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early time points when the increase in Ets-2 phosphorylation
was readily observed. The induction of HB-EGF mRNA by
DRaf-1:ER occurs in the absence of de novo protein synthesis
(46). Consistent with this observation, the appearance of
threonine 72-phosphorylated Ets-2 was insensitive to treat-
ment of cells with cycloheximide (data not shown). After 24 h
of DRaf-1:ER activation, a second immunoreactive species of
approximately 46 to 48 kDa, recognized by both the phospho-
T72-specific and the Ets-2-specific antisera, was observed. Al-
though the identity of this protein is unknown, we suspect that
it may correspond either to an alternatively spliced form or to
a proteolytic degradation product of Ets-2.

DISCUSSION

In order to understand the process of oncogenic transfor-
mation, we have identified genes that are regulated by the
Ras-Raf signaling cascade and are trying to unravel the tran-
scriptional machinery that underlies their regulation (66). We
have previously shown that the gene encoding HB-EGF is an
immediate-early transcriptional target of this signaling cas-
cade. Given the importance ascribed to autocrine growth fac-
tors in tumorigenesis, it is important to understand the mech-
anisms of HB-EGF regulation in response to activation of the
Ras-Raf pathway (1). In this study, we have extended our
initial observations of the induction of HB-EGF mRNA to a
more detailed investigation of the mechanism through which
DRaf-1:ER activates transcription from the HB-EGF pro-
moter.

Using transient transfection assays, we identified a compos-
ite AP-1/Ets binding site located 713 bp upstream of the tran-
scription start site (positions 2988 to 2974) that was required
for promoter activation by DRaf-1:ER. A large number of
AP-1/Ets sites have been found to be important in oncogene-
and receptor-mediated activation of promoters for genes en-
coding uPA (63), collagenase (25), transforming growth factor
b (57), keratin-18 (53), the heavy chain of immunoglobulin H
(24), and the polyomavirus enhancer (69). Since the position-
ing of AP-1/Ets elements varies considerably among responsive
genes, they work as position-independent enhancers.

The AP-1/Ets element in the HB-EGF promoter most
closely resembles the AP-1/Ets element found in the 59 region
of the uPA gene (63). Each is located upstream of the tran-
scription start site, and both the AP-1 and Ets binding sites are
required for responsiveness to Ras-Raf signaling. Like induc-
tion of the HB-EGF gene by DRaf-1:ER, induction of uPA
mRNA by colony-stimulating factor 1 (CSF-1) is immediate
early, and prolonged mRNA expression is observed following

FIG. 6. Immunodepletion of Pd-T72 kinase activity from extracts of Raf-transformed cells. Extracts were prepared from NIH 3T3 cells expressing DRaf-1:ER that
were either untreated (all lanes 1, 3, 5, and 7) or treated for 1 h with ICI 164,384 (all lanes 2, 4, 6 and 8). The cell extracts were subjected to four successive sequential
rounds of immunoprecipitation (13 to 43 as indicated) with either a mixture of anti-p42 and anti-p44 MAP kinase antisera (A and C) or normal rabbit serum (B and
D). Pd-T72 kinase activity was measured in the immune complexes (A and B) or in the remaining soluble fractions (C and D) as described in Materials and Methods.

FIG. 7. Rapid phosphorylation of Ets-2 on threonine 72 following DRaf-1:ER
activation. Quiescent C2 cells were either untreated (lane 0) or treated with 1
mM ICI 164,384 to activate DRaf-1:ER for 30 min or 1, 2, or 24 h as indicated.
Crude nuclear extracts were prepared as described in Materials and Methods
and analyzed by Western blotting and probing with either the anti-phospho-T72
Ets-2-specific antiserum (A) or an antiserum that recognizes the protein back-
bone of Ets-2 (B).
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CSF-1 stimulation. It has therefore been suggested that
AP-1/Ets elements may mediate the sustained changes in gene
expression observed in oncogene-transformed cells (30, 43).

In vivo genomic footprinting analysis revealed that the
AP-1/Ets site of the HB-EGF promoter was occupied in vivo
prior to DRaf-1:ER activation. The relatively weak footprint at
the AP-1/Ets site in untreated C2 cells suggests that there is
either a low-affinity protein-DNA interaction or a low stoichi-
ometry interaction at this site prior to the activation of DRaf-
1:ER. This observation is consistent with the fact that these
cells have a low level of basal HB-EGF gene transcription prior
to DRaf-1:ER activation. Following DRaf-1:ER activation,
there was increased protection of both the AP-1 and the Ets
sites in accord with the observed stimulation of transcription,
suggesting that DRaf-1:ER induces the binding of transcription
factors at this site. An alternative possibility is that the actual
occupancy of the AP-1/Ets site is unchanged after DRaf-1:ER
activation but that the recruitment of transcriptional coactiva-
tors or the regional structure of the chromatin around the
AP-1/Ets site is altered, leading to the observed changes in
DNA footprinting.

Despite the apparent importance of AP-1/Ets elements in
the regulation of gene expression, the precise mechanisms
through which these elements regulate transcription are not
fully understood. Ets transcription factors are oncogenic in
their own right and are implicated in the ability of Ras and
erbB2/Neu to transform cells (19, 40, 68, 71, 72). Ets-2 acts
synergistically with oncogenic Ras to activate reporter con-
structs containing AP-1/Ets elements. In these experiments,
synergy was observed with Ets-1 and Ets-2 but not with other
Ets domain-containing proteins such as Fli-1, Elf-1, or PEA3.
Furthermore, in cells transiently transfected with activated
Ras, Ets-2 becomes phosphorylated on threonine 72 located
within the amino-terminal Pointed domain of the protein (73).
In this report, we focus primarily on the role of Ets transcrip-
tion factors in the activation of the HB-EGF promoter by
DRaf-1:ER.

Activation of the HB-EGF promoter by DRaf-1:ER was
potentiated by cotransfection with vectors encoding p44 MAP
kinase and Ets-2. Potentiation was not observed with vectors
encoding either catalytically inactive p44 MAP kinase or Ets-
2(A72). These data suggested that phosphorylation of Ets-2 on
threonine 72 may enhance its ability to stimulate transcription
from the HB-EGF promoter. These data are in accord with the
fact that the ability of oncogenic forms of the three different
mammalian Raf kinases to activate HB-EGF gene expression
in NIH 3T3 and Rat1a cells correlates with their ability to
activate the MAP kinase pathway (46).

Although threonine 72 lies within a potential MAP kinase
phosphorylation site, the cellular kinase(s) responsible for
Ets-2 phosphorylation has not previously been identified. Us-
ing both in-gel and immunoprecipitation kinase assays as well
as immunodepletion experiments, we identified the p42 and
p44 MAP kinases as the major DRaf-1:ER-activated Ets-
2(T72) kinases. Neither the JNKs-SAPKs, p38HOG1 (52a), nor
any of the D-type cyclins in complex with either cdk4 or cdk6
were able to phosphorylate threonine 72 of Ets-2 (41a) in vitro.
These data strongly suggest that there is defined transcription
factor substrate specificity within the family of proline-directed
protein kinases. These results do not, however, rule out the
possible existence of protein kinases that phosphorylate sites
outside of the Pointed domain of Ets-2.

In addition to the biochemical data described above, we
demonstrated that, following DRaf-1:ER activation in intact
cells, the kinetics of phosphorylation of Ets-2 on threonine 72
closely mirrored both the activation kinetics of the p42 and p44

MAP kinases and the accumulation of HB-EGF mRNA (46,
60). Following DRaf-1:ER activation, we consistently detected
the appearance of an altered form of Ets-2 of 46 to 48 kDa that
appeared to be phosphorylated on threonine 72. A similar
form of Ets-2 is also detected in response to CSF-1 stimulation
of NIH 3T3 cells engineered to express the CSF-1 receptor
(52a). It is not clear if this protein is a proteolytic degradation
product of Ets-2 or the product of an alternatively spliced
mRNA, but it is certainly possible that this protein plays a role
in the regulation of transcription from Ets elements.

One of the most striking aspects of these observations is the
conservation of the Raf-MEK-MAP kinase-Ets signaling path-
way from simple eukaryotes to mammalian cells (28, 66, 67). In
Drosophila, the activation of the Sevenless receptor leads,
through the Ras-Raf-MEK-MAP kinase cascade, to the phos-
phorylation of both Pointed-P2 and the Drosophila homolog of
c-Jun (D-Jun). Pointed-P2 is an Ets domain-containing protein
that is phosphorylated on a threonine residue analogous to
that described in mammalian Ets-1 and Ets-2. Pointed-P2 acts
in conjunction with D-Jun to stimulate the transcription of
genes such as Phyllopod that are involved in R7 photoreceptor
cell specification (7, 16, 52, 66).

In Drosophila, there are, however, additional levels of com-
plexity so far only hinted at in mammalian cells. In order for
Pointed-P2 to activate transcription, the effects of an Ets do-
main-containing transcriptional repressor, Yan, have to be ab-
rogated (56). MAP kinase-mediated phosphorylation of Yan
appears to both destabilize the protein and cause its relocal-
ization to the cytoplasm. Recently, a mammalian Ets domain-
containing transcriptional repressor, Erf, has been isolated
(62). Although rather dissimilar to Yan in overall sequence
and organization, it has the capacity to abrogate Ets-1-induced
gene expression and transformation and appears to be regu-
lated by MAP kinase-mediated phosphorylation. We are pres-
ently analyzing C2 cells for the presence of Erf or related
proteins to determine if they play a role in HB-EGF gene
regulation. Furthermore, in addition to Elk-1 and Ets-2, an
additional Ets transcription factor, ER81, has recently been
shown to be responsive to MAP kinase activation; therefore, it
is likely that multiple Ets family members may be responsive to
the Ras-Raf-MEK-MAP kinase signaling module (33, 49).

Induction of the HB-EGF promoter through the AP-1/Ets
element required the presence of binding sites for both Ets and
AP-1. Although the role of Fos and Jun in this system remains
unclear, it is well established that the genes encoding members
of the Fos and Jun family are transcriptionally activated by Ras
and Raf and that Ras-mediated transformation requires the
expression of c-jun (4, 10, 34). Cycloheximide experiments
have, however, indicated that de novo protein synthesis is not
required for the early phase of HB-EGF mRNA induction (up
to 8 h), but these experiments cannot address the sustained
phase of HB-EGF expression (.8 h) due to the toxic effects of
cycloheximide. It is, therefore, possible that the early phase of
HB-EGF gene transcription is mediated by phosphorylated
Ets-2 working either alone or in combination with the low level
of constitutively expressed AP-1 in the cell. The sustained
phase of induction may be potentiated both by the induction of
AP-1 components and the autocrine activation of the JNKs
that occur 16 to 24 h after DRaf-1:ER activation (46).

The ability of Ets proteins to activate transcription does not,
however, uniformly rely on the presence of adjacent AP-1
transcription factor binding sites (68). The induction of the rat
stromelysin and the murine junB genes by Ras is mediated by
tandem Ets binding sites in the genes’ promoters (10, 18, 70).
Indeed, reporter constructs containing tandem Ets binding
sites were efficiently activated by oncogenic Ras and DRaf-
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1:ER and required the presence of threonine 72 to do so (Fig.
4B and C) (18).

The consequences of MAP kinase-mediated Ets-2 phos-
phorylation for transcriptional transactivation are not yet clear.
Since the major transcription transactivation domains of Ets-2
map to either side of the Pointed domain (68), it is possible
that the phosphorylation of threonine 72 leads to a conforma-
tional change that unmasks these activation domains. Indeed,
Ets-2 transactivation is increased by Ras, since a fusion protein
consisting of the amino terminus of Ets-2 fused to a heterol-
ogous DNA binding domain is responsive to Ras and requires
the presence of threonine 72 for this response (19a). Alterna-
tively, phosphorylated Ets-2 may recruit a transcriptional co-
activator in a manner analogous to the binding of CBP to
phosphorylated serine 133 of CREB (9, 54). These models are
presently being investigated.

In summary, we have demonstrated a requirement for an
AP-1/Ets element in the regulation of HB-EGF expression by
oncogenic Raf. We have demonstrated rapid phosphorylation
of threonine 72 of Ets-2 following DRaf-1:ER activation and
implicated the p42 and p44 MAP kinases in this process. It
remains to be demonstrated, however, that the MAP kinases
phosphorylate Ets-2, leading to HB-EGF promoter activation
in the intact cell. Nonetheless, we believe that these data pro-
vide compelling evidence that Ets-2 is a direct target of the
Raf-MEK-MAP kinase cascade and that the regulation of Ets
transcription factors likely plays an important role in the in-
duction of gene expression that occurs in response to oncogene
activation.
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