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A limited number of transcription factors have been suggested to be regulated directly by Erks within the
Ras/mitogen-activated protein Kkinase signaling pathway. In this paper we demonstrate that ERF, a ubiqui-
tously expressed transcriptional repressor that belongs to the Ets family, is physically associated with and
phosphorylated in vitro and in vivo by Erks. This phosphorylation determines the ERF subcellular localization.
Upon mitogenic stimulation, ERF is immediately phosphorylated and exported to the cytoplasm. The export is
blocked by specific Erk inhibitors and is abolished when residues undergoing phosphorylation are mutated to
alanine. Upon growth factor deprivation, ERF is rapidly dephosphorylated and transported back into the
nucleus. Phosphorylation-defective ERF mutations suppress Ras-induced tumorigenicity and arrest the cells at
the G,/G, phase of the cell cycle. Our findings strongly suggest that ERF may be important in the control of
cellular proliferation during the G/G, transition and that it may be one of the effectors in the mammalian Ras

signaling pathway.

Mitogen-activated protein kinase (MAPK) pathways are a
central relay of many extracellular signals leading to change in
gene expression. At least three MAPK pathways, which have
high structural homology and identity in biochemical mecha-
nisms of activation, have been identified in mammalian cells.
The JNK (c-Jun amino-terminal kinase) and p38 pathways are
involved primarily in the transduction of stress and cytokine
stimuli. The Erk (extracellular signal-regulated kinase) path-
way plays a major role in transduction of mitogenic and dif-
ferentiation stimuli (for reviews, see references 41 and 47). Ras
small GTPases have a pivotal role in regulation of proliferation
from both receptor tyrosine kinases (RTK) and G protein-
mediated receptors, (for reviews, see references 6 and 30).
Notably, Ras plays an essential role in the activation of the Raf
kinase, which directly phosphorylates and activates the Mek
kinase, leading to the activation of Erkl and Erk2 by phos-
phorylation on threonine and tyrosine residues. Phosphory-
lated Erks form homodimers (22) and translocate to the nu-
cleus, where they phosphorylate proteins involved in gene
regulation. Besides the Raf/Mek/Erk kinase cascade, other
downstream Ras effectors are known to participate in the pro-
liferative response (for a review, see reference 31). For exam-
ple, phosphoinositide 3-OH kinase (PI3-K) (42) and members
of the Rho family (for reviews, see references 17 and 23) have
been shown to be responsible for morphological changes in-
duced by Ras and are required for Ras-dependent transforma-
tion. Nevertheless, although the implication of Ras pathways,
and in particular the Raf/Erk pathway, in the control of pro-
liferation is well established, links with the control of the cell
cycle machinery are not clear. Ras-dependent exit from G,
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(45) and progression through G, via the control of the retino-
blastoma tumor suppressor protein (Rb) (34, 37) have been
demonstrated. However, the transcription factors implicated in
these responses and their target genes are poorly documented.
Thus, identification of the nuclear targets of the MAPK path-
ways is of critical interest.

Several transcriptional factors have been proposed to be
targeted by MAPKS, but the precise mechanism of their reg-
ulation by phosphorylation is not always known. For example,
ATEF-2 activity is regulated by both JNK and p38 kinase (16, 28,
48). The activities of MEF2C (18) and Chop (51) are enhanced
through phosphorylation by p38 kinase. Binding and subse-
quent phosphorylation of the c-Jun transactivation domain by
JNK leads to an increasing c-Jun activity (7, 25). JNK may also
play a role in the phosphorylation of the transcription factor
NFAT4 that leads to NFAT4 nuclear exclusion (3, 59). The
Erks seem to regulate transcriptional activities of several mem-
bers of the Ets family. The pointed domain of Ets2 (by analogy
with Ets-domain protein pointed-P2 [PntP2]) is required for
transcriptional activity and is phosphorylated by Erks in vitro
(32, 56). The ternary complex factor (TCF) Elk1 is a target for
all three MAPK pathways but through different determinants,
within the same region, for Erk, JNK, and p38 (57, 58). Elkl
phosphorylation in its carboxyl-terminal transactivation do-
main by MAPK leads to enhanced DNA binding and TCF
transcriptional activities (38, 55). Sap-1, another TCF family
member, is preferentially targeted by Erk and p38 (38, 54, 55).
ERS81 (19) and ERM (20) also appear to be targets of the
Ras/Raf/Mek/Erk signaling cascade, whereas Spi-B is phos-
phorylated by both Erks and JNK (29). Etsl and Ets2 tran-
scriptional activities are positively regulated by Ras (39, 56).
The Drosophila gene product Yan is an Ets transcriptional
repressor that is negatively regulated by Erk phosphorylation.
The phosphorylation affects the subcellular localization of the
protein (40) and also the stability of the protein. Another
Drosophila Ets-domain protein, PntP2, is activated after phos-
phorylation by Erk (2). Thus, the Ras/Erk pathway controls the
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development of R7 fate in the Drosophila eye through phos-
phorylation of two antagonizing transcription factors of the Ets
family, Yan and PntP2 (36). The involvement of the ets genes
in the proliferation processes is further supported by their
oncogenic potential and by the identification of ets gene rear-
rangements in human tumors (for a review, see reference 8).

EREF (Ets2 repressor factor) is a ubiquitously expressed tran-
scriptional repressor and member of the Ets family, as defined
by its DNA binding domain. ERF has no homology outside the
DNA-binding domain with other ets genes, except for PE-1
(24), with which it forms a new subclass of ets genes. We have
previously shown that ERF could act as a tumor suppressor
gene able to revert ets- and fos-induced tumorigenicity and that
the protein is probably regulated by phosphorylation during
the cell cycle and after mitogenic stimulation (44). In this
study, we show that Erks directly bind ERF and phosphorylate
it at multiple sites. Erk-dependent phosphorylation of ERF
governs its subcellular localization and thus its activity as a
transcriptional repressor. Consistent with an implication of the
Ras/Raf/Mek/Erk pathway, ERF acts as an immediate re-
sponse factor to both mitogenic stimuli and arrest signals.
Upon serum stimulation, ERF is immediately phosphorylated
and exported to the cytoplasm. Conversely, upon serum with-
drawal, ERF is rapidly dephosphorylated and imported into
the nucleus. To investigate ERF function in response to
MAPK phosphorylation, we used phosphorylation-deficient
ERF mutants. Mutated ERF proteins exhibit predominantly
nuclear localization and arrest cells in the G,/G, phase of the
cell cycle. Moreover, the constitutively nucleus-localized ERF
mutants, in contrast to the wild-type (wt) ERF, can suppress
cellular transformation induced by oncogenic Ras. Taken to-
gether, these results suggest that regulation of ERF transcrip-
tional repressor activity is critical for the control of cellular
proliferation.

MATERIALS AND METHODS

Plasmids. ERF mutations were generated by PCR with the following mutant
primers: T526A, CAGAGCTCACCCGCCTTGGGGcGAGGG; T357A, GCCC
ATGGCACCCGAGgCCCCACC; T271A, GGCCAGGTGGGTGGGCGcCAT
GGGC; SS246-251AA, AGGGATCCAGGACCGGCCAGAGGCGcCACAGG
GAAGGGGcgAGG; S161A, GAAGATGAAGAGCAGGCTGGTGGTGcGC
GG; and T148A, GGGGTCCTCGGTGGGGGACAGCACCTCGGAGGGCG
c¢TGAG (lowercase letters indicate the mutated nucleotides). The PCR products
were cleaved with the appropriate restriction endonucleases (T526A with Sacl
and Nhel, T357A with BstXI, SS246-251AA with Eael and Xmnl, S161A with
Sapl and Xmnl, and T148A with Avall and EcoRI). The mutated DNA frag-
ments were used to replace the corresponding fragment of the wt ERF in the
pSGS vector (44). The amplified regions were sequenced in their entirety to
confirm the mutation and the absence of any other PCR-generated mutations.
Multiple mutations were generated by swapping of the appropriate restriction
fragments (EcoRI-Avall for T148A, EcoRI-Sapl for S161A, BamHI for SS246-
251AA, BstXI for T271A, KpnlI-Nhel for T357A, and Nhel-SstI for T527A).
Clones were verified to contain the correct mutation and orientation by sequenc-
ing. The green fluorescence protein (GFP)-ERF fusion plasmid was generated by
inserting the 1.9-kb Smal-BstEII fragment of ERF in the Xhol site of pEGFP-C1
(Clontech). The GFP-ERF mutant plasmids were generated by replacing the
1.63-kb EcoRI-Dral fragment from the corresponding pSG5/ERF mutants. The
in-frame fusion was verified by the reactivity to the ERF carboxyl-terminal
antibody S17S. The promoter reporter plasmid (pTK-GATA.CAT), the plasmid
expressing the kinase domain of c-Raf-1 (pBXB), and the plasmid containing the
activated form of the Ha-ras gene (pT24) have been previously described (44).

Cell lines, transfection, and transformation. HeLa cells were maintained in
Dulbecco’s modified minimal essential medium (DMEM) supplemented with
10% bovine serum, NIH 3T3 cells were maintained in DMEM with 8% bovine
serum, and Ref-1 cells were maintained in DMEM with 10% fetal bovine serum.
The three cell lines have a progressively increased ability to suppress MAPK
activity in the absence of serum. Cell lines were transfected with calcium phos-
phate or Lipofectamine (Life Technologies) by the company protocol and ana-
lyzed 24 to 48 h after transfection. Cell lines expressing ERF were generated by
their ability to express the cotransfected neomycin resistance gene (neo) and
proliferate in the presence of 400 pg of gentamicin sulfate (Life Technologies)
per ml. Individual cell lines were tested for their ability to express elevated levels
of ERF mRNA and protein. Low-serum growth was tested in DMEM-20 mM
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HEPES-1 or 0.2% bovine serum for 7 to 14 days. Serum starvation of Ref-1 cells
was performed in DMEM-20 mM HEPES-0.04% bovine serum albumin (BSA)
for the indicated times (usually 1 or 20 h). Serum stimulation was performed by
the addition of fetal bovine serum to the starvation media to a 10 to 20% final
concentration. Tumorigenic potential was assessed by subcutaneous injection of
3 X 10° to 1 X 10° cells in athymic mice; the animals were monitored twice a
week for tumor development and general health.

Protein detection and phosphorylation. In vivo and in vitro ERF labeling,
detection, and phosphopeptide analysis were performed as previously described
(44) (see Fig. 3). Immunoprecipitation of Erk complexes was performed in 10
mM Tris-HCI-100 mM NaCl-0.1% Triton X-100 (TNT buffer) with 1 ug of a
rabbit polyclonal antibody against Erk1 and -2 that can specifically recognize the
native Erk proteins (Zymed) for every 100 pg of extract. In vitro association of
active or inactive glutathione transferase (GST)-Erk2 fusions (Upstate Biotech-
nology Inc.) with in vitro-translated ERF was tested under the following condi-
tions. ERF proteins were produced by the TnT in vitro translation system
(Promega), and at the end of the translation reaction, 20 ng of GST-Erk2 per ml
was added and left for 15 min at 30°C. The reaction mixtures were diluted
fivefold with TNT buffer, and the complexes were precipitated with glutathione
(GSH)-Sepharose (Pharmacia) for 1 h at room temperature, washed five times
with TNT buffer, and analyzed. The subcellular localization of GFP and GFP-
ERF fusions was detected by GFP autofluorescence. Transfected cells were fixed
with 4% paraformaldehyde and analyzed by microscopy. The subcellular local-
ization of ERF and ERF mutant proteins was determined by immunofluores-
cence. The ERF protein was detected in methanol-acetone-fixed cells by using
either S17S or M15C at a 1:30 dilution in 50 mM Tris-HCI-138 mM NaCl-2.7
mM KCI (TBS) plus 3% BSA and visualized with a biotin-labeled goat antirabbit
antibody at a 1:100 dilution and streptavidin-fluorescein isothiocyanate (Jackson
ImmunoResearch) at a 1:500 dilution in the same buffer by fluorescence micros-
copy. Replacement of the ERF-specific antibody with normal rabbit serum or
addition of the immunizing peptide at 10 pg/ml resulted in the loss of the signal.
Nuclear and cytosolic fractions for immunoblotting were obtained by lysing the
cells with 35 strokes in a glass Dounce homogenizer (pestle B) in 10 mM
Tris-HCI (pH 7.5)-300 mM sucrose-1 mM EDTA. Nuclei were pelleted at
2,000 X g for 5 min and washed with 10 mM HEPES-10 mM NaCl-1 mM
KH,PO,~5 mM NaHCO;-1 mM CaCl,-0.5 mM MgCl,-0.1% Nonidet P-40. All
buffers were supplemented with 1 mM orthovanadate, 1 ug of microcystin per
ml, 1 mM phenylmethylsulfonyl fluoride, 1 pg of pepstatin per ml, 10 pug of
aprotinin per ml, and 10 pg of leupeptin per ml. In immunoblotting, ERF was
detected with either the S17S or the M15C rabbit polyclonal antibody at a 1:1,000
dilution in TBS plus 0.05% Tween 20 (TBST). Erks were detected by immuno-
blotting with a rabbit polyclonal antibody (Zymed) at a 1:1,000 dilution in TBST
and an antibody against the phosphorylated forms of the enzymes (New England
Biolabs) at a 1:600 dilution in TBST. JNK was detected with a rabbit polyclonal
antibody (Santa Cruz) at a 1:100 dilution in TBST. In all cases a goat antirabbit
antibody conjugated with horseradish peroxidase (Caltag) was used at a 1:3,000
dilution in TBST as the secondary antibody in immunoblotting detection. The
results were visualized by exposure to either X-ray or Polaroid films. For in-gel
MAPK assay, Erks were immunoprecipitated with the anti-Erk rabbit polyclonal
antibody (Zymed) and analyzed in a 10% polyacrylamide gel containing 0.5 mg
of myelin basic protein per ml. At the end of the electrophoresis, the gel was
washed at room temperature for 1 h with 20% propanol-50 mM Tris (pH 8), for
1 h with 50 mM Tris (pH 8)-5 mM 2-mercaptoethanol, for 1 h with 6 M
guanidine-HCI, and for 16 h at 4°C with 50 mM Tris (pH 8)-5 mM 2-mercap-
toethanol-0.04% Tween 20. The kinase reaction was performed for 60 min at
25°C in 40 mM HEPES (pH 8)-2 mM dithiothreitol-5 mM MgCl-0.1 mM
EGTA-10 pCi of [y-*P]ATP per ml. The gel was washed with 5% trichloro-
acetic acid-1% sodium pyrophosphate, dried, and exposed to X-ray film. The
same method was utilized to determine the JNK activity by use of the anti-JNK
antibody (Santa Cruz) for the immunoprecipitation and GST-c-Jun protein as
the in-gel kinase substrate.

Analysis of cell DNA content. Analysis of the DNA content of live NIH 3T3
cells by flow cytometry was performed after transfection of 5 X 10° cells with 8
ng of plasmid DNAs (total). For cotransfections, 4 g of each plasmid was used.
One hour before harvest, 10 ug of Hoechst 33342 dye per ml was added to the
medium. At 24 or 48 h after the transfection, the cells were trypsinized, placed
in complete medium, and kept on ice until the analysis, which took place within
1 h. The live cells were analyzed by using a two-laser flow cytometer (Innova 70
[488 nm] and Innova 305 [MLUV] argon lasers). The cell cycle profile of GFP-
positive cells was obtained by using the ModFit LT 2.0 program. Monitoring of
the newly synthesized DNA in Ref-1 cells was performed after transfection with
a CD4-expressing plasmid as a marker of the transfected cells and the appro-
priate ERF-expressing plasmid. At 8 h before harvest, 50 uM bromodeoxyuri-
dine (BrdU) was added to the culture medium. At 24 and 48 h after transfection,
the cells were fixed and stained with an anti-BrdU mouse monoclonal antibody
(Sigma) at a 1:100 dilution in TBS plus 3% BSA, visualized with a biotin-labeled
goat antimouse antibody at a 1:100 dilution in TBS plus 3% BSA and strepta-
vidin-lissamine rhodamine at a 1:500 dilution in TBS plus 3% BSA (Jackson
ImmunoResearch), and analyzed by fluorescence microscopy. CD4-positive cells
were detected by using a fluorescein isothiocyanate-conjugated anti-CD4 mouse
monoclonal antibody (Immunotech) at a 1:10 dilution in 10 mM sodium phos-
phate (pH 7.5)-138 mM NaCl-2.7 mM KCI-1 mM CaCl,.
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FIG. 1. ERF is phosphorylated in response to mitogens but not in response to stress. (A) Ref-1 cells expressing the ERF gene were arrested by serum starvation
for 20 h and then induced for the indicated times with either 100 ng of epidermal growth factor (EGF) per ml or 25 ng of anisomycin (Anisom.) per ml. Thirty
micrograms of cellular extract was analyzed by SDS gel electrophoresis, and proteins were detected by immunoblotting with the indicated antibodies. (B) Three hundred
micrograms of the same cellular extracts was immunoprecipitated with anti-Erk or anti-JNK antibodies, as indicated. The kinase activity was detected by in-gel kinase
assay with, as substrates, myelin basic protein (MBP) for Erks and the amino terminus of c-Jun for JNKs.

RESULTS

Physical association and phosphorylation of ERF by Erks.
Our previous work suggested that ERF may be a substrate for
MAPKSs. The members of this family of serine/threonine ki-
nases phosphorylate similar sites, but they are distinguishable
both in their response to extracellular stimuli and in the rep-
ertoire of proteins that they phosphorylate. MAPKs and Erks
are activated in response to mitogenic stimuli (47) as down-
stream effectors of the Ras signaling pathway, whereas stress-
activated protein kinases (JNKs and p38) are activated in re-
sponse to stress factors in the cdc42/rac pathway (5, 33). To
determine if ERF was phosphorylated as a result of the acti-
vation of either pathway, we analyzed its in vivo phosphoryla-
tion following cellular stimulation by either EGF (mitogen) or
noninhibitory levels of anisomycin (stress). The activation of
MAPKSs and stress-activated protein kinases, respectively, by
these agents has been shown to be preferential for each class
(25, 52). As shown by the in-gel kinase assay, the observed
activation of Erks and JNKs by the respective stimuli was
specific (Fig. 1). Although no quantitative changes were evi-
dent at the protein level, ERF as well as Erk p42 and p44
proteins exhibited the characteristic mobility shift associated
with their phosphorylation. In contrast, ERF is not phosphor-
ylated as a result of stress-activated kinases. Similar results
were obtained when the cells were induced with either serum
or phorbol 12-myristate 13-acetate (Erk induction) or were
irradiated by UV light (JNK and p38 induction) (data not
shown). Furthermore, incubation with the specific kinase in-
hibitors rapamycin and wortmannin 30 min prior to the induc-
tion with serum or phorbol 12-myristate 13-acetate did not
affect ERF phosphorylation, indicating that neither PI3-K nor
S6 kinase was involved in ERF phosphorylation. The ability of
Erk2 to readily phosphorylate ERF in vitro and the good in
vivo correlation between the activation of Erks and the phos-
phorylation of ERF are indications that ERF may be phos-
phorylated in vivo by Erks.

A strong indication of the in vivo phosphorylation of a sub-
strate by a specific kinase is their physical association. We

performed an immunoprecipitation under nondenaturing con-
ditions with a rabbit anti-Erk polyclonal antibody (Zymed) that
recognizes nondenatured Erks (Fig. 2A, lanes 2 and 3), and the
immunoprecipitated complexes were examined for the pres-
ence of ERF with the S17S anti-ERF specific antibody. ERF
can be found in the complexes immunoprecipitated by the
anti-Erk antibody, but only under conditions in which the Erks
are activated (Fig. 2A, lane 3, and B, lane 2). Under these
conditions, ERF is phosphorylated, as shown by the mobility
shift of the protein (Fig. 2A, lanes 4 and 5). The Erk-ERF
interaction could also be detected in vitro by using the active or
the inactive forms of bacterially expressed GST-Erk2 fusion
proteins in combination with ERF synthesized in a cell-free
system (Fig. 2C). The active form of GST-Erk2 could phos-
phorylate ERF, and their physical association was evident by
the detection of ERF in GSH-Sepharose-associated complexes
(Fig. 2C, upper panel, lane 6). In contrast, the interaction
between inactive GST-Erk2 and ERF was at least an order of
magnitude weaker (Fig. 2C, upper panel, lane 5). To deter-
mine the region of ERF mediating the interaction with Erk2,
we analyzed the interaction between ERF deletion mutants
and activated GST-Erk2 (Fig. 2D). Our data suggest that the
region between amino acids 316 and 416 of the ERF protein is
required for strong interaction with GST-Erk2. The ERF mu-
tant with all seven putative MAPK sites mutated to alanine
(see below) (Fig. 2D, M1-7) could still effectively associate with
Erk2, indicating that phosphorylation of ERF at these sites did
not affect the interaction.

We have previously shown that threonine 526 is a site of in
vivo and in vitro phosphorylation by Erks (44). In order to
determine other possible sites of phosphorylation by Erks, we
employed the same approach of site-directed mutagenesis and
two-dimensional phosphopeptide mapping for the remaining
six optimal MAPK sites, at positions T148 (position 1), S161
(position 2), S246 (position 3), S251 (position 4), T271 (posi-
tion 5), and T357 (position 6). For the in vivo phosphorylation
we used activated GST-Erk2 kinase, and for the in vivo phos-
phorylation we used transfection and mitogenic stimulation.
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FIG. 2. Physical interaction of ERF and Erk in vivo and in vitro. (A) Ref-1 cells were grown in the absence of serum for 20 h (starved) and then were induced for
15 min with 20% fetal calf serum (serum). Five hundred micrograms of cellular extracts from Ref-1 cells expressing ERF was immunoprecipitated with an anti-Erk
rabbit polyclonal antibody under nondenaturing conditions (Erk IP) and analyzed by SDS gel electrophoresis. Twenty micrograms of cellular extracts before the
addition of the anti-Erk antibody and of extracts from cells growing in complete medium (control) was also analyzed on the same gel. The presence of the ERF protein
was detected by immunoblotting with the S17S anti-ERF specific antibody and is indicated by arrows. (B) Erk presence and activity in the same extracts were detected
by immunoblotting (upper panel) and in-gel kinase assay (lower panel) as described for Fig. 1. (C) In vitro-translated ERF was mixed with active or inactive GST-Erk2
(Upstate Biotechnology Inc.), and the complexes were precipitated with GSH-Sepharose and analyzed by SDS gel electrophoresis. The presence or absence of ERF
was detected by autoradiography (upper panel), and that of GST-Erk2 was detected by immunoblotting with an anti-Erk specific antibody (lower panel). (D) The
presence or absence of truncated ERF proteins in complex with active GST-Erk2 was detected as described for panel C. The numbers indicate the carboxy-terminal
amino acid of each deletion. M1-7 is a full-length ERF with all seven putative MAPK sites mutated to alanine. (E) Diagrammatic representation of the deletions and
mutation used for panel D. The Ets DNA-binding domain, the previously identified repression domain, and the putative MAPK phosphorylation sites are indicated.
Plus and minus indicate the interaction of each protein with active GST-Erk2 kinase.

We were not able to obtain phosphopeptide maps by using
either nonactivated GST-Erk2 or unstimulated cells because of
the negligible **P incorporation. Our analysis indicates that in
addition to T526 (position 7), S161 (position 2), S246 (position
3), and S251 (position 4) are also phosphorylated in vitro by
Erk2 and in vivo after mitogenic stimulation (Fig. 3A). The
phosphorylation on these four sites (indicated by arrows in the
wt panels in Fig. 3A) was determined either from the elimina-
tion of specific phosphopeptides or from the shift of a phos-
phopeptide to a more hydrophobic and less charged position
(Fig. 3A, ERFm2, in vivo) and is suggestive of the elimination
of one phospho residue from a peptide phosphorylated at
multiple sites. No changes in the phosphopeptide maps could
be detected with the other three ERF mutations (at T148,
T271, and T357), either in vitro or in vivo. As an additional
indication of phosphorylation, we determined the effects of
these mutations on the electrophoretic mobilities of the phos-
phorylated and nonphosphorylated ERF proteins. We have
previously shown that phosphorylation has a significant effect
on the electrophoretic mobility of the ERF protein. Alanine

mutations do not affect the mobility of the nonphosphorylated
form of the protein but have a clear effect on the mobility of
ERF after in vitro phosphorylation by Erk2. Phosphorylation
at positions 3 and 4 appears to have a major effect on the
mobility of the protein (Fig. 3B). In contrast, mutations at
other sites have a minimal effect. These data support the phos-
phopeptide mapping findings and our previously published
observations that the ERF mobility shift is due to protein
phosphorylation. Our analysis also indicates that, at least un-
der in vitro conditions, additional sites can be phosphorylated
by Erk2, generating characteristic phosphopeptides (Fig. 3A,
upper panels, ERFm1-7) that contribute to the mobility shift of
the protein (Fig. 3B, mutl-7). However, we were not able to
detect specific phosphopeptides with the 1-7 ERF mutation
after mitogenic stimulation (Fig. 3A, lower panels, ERFm1-7),
although the electrophoretic mobility of the 1-7 ERF mutant
was affected by serum stimulation. ERF has eight additional
suboptimal putative MAPK sites (44), and it is not clear at this
point if any of these sites are actually utilized in vivo. The sites
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FIG. 3. Identification of MAPK phosphorylation sites. (A) Upper panels, the indicated in vitro-produced proteins were purified by immunoprecipitation and labeled
with [y->?P]ATP and recombinant Erk2 kinase. Lower panels, for the in vivo labeling, plasmids encoding the indicated proteins were transfected into NIH 3T3 cells.
Twenty hours after transfection, the cells were serum deprived, labeled for 4 h with 32p, and stimulated for 10 min with serum, and the ERF proteins were
immunoprecipitated with the S17S antibody. The labeled proteins were isolated after SDS gel electrophoresis and digested with trypsin, and the tryptic peptides were
analyzed by chromatography and electrophoresis. The arrows in the wt ERF panels indicate the phosphopeptides eliminated or modified by the subsequent mutations.
The circles indicate the positions of the eliminated or modified peptides. (B) The indicated ERF proteins were synthesized in vitro and labeled with [**S]methionine.
Half of each sample (lanes +) was phosphorylated with active GST-Erk2 and ATP. The effect of the mutations on ERF mobility was determined after SDS gel

electrophoresis.

identified so far appear to be relevant and important for ERF
regulation (see below).

Subcellular localization of ERF. Our previous work sug-
gested that phosphorylation of ERF did not affect its ability to
bind to the specific Ets-binding site on DNA (44). In addition,
we found no evidence that phosphorylation may affect protein
stability in a way similar to Yan. Subcellular fractionation ex-
periments suggested that ERF could be found mostly in the
cytoplasmic fraction of proliferating cells. Therefore, we de-
termined the subcellular localization of ERF in relation to its
phosphorylation state. We employed direct immunofluores-
cence with two ERF-specific antibodies (S17S and M15C) to
analyze the ERF subcellular localization. In exponentially
growing cells, ERF could be detected almost exclusively in the
cytoplasm (Fig. 4). However, upon serum starvation and exit
from the cell cycle, ERF could be found only in the nucleus.
This process was rapid; nuclear ERF could be detected within

15 min after serum withdrawal, and its nuclear relocalization
was complete within 30 to 45 min. The entire process was
reversed upon mitogenic stimulation, and ERF could be de-
tected in the cytoplasm within 5 min following stimulation.
This translocation was complete within 10 to 15 min. The
nuclear localization of ERF was also induced in the presence
of serum by the addition of the specific inhibitor PD98059,
which specifically blocks Erk activation by MEK1 (9) (Fig. 4).
The same inhibitor blocked the exit of ERF from the nuclei of
serum-arrested cells after serum addition, suggesting that the
subcellular localization of ERF is totally dependent on MAPK
activation and phosphorylation.

In order to determine whether this process was associated
with the phosphorylation of ERF, we examined its phosphor-
ylation state by immunoblotting (Fig. 4B). Nuclear and cyto-
plasmic extracts were prepared from stimulated or quiescent
cells in the absence or presence of the MAPK activation in-
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FIG. 4. Phosphorylation-dependent subcellular localization of ERF. (A) Ref-1 cells growing under the indicated conditions were fixed and stained with the S17S
anti-ERF specific antibody and visualized by fluorescence microscopy (magnification, X70). (B) Total and nuclear protein extracts from the same cells were analyzed
by immunoblotting with the same anti-ERF specific antibody. Activated Erks were detected with an antibody directed against their phosphorylated form.

hibitor PD98059. Care was taken to minimize cross contami-
nation between the nuclear and cytoplasmic fraction. Consis-
tent with the immunofluorescence data, ERF could be found in
the nuclear fraction either in quiescent cells or in the presence
of the MEK1 inhibitor PD98059. Under these conditions, ERF
was not phosphorylated as indicated by its faster mobility in
sodium dodecyl sulfate (SDS) gel electrophoresis. Under the
same conditions, we were unable to detect the phosphorylated
form of MAPK with an anti-phospho-Erk specific antibody
(New England Biolabs), indicating that the kinases are inactive
(Fig. 4B).

In order to determine if any of the MAPK phosphorylation
sites that we have identified on ERF may be responsible for its
regulated subcellular localization, we generated fusions of
ERF mutants with GFP. The fusion of the wt ERF with GFP
exhibited the same subcellular localization in response to
growth arrest as the ERF protein (Fig. 5SA), and it was active as
a transcriptional repressor (not shown). Upon introduction of
mutations that eliminate MAPK phosphorylation sites on
ERF, an increased incidence of nuclear localization of ERF in
proliferating cells was observed (Fig. 5B). Mutations at amino
acids 246 (position 3), 251 (position 4), and 526 (position 7), in
particular, contributed to an increased nuclear localization.
However, none of the three mutations alone or in combination
was sufficient for the exclusive nuclear localization of ERF. In
contrast, mutation of all seven putative MAPK sites resulted in
the predominantly nuclear localization of ERF, suggesting that
although position 161 by itself does not appear to affect the
localization of the protein, it is necessary for this process (Fig.
5B, ERFmut3-7 versus ERFmut 1-7). Mutations to glutamic
acid at positions 3, 4, and 7, alone or in combination, caused a
subcellular distribution similar to the wt, suggesting either that
the negative charge of the glutamic acid may not be sufficient
to mimic phosphorylation or that other positions are also re-
quired. Alternatively, phosphorylation may not be important
for nuclear import but may be required for nuclear export.
None of the mutations inhibited the ability of ERF to trans-
locate to the nucleus upon serum withdrawal. These data fur-

ther indicate that the direct phosphorylation of ERF by MAPK
is responsible for the regulation of its subcellular localization.

Growth arrest by nuclear ERF. The rapid translocation of
EREF into the nucleus upon growth factor deprivation and its
subsequent immediate export upon mitogenic induction sug-
gested that ERF may contribute to proliferation control. Such
a hypothesis is consistent with our difficulties in obtaining cell
lines expressing high levels of ERF and with the inability to
obtain cell lines expressing nucleus-localized ERF mutants. In
order to determine the fate of cells expressing an ERF mutant
that is localized predominantly in the nucleus (ERFm1-7), we
analyzed the DNA content of transiently transfected cells. NTH
3T3 cells were transfected with a GFP-expressing plasmid and
either an empty vector or a vector encoding the wt ERF or the
ERF mutated in all seven sites (Fig. 6A, mERF). At 24 and
48 h posttransfection, live cells were analyzed by flow cytom-
etry. The fluorescence of the GFP was used to score the trans-
fected-cell population. The DNA content of these cells was
determined by the fluorescence intensity of Hoechst 32224 dye,
which stains DNA in live cells (Fig. 6A, horizontal axis). In our
experiment G,/G,; and G,/M cells have average fluorescence
intensities of 80 and 160, respectively. The area in each seg-
ment defines the number of cells in each stage of the cell cycle.
Our data (Fig. 6A) indicate that about 83% of the cells ex-
pressing the nucleus-specific ERF mutant had a DNA content
corresponding to G,/G, cells, in contrast to 70% of cells ex-
pressing the wt ERF and 63% of cells expressing GFP alone.
Similar data were obtained when GFP-ERF fusions were used
instead of GFP and ERF cotransfections. However, the level of
expression of the mutated ERF, either when GFP-ERF fusions
were used or when GFP- and ERF-expressing plasmids were
cotransfected, was more than 1 order of magnitude lower than
that of wt ERF or GFP alone. This could be estimated by the
intensity of the GFP fluorescence of the transfected cells,
shown on the horizontal axis of Fig. 6B in logarithmic scale.
When cell populations with comparable levels of GFP or GFP-
ERF expression were used for this analysis, with a GFP inten-
sity 10% to 10°, more than 95% of the cells expressing mutated
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FIG. 5. Site-specific phosphorylation determines ERF localization. (A) Ref-1
cells were transfected with a GFP-expressing plasmid (a and b) or with plasmids
expressing GFP-EREF fusion proteins (c to j). The localization of the proteins was
determined by the GFP fluorescence in exponentially growing cells (a, ¢, and e
toj) or 1 h after serum withdrawal (b and d). (a and b) GFP; (c and d) GFP-ERF;
(e) GFP-ERFmutl-2; (f) GFP-ERFmut3-4; (g) GFP-ERFmut7; (h) GFP-
ERFmutl-5; (i) GFP-ERFmut3-7; (j) GFP-ERFmut1-7. (B) The localization of
hybrid proteins expressed from the same plasmids as for panel A was scored in
at least three different experiments. The values are the averages from at least 100
positive cells. Cells with proteins localized exclusively in the nucleus or in the
cytoplasm were scored in the respective category. Ubiquitous distribution in-
cludes cells with detectable fluorescence in both compartments even when the
distribution was not even.

ERF were in the Gy/G, state, in contrast to 73 and 65%,
respectively, for wt ERF- and GFP-expressing cells. We also
tested the ability of cells transfected with ERF to progress in
the cell cycle by examining their competence in incorporating
BrdU in newly synthesized DNA. Ref-1 cells were transfected
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with a plasmid encoding CD4, to allow scoring of the trans-
fected cells, and either an empty vector or a vector encoding
for wt ERF or ERF mutated in all seven sites (Fig. 6C,
mutERF). At 16 and 40 h posttransfection, the cells were
labeled with BrdU for 8 h. CD4-positive cells were scored for
BrdU incorporation under fluorescence microscopy. Figure 6C
shows that fewer than 10% of the cells expressing the
ERFm1-7 mutant could incorporate BrdU 24 h after the trans-
fection, in contrast to 30% of the wt ERF-expressing cells and
more than 70% of those with the CD4 marker plasmid alone.
These numbers were proportionally higher 48 h after the trans-
fection. Both the flow cytometry (Fig. 6A) and the nuclear
morphology (Fig. 4A and 5A) data provided no indication of
apoptosis with either the wt or the mutated ERF. These data
suggest that entry of ERF into the nucleus results in the inhi-
bition of cellular proliferation by cell cycle arrest, consistent
with its possible role as a growth-controlling protein.
Suppression of ras-induced tumorigenicity by ERF. The
phosphorylation and regulation of ERF by MAPKSs indicated
that it could be an effector in the branch of the Ras signal
transduction pathway mediated by Erks. We have previously
shown that ERF, in contrast to v-ets and v-fos, does not effect
ras-induced tumorigenicity and that addition of activated ras or
raf in transient-transfection assays inhibits the ERF transcrip-
tion repressor activity (44). In order to determine if the phos-
phorylation-dependent subcellular localization of ERF corre-
lated with its ability to inhibit cellular transformation, we
introduced phosphorylation-deficient ERF mutations in Ha-
ras-transformed NIH 3T3 cells. ERF-transfected cell lines were
obtained at a frequency inversely proportional to the number
of mutations carried by the ERF gene. Only two cell lines
carrying the ERFm1-7 mutation were obtained, and the level
of expression of the mutated protein, as determined by immu-
noblotting, was 10- to 20-fold lower than that of the other ERF
mutants and 3- to 4-fold higher than that of the endogenous
ERF protein. Established cell lines, in which expression of
EREF, retention of the activated Ha-ras gene, and activation of
MAPKSs could be confirmed, were analyzed for growth rate,
morphological changes, ability to grow in low-serum and sus-
pension media, and tumorigenic potential. The growth rates of
clones obtained with all ERF mutations were comparable, with
no statistically significant difference for any of the mutations
(Table 1). However, differences were evident in the other tests.
wt ERF had no detectable effect on ras-transformed cells.
Their morphology, ability to grow in low-serum medium and in
soft agar, and ability to cause tumors after injection into athy-
mic mice were identical to those of the parental Ha-ras-trans-
formed NIH 3T3 cells (Fig. 7A and Table 1). In contrast,
ras-transformed cells transfected with ERF mutants that had
alanine mutations at the sites of phosphorylation by MAPK
exhibited distinct phenotypes dependent on the specific muta-
tions. Single mutations had no detectable effect, except for
mutation 7, which affected tumor development but not mor-
phology or soft-agar colony formation (Fig. 7A, Table 1, and
unpublished data). Threonine 526 is the major serum-induc-
ible phosphorylation site, and we have previously shown that
phosphorylation at this site decreased the repressor activity of
ERF (44). Multiple mutations that abolished more than one
phosphorylation site caused altered morphology, decreased
ability to grow in soft agar, and decreased ability to cause
tumors following injection into nude mice (Fig. 7A, Table 1,
and unpublished data). Mutation 1-7 caused a morphology
reminiscent of that of nontransformed NIH 3T3 cells and ex-
hibited comparable tumorigenic potential. We were not able to
detect expression of the ERFm1-7 mutant protein in the tu-
mors that arose from these cells, although the presence of the
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FIG. 6. Cell cycle arrest by ERF. (A) NIH 3T3 cells were cotransfected with a GFP-expressing plasmid and an empty vector plasmid, a plasmid expressing wt ERF
(ERF), or a plasmid expressing the ERFm1-7 mutant (mERF). At 24 and 48 h after transfection, the cells were harvested and the DNA content of GFP-positive cells
was determined by flow cytometry from the fluorescence of Hoechst 33342 dye. The data were analyzed with the ModFit LT 2.0 program. The black area represents
S phase cells. (B) The protein expression level in the transfected cells was determined by the intensity of the GFP autofluorescence. (C) Ref-1 cells were cotransfected
with a CD4-expressing plasmid and an empty vector plasmid (C), a plasmid expressing wt ERF (ERF), or a plasmid expressing the ERFm1-7 mutant (mutERF). Cells
were scored for CD4 expression and BrdU incorporation by immunofluorescence. The values are the averages for at least 300 CD4* cells from three independent

experiments. The bars indicate statistical error.

transgene was detectable. Similar results were obtained when
pools instead of individual clones were used for the tumor
assays. However, tumors developed 1 week earlier on average,
possibly due to the variable expression of the mutated ERF
transgene introduced by cotransfection with the selectable
marker or even to a total lack of transgene expression. We
were not able to use pools for the ERFm1-7 mutant due to the
lack of clones. However, the results for all the other mutations
were consistent, minimizing the possibility of clonal variation
effects in our results. In addition, independent clones, with
comparable levels of expression of a given mutant, gave similar

TABLE 1. Suppression of ras tumorigenicity by ERF mutations”

No. of mice with tumors/total at wk:

. Doubling
Cell line time (h)’ 3 : 5 p . s

3T3 26 1/5 1/5
Ras 24 5/5

Ras/ERF 23 5/5

Ras/ERFm1-2 23 1/5 2/5 3/5 5/5
Ras/ERFm3-5 24 2/5 4/5 5/5
Ras/ERFm7 22 1/5 3/5 5/5
Ras/ERFm3-7 24 1/5 35 45 55
Ras/ERFm1-7 24 1/5 2/5

“ One-quarter million of G418-selected NIH 3T3 cells generated after trans-

fection with the indicated plasmids were injected subcutaneously into athymic
mice. The animals were monitored twice a week for tumor development and
general health. The mutations are as in Fig. 7.

®In complete growth medium.

phenotypes regarding morphology, growth rate, and soft-
agar growth. In contrast, low-level expression of mutated
ERF proteins (other than the ERFm1-7 mutant) gave a
much weaker suppression of the ras-induced transformation
in these assays.

The abilities of the various ERF mutants to suppress ras-
induced transformation were consistent with their subcellular
localization. wt ERF was cytoplasmic; ERF mutated at posi-
tions 246, 251, and 273 (ERFm3-5) could be detected in both
compartments; and the protein mutated in all seven sites
(ERFm1-7) was nuclear (Fig. 7B). The localization of ERF in
ras-transformed cells was insensitive to serum withdrawal but
sensitive to the MEK1 inhibitor PD98059 (Fig. 7B and unpub-
lished data). These data suggest that subcellular localization
may be the major mode of ERF regulation. The transforma-
tion data were also consistent with the transcriptional inhibi-
tion of a reporter gene by ERF. wt and mutated ERFs were
tested for their ability to repress a reporter gene in the pres-
ence of MAPK activators. We utilized the artificial promoter
reporter plasmid carrying two copies of the Ets-binding site of
the GATA-1 gene. This reporter has been previously used
successfully by us and others (43, 44) and has the advantage of
having detectable activity in the presence of ERF, so the level
of derepression can be estimated accurately. Similar derepres-
sion was also observed by using reporter genes with other
Ets-dependent native or artificial promoters. In these tran-
sient-transactivation assays, ERF mutants that exhibited nu-
clear localization were insensitive to inactivation by MAPK
activators such as ras and raf, in contrast to the wt ERF (Fig.
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FIG. 7. ERF mutants can suppress the ras-transformed phenotype. (A) NIH 3T3 cells transformed with pT24 Ha-ras were transfected with wt or phosphorylation-
deficient ERF mutants. Transformed cells were selected with G418 to establish colonies and cell lines. Cells from established cell lines were grown in the presence of
1% serum for 10 days to determine effects on cell morphology and photographed with a 10X phase-contrast lens. The numbers indicate the mutation(s) for each
plasmid: 1, T148A; 2, S161A; 3, S246A; 4, S251A; 5, T271A; 6, T357A, and 7, T526A. (B) The subcellular localization of ERF mutants in ras-transformed NIH 3T3
cells was determined by immunofluorescence in exponentially growing cells in the presence or absence of the specific MEKI inhibitor PD98059 (PD). (C) One
microgram of the pTK-GATA.CAT reporter plasmid was cotransfected into HeLa cells with 0.5 g of the indicated ERF plasmid and 1 pg of the indicated Ha-ras
and c-raf-1 plasmids. The bars indicate inhibition of chloramphenicol acetyltransferase (CAT) activity relative to that in the samples in the absence of exogenous ERF.

7C), suggesting again that nuclear localization may be the
major mode of regulation of the ERF repressor activity.

Collectively our findings suggest that the phosphorylation of
ERF by MAPK and its subsequent inactivation by export to the
cytoplasm may be required steps for cellular proliferation and
contributing factors to ras transforming ability.

DISCUSSION

The RTK/Ras/Erk signaling pathway is probably the most
extensively studied pathway and has been associated with a
plethora of physiological and malignant conditions. Several
transcription factors that mediate this signal transduction path-
way and result in the modification of the cellular transcription
program have been identified. However, it is not always clear
how these possible effectors are regulated by the RTK/Ras/Erk
pathway. In this work, we provide evidence that ERF, a ubiq-
uitously expressed transcriptional repressor encoded by a gene
belonging to the ets family of genes, is directly phosphorylated
by Erks and is exported from the nucleus as a result of this
phosphorylation. Furthermore, we provide evidence suggesting
that ERF may control cellular proliferation and that its inac-

tivation by phosphorylation may be a required step in the
development of ras-induced transformation. Thus, ERF ap-
pears to be one effector of a major signaling pathway in mam-
malian cells.

ERF is a MAPK target. Erks have been shown to partially
translocate into the nucleus upon activation (11, 12), where
they phosphorylate transcription factors and alter their func-
tion. However, the repertoire of putative targets of Erks is
rather limited (e.g., c-Myc [15]) and includes mostly members
of the Ets family of transcription factors (Elk1 [58], Yan [40],
Lin1 [46], and Ets2 [32]). Our data demonstrate that ERF is a
specific target for Erks and is phosphorylated in vivo and in
vitro at multiple sites. Four such sites have been so far iden-
tified, and additional sites cannot be excluded (Fig. 3). Addi-
tional sites on ERF can be phosphorylated by Erk2 in vitro,
and in vivo phosphorylation at other sites by Erks or other
kinases cannot be excluded. Indeed, the ERFm1-7 mutant
exhibits a slower mobility than the ERF protein isolated from
resting cells, indicating either that additional phosphorylation
sites are utilized or that the protein undergoes additional mod-
ification that may be phosphorylation dependent. However, in
all of the cases that we tested, we were not able to identify any
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condition where ERF activity, phosphorylation, and subcellu-
lar localization changes were independent of Erk activity. Our
attempts included the use of stress factors; protein kinase A
and C inducers; calcium ionophore; inhibitors of PI3-K, S6
kinase, and p38 kinase; and phosphatase inhibitors (unpub-
lished data). Erk phosphorylation sites appear to be readily
involved in the regulation of the ERF protein. In contrast to
most other transcription factors that may be Erk substrates, it
appears that ERF is phosphorylated in vivo predominantly, if
not exclusively, by members of the Erk subclass (Fig. 1). This
was also the case in vitro, where phosphorylation of ERF by
MAPKSs other than Erks was minimal or absent (unpublished
data). We cannot exclude the possibility that other members of
the MAPK family of kinases may be able to phosphorylate
ERF in vivo. However, the total dependence of ERF regula-
tion on the specific MEKI inhibitor PD98059 strongly argues
that Erks are the predominant regulators of its function. The
specificity of this phosphorylation is further supported by the
physical association of the two proteins in vivo (Fig. 2). This
association is fairly strong, and almost 10% of the total ERF
can be found in complexes with Erks after mitogenic stimula-
tion. A similar percentage of the total Erk protein could be
found associated with GST-ERF when pull-down experiments
were performed (unpublished data). It is of interest that the
activated but not the inactive form of Erk preferentially asso-
ciates with ERF. This preference, observed in the in vitro
experiments (Fig. 2), may be related to structural changes
associated with the activation of Erk, including its dimerization
(22). In contrast, phosphorylation of ERF does not appear to
affect the association with Erk (Fig. 2 and unpublished data).
In vivo, the apparent specificity of the activated Erks towards
EREF is further enhanced due to the different localization of
the two proteins. ERF is nuclear in resting cells, whereas Erks
are cytoplasmic; thus, any physical interaction would not be
possible.

It has been shown (58) that a specific region of the Elkl
protein, called the D domain, mediates the interaction of Elk1
with Erks. We were not able to identify any region within the
ERF protein that has sequence similarity with the Elkl D
domain. Similar tertiary structures can be formed by two pro-
teins even when no homology in the primary sequence is de-
tected. Such a possibility cannot be excluded for the Erk in-
teraction domains of ERF and Elk1l. However, Elkl and ERF
are members of the same family; thus, if their respective Erk
interaction domains are functionally similar, some sequence
similarity would be expected, as in the case of their DNA-
binding domains. An alternative hypothesis is that the two Erk
interaction domains are distinct. This hypothesis is further
supported by the fact that ERF does not appear to be a sub-
strate for JNK or p38, in contrast to Elk1, which interacts with
JNK and p38 through the same D domain. Thus, it appears
that the Elk1 D domain is a structural determinant for binding
by all three MAPK subclasses, whereas the Erk association
domain of ERF seems to be specific for Erkl and Erk2. Fur-
ther analysis is necessary to identify the minimal structural
determinants of ERF required for its interaction with Erks.

Nuclear-cytoplasmic shuttling of ERF. Subcellular distribu-
tion of growth-regulating proteins (Rb, p53, Myc, Fos, and
NF-kB [for a review, see reference 49]) as a function of the cell
cycle stage has been observed and has been suggested as a
mode of their regulation. Controlled nuclear import upon
stimulation appears to be the most common process for these
proteins. In contrast, stimulation-induced nuclear export of
transcription factors has been recently described for NFAT4,
which is exported from the nucleus upon phosphorylation by
JNK (3) or casein kinase II (59). In both cases, however,
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phosphorylation has been implicated directly or indirectly as
one of the possible regulatory mechanisms (21). The experi-
ments presented here indicate that ERF is regulated during
nuclear import and/or export and that this process depends on
its phosphorylation by Erks (Fig. 4 and 5). In resting cells, ERF
is located in the nucleus and upon mitogenic stimulation is
phosphorylated by Erks and exported immediately into the
cytoplasm, where it stays with a half-life of more than 4 h. This
process is blocked by leptomycin B, suggesting an active nu-
clear export (unpublished data). Conversely, upon growth fac-
tor withdrawal, ERF is rapidly dephosphorylated and imported
into the nucleus. The process is dependent primarily on Erks,
and it can take place in the presence of growth factors when
MAPKSs are inhibited by the specific inhibitor PD98059, which
inhibits the phosphorylation of Erks by MEK1 (9). In contrast,
the p38 inhibitor SB203580 does not affect ERF localization
when Erks are active (unpublished data). However, prelimi-
nary observations suggest that stress-induced pathways may
control dephosphorylation of ERF and contribute to the mech-
anism of its nuclear import.

Our data demonstrate that ERF is found in its unphosphor-
ylated form when isolated from nuclear extracts (Fig. 4B) and
that phosphorylation of ERF at multiple sites is required in
order for it to be effectively exported from the nucleus (Fig.
5A). Although ERF has a nuclear localization signal (NLS)
within the DNA-binding domain, like other members of the
Ets family, it does not contain a recognizable nuclear export
signal with any similarity to the previously identified ones (for
reviews, see references 4 and 14), and thus it may represent a
new class of exported proteins. The extensive mobility shift of
the protein after phosphorylation suggests a drastic change in
the protein structure upon phosphorylation. Most of this
change can be attributed to phosphorylation in the middle
section of the protein (Fig. 2B). However, phosphorylation at
only these sites is not sufficient to drive the protein into the
cytoplasm (Fig. 5A), suggesting that further phosphorylation at
the other sites (sites 2 and 7) may be involved in the substrate
recognition of the export machinery. Another effect of the
phosphorylation at these sites may be to expose recognition
determinants for proteins responsible for sequestering a tran-
siently exported ERF protein in the cytoplasm. Masking of the
NLS, in contrast to the recently reported case of NFAT4 (59),
does not appear to be a likely mechanism of ERF regulation.
Replacement of the entire ERF DNA-binding domain with
other NLS-carrying domains results in hybrid proteins that
exhibit a subcellular distribution similar to that of the wt ERF
(unpublished data). In addition, we have previously shown that
phosphorylation does not affect the DNA binding ability of
EREF in vitro, which argues against extensive structural changes
within the NLS-containing DNA-binding domain of ERF. The
localization of the ERF glutamic acid mutants indicates that a
negative charge at positions 3, 4, and 7 is not sufficient to
inhibit nuclear import, suggesting that dephosphorylation
might not be critical for the import process per se. It is con-
ceivable that the rate of the export process is dependent on
phosphorylation. However, under quiescent conditions, cofac-
tors required for ERF recognition and relay to the export
machinery may not be available or active; thus, the glutamic
acid mutants would stay in the nucleus. Overall, the extensive
phosphorylation throughout ERF, required for its proper sub-
cellular localization, suggests multiple controlling events (e.g.,
conditional recognition by the export and/or import machinery
or conditional sequestration in either compartment) and sup-
ports the hypothesis that the immediate response of ERF to
growth stimulation or arrest is part of the mechanism that
controls cellular proliferation.
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The control of the ERF subcellular localization is similar to
the one identified for Yan (36, 40), where upon induction of
the Sevenless pathway, Yan is phosphorylated, exported into
the cytoplasm and degraded after ubiquitination. ERF is also
phosphorylated and exported into the cytoplasm as a result of
the Ras signaling pathway, but in contrast to the case for Yan,
we were not able to detect any effects on the protein stability as
a result of phosphorylation. ERF remains in the cytoplasm of
proliferating cells, and upon growth arrest it rapidly translo-
cates back into the nucleus. This immediate response suggests
that ERF may have a distinct role in the regulation of the
G,y/G, transition. Although ERF and Yan have only limited
homology within the Ets DNA-binding domain, the conserva-
tion of two Ets-domain transcriptional repressors regulated
within the same pathway and in a similar manner is suggestive
of their fundamental role.

Growth inhibition by ERF. The Ras signaling pathway is one
of the major and better-characterized pathways of mitogenic
response, and it results in the activation of transcription factors
that alter the cell transcription program and, ultimately, pro-
liferation. Noticeably, the branch of the Ras pathway mediated
by Erks modifies the activities of Ets transcription factors (Elk1
[57], PEA-3 [35] and Ets2 [32, 56]) that have been shown to be
oncogenic themselves and have been suggested to contribute
to ras transformation. ERF is a member of the Ets family that,
in contrast to most other members, is a transcriptional inhib-
itor. Our data demonstrate that activation of the Ras/Erk path-
way leads to ERF inactivation by nuclear export. In addition,
forced nuclear localization of ERF is able to suppress ras-
induced transformation (Fig. 7 and Table 1), suggesting that its
export from the nucleus is required for the development of the
transforming phenotype. Finally, nucleus-localized ERF is ca-
pable of arresting cells at the G/G; stage of the cell cycle (Fig.
6). These data suggest that ERF is a growth-regulating protein
within the Ras/MAPK signaling pathway.

Overexpression of Ets-domain proteins has been shown to
inhibit ras transformation, probably by occupying Ets-binding
sites with a nonactive transcription factor and thus inhibiting
normal Ets function (53). Overexpression of normal or VP16-
fused Ets2 also has an inhibitory effect on ras transformation
(10), indicating that overexpression experiments may interfere
with the function of other Ets-domain proteins and contribute
to the observed phenotype. For the same reasons, overexpres-
sion-related effects in our system cannot be excluded. How-
ever, there is evidence suggesting that ERF is indeed a tran-
scription factor related to cellular proliferation and the Ras
signaling pathway. ERF nuclear localization is consistent with
cellular proliferation; thus, arrest by either serum deprivation
or contact inhibition results in the nuclear localization of this
transcriptional repressor. ERF physically interacts with Erks
and is regulated via phosphorylation by an established Ras
effector. Furthermore, we have previously shown that an over-
expressed ERF mutant with a mutation that eliminates its
repressor domain, although nuclear, cannot suppress E26-in-
duced transformation, arguing against the competition hypoth-
esis (44). Replacement of the ERF DNA-binding domain with
the Flil DNA-binding domains results in a protein similarly
regulated but with a distinct phenotype, arguing for the recog-
nition of specific target genes related to the suppression effect
(unpublished data). We have not been able to establish cell
clones that express high levels of wt ERF in nontransformed
cells, in contrast to transformed cells (44). Neither have we
been able to establish cell lines expressing high levels of ERF
mutants that localize in the nucleus (more than 10-fold over
that of the endogenous ERF, as determined by Western anal-
ysis), even in transformed cells. Only lines that express low
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levels of ERF mutants (four- to eightfold over the endogenous
level) could be obtained, with a very low frequency. The case of
Yan, the Drosophila Ets-domain protein with similar function
and regulation (36, 40), suggests that a functionally similar Ets
protein conceivably exists in mammalian cells. The ability of
ERF to suppress v-fos-induced tumorigenicity (44) argues that
ERF may be within the pathway of mitogenic response. Finally,
the hypothesis that ERF is a growth-regulating gene within the
Ras signaling pathway is consistent with the notion that a
fundamental cellular process is likely to be at least partly me-
diated by ubiquitous effectors. ERF, in contrast to many other
ets genes suggested to be regulated by the Ras/MAPK pathway,
is expressed in all cells, tissues, and developmental stages
tested and at fairly constant levels (27).

It is unclear at this point which genes are controlled by ERF
and mediate its effect on cell proliferation. D cyclin genes,
which respond to Ras activation (26) and have been suggested
to be regulated by Ets-domain proteins (1), are possible can-
didate genes. In addition the p21 (13) and p53 (50) genes are
also cell-cycle-regulated genes reported to be affected by ets
genes. However, a plethora of efs targets have been reported,
including transcription factors (Ets2, Etsl, JunB, c-Fos, NF-«B,
Myc, and GATA-1), matrix receptors and ligands (integrins
aV, a2, and B2 and osteopontin), proteinases (stromelysine-1,
collagenase, gelatinase, and urokinase-type plasminogen acti-
vator), and keratins. Several of these genes can be repressed by
ERF in transient-transactivation assays (unpublished data).
However, in this type of assay, ERF can repress all of the
tested reporter genes that contain an Ets-binding site, suggest-
ing that such an approach may not be informative and that
gene elimination studies may be necessary to identify ERF
target genes. The combination of a multitude of efs genes with
similar DNA-binding specificities and the plethora of possible
ets targets makes the identification of a specific gene as a target
of a single ets gene fairly uncertain. It appears, though, that the
possible targets of ERF are ubiquitously expressed cell-cycle-
regulated genes, absent in the G, state, that are required for
cell cycle entry and/or progression. To that extent, components
of the cell cycle machinery and immediate-early mitogenic
response genes are valid candidates.

Concluding remarks. The proliferation-dependent subcellu-
lar localization of ERF, its ubiquitous cell type distribution,
and its regulation by a major mitogenic pathway suggest that
ERF may be involved in the control of cellular proliferation
and may be an effector in the Ras signaling pathway in mam-
malian cells. Furthermore, ERF may represent a class of pro-
teins exported from the nucleus and may provide a novel do-
main for substrate recognition and specific interaction with
Erks. Finally, its possible role in cellular proliferation, its phys-
ical association with Erks, and the control of its activity by Erks
provide a new interface for targeting efforts to control cellular
growth.

There are many questions regarding ERF function and reg-
ulation that will need to be addressed, including the mecha-
nism of nuclear import and export, the mechanism of tran-
scriptional repression, possible mediation of other signaling
pathways in its control, and the identification of genes regu-
lated by ERF. However, the elucidation of critical steps in its
regulation and function presented here should facilitate these
efforts.
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