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The ets domain transcriptional repressor ERF is an effector of the receptor tyrosine kinase/Ras/Erk pathway,
which, it has been suggested, is regulated by subcellular localization as a result of Erk-dependent phosphor-
ylation and is capable of suppressing cell proliferation and ras-induced tumorigenicity. Here, we analyze the
effect of ERF phosphorylation on nuclear import and export, the timing of its phosphorylation and dephos-
phorylation in relation to its subcellular location, Erk activity, and the requirements for ERF-induced cell cycle
arrest. Our findings indicate that ERF continuously shuttles between the nucleus and the cytoplasm and that
both phosphorylation and dephosphorylation of ERF occur within the nucleus. While nuclear import is not
affected by phosphorylation, ERF nuclear export and cytoplasmic release require multisite phosphorylation
and dephosphorylation. ERF export is CRM1 dependent, although ERF does not have a detectable nuclear
export signal. ERF phosphorylation and export correlate with the levels of nuclear Erk activity. The cell cycle
arrest induced by nonphosphorylated ERF requires the wild-type retinoblastoma protein and can be sup-
pressed by overexpression of cyclin. These data suggest that ERF may be a very sensitive and constant sensor
of Erk activity that can affect cell cycle progression through G1, providing another link between the Ras/Erk
pathway and cellular proliferation.

Subcellular compartmentalization is one of the ways to reg-
ulate protein function, especially proteins mediating immedi-
ate-early responses in signal transduction pathways (20). Nu-
cleocytoplasmic shuttling usually does not require new protein
synthesis and is a common regulatory mechanism for many of
these proteins. Since the original report on NF-�B by Baeuerle
and Baltimore (6), several transcription factors that trigger
immediate-early responses have been found to be regulated in
this way, such as NF-AT (11), p53 (22), Smads (61, 61), Yan
(41, 56), and ERF (32), as well as signaling kinases such as
Erk2 (19) and MAPKAP-K2 (37). However, regulated nucle-
ocytoplasmic transport has been reported for a variety of pro-
teins, such as cyclins (3, 27), tumor suppressors (16), circadian
regulators (58), and even junction proteins (26, 55).

There are several mechanisms involved in regulated nucle-
ocytoplasmic transport (for a review see reference 28). The
first is structural changes triggered by posttranslational modi-
fications that can result in the masking or unmasking of the
nuclear localization signal (NLS) and/or the nuclear export
signal (NES) (23, 25, 35, 44, 53, 54). A second mechanism
involves signal-dependent sequestration of a protein in or re-
lease from a compartment (45, 55). A third mechanism, signal-
dependent association with carrier molecules that can trans-
port a protein in or out through the nuclear pores, is common

in proteins that lack specific import and export signals (8, 47,
61). In most cases described, these mechanisms serve as on-off
switches, allowing the protein to change compartment as a
result of the triggering event. In many cases independent
mechanisms, which may involve new protein synthesis, are
responsible for reversing this process action or destroying the
shuttling protein at its final destination (4). However, contin-
uous bidirectional shuttling has been described quite recently
(46, 61).

The Ras/Erk signaling pathway is a major mitogenic pathway
that links extracellular signals with cell proliferation and dif-
ferentiation (10, 13, 39, 43, 51, 59). Several ets domain tran-
scription factors in mammalian cells (Ets1, Ets2, Elk1, Sap1,
Net, and ERF) are thought to be effectors of this pathway,
regulated via ERK phosphorylation, which controls their abil-
ity to regulate transcription (12, 14, 17, 33, 42, 52, 62; for
review see references 36 and 63). The Ras/Erk signaling path-
way is also known to activate a number of immediate-early
response proteins and genes by several different mechanisms,
generally involving phosphorylation (28). However, very few of
the proteins affected by the Ras/Erk pathway are known to be
regulated by nucleocytoplasmic shuttling. The only reported
examples are Erk itself (1, 2), the ets domain transcription
factor ERF (32, 34) in mammalian cells, and the ets domain
transcription factor Yan in Drosophila melanogaster (41, 56).

ERF is a ubiquitously expressed ets domain transcriptional
repressor with tumor suppressor activity that is regulated by
the Ras/Erk signaling pathway (52). We have shown previously
that ERF is phosphorylated in vitro and in vivo by Erks at
multiple sites. This phosphorylation determines its cytoplasmic
localization and inactivation. ERF is dephosphorylated and
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nuclear in serum-starved cells and, upon serum induction, is
found phosphorylated in the cytoplasm. This process is totally
dependent on Erk activity and is bidirectional. The ERF pro-
tein with its phosphorylation sites mutated to alanine localizes
in the nucleus, can arrest fibroblasts at the G0/G1 phase of the
cell cycle, and can suppress Ras-induced tumorigenicity, sug-
gesting that ERF is a true effector of Ras (32). In this paper, we
analyze the mechanism by which phosphorylation regulates the
subcellular localization and the involvement of nuclear ERF in
cell cycle arrest. Our data suggest that phosphorylated ERF
shuttles continuously between the nucleus and the cytoplasm.
Both phosphorylation and dephosphorylation of ERF seem to
occur in the nucleus and determine its localization. Whereas
ERF nuclear import does not appear to be affected by phos-
phorylation, ERF nuclear export is dependent on extensive
phosphorylation and is a CRM1-dependent process. ERF does
not have an identifiable NES, but it has two extended areas
required for effective nuclear export. The phosphorylation of
ERF and its export from the nucleus closely follow the appear-
ance of active Erk in the nucleus and may serve as a continuous
monitor of Erk-mediated receptor tyrosine kinase signaling.
The monitoring of nuclear Erk activity by ERF is consistent
with the mitogenic effects of Erk activation and the ability of
nuclear ERF to arrest the cell cycle in G1. Our data suggest
that ERF-induced arrest requires the wild-type retinoblastoma
(Rb) protein and can be suppressed by the overexpression of
cyclin. Thus, ERF could be a very sensitive monitor of Erk
activity that can affect cell cycle progression in an Rb-depen-
dent manner, providing another link between the Ras/Erk
pathway and this fundamental cellular process.

MATERIALS AND METHODS

DNA constructs. The ERF mutations and the relevant green fluorescent pro-
tein (GFP)-ERF expression vectors used were described previously (32, 52).
Briefly, the mutations to alanine or glutamic acid at positions T148, S161, S246,
S251, T271, T357, and T526, referred to as positions 1 through 7, respectively,
were generated by PCR and verified by sequencing. GFP-ERF fusions were
generated by the in frame insertion of the appropriate restriction fragment of the
ERF human cDNA into the pEGFP-C1 vector (Clontech). A 30-residue syn-
thetic oligonucleotide encoding amino acids 480 to 489 of ERF was inserted into
the pEGFP-C1 vector to test its possible NLS function. Carboxyl-terminal dele-
tion constructs had 2 to 7 additional amino acids encoded by the vector linker
sequence. In frame fusion was verified by sequencing and/or protein production
by immunoblotting (see below).

Cell culture and transfection. Ref-1 cells, Ref-9 cells (Ref-1 cells overexpress-
ing wild-type ERF), Saos2 cells, primary mouse fibroblasts (MEFs) prepared
from day 12.5 mouse embryos, and MEFs carrying a homozygous deletion of the
Rb gene (kindly provided by C. Sardet, Institut de Génétique Moléculaire de
Montpellier, Montpellier, France) were cultured in Dulbecco’s modified Eagle
medium (Life Technologies) supplemented with 10% fetal bovine serum (Life
Technologies) and penicillin-streptomycin (Life Technologies) at 37°C in 8%
CO2. Ref-1, Ref-9, and Saos2 cells were transfected with Lipofectamine (Life
Technologies) and MEFs were transfected with FuGENE (Roche) according to
the respective company protocols and analyzed 24 h after transfection. Trans-
fected cells were fixed with 4% paraformaldehyde and analyzed by microscopy
for GFP autofluorescence. Ref-mut7A cell lines overexpressing the mutant ERF
mut7A, carrying an alanine-to-threonine mutation at position 526, were gener-
ated by their ability to express a cotransfected neomycin resistance gene and to
proliferate in the presence of 400 �g of Geneticin sulfate (Life Technologies)/ml.
Positive cell lines were scored for their ability to overexpress ERF mut7A, as
detected by the anti-ERF S17S antibody (52) but not the antibody specific for the
ERF protein phosphorylated at threonine 526 (P7; see below).

Antibodies. The anti-GFP rabbit polyclonal antibody was purchased from
Clontech and used according to the company specifications. The S17S and M15C
rabbit polyclonal anti-ERF antibodies were described previously (52). Phospho-

specific antibodies P3-4 and P7 were generated after sheep immunization with
the GPEPLS(p)PFPVS(p)PLAG (P3-4) and AGGPLT(p)PRRVSS (P7) pep-
tides, respectively, and purified by affinity chromatography. The specificity of the
P3-4 and P7 antibodies was analyzed by both indirect immunofluorescence and
immunoblotting. The corresponding phosphopeptide, but not the corresponding
nonphosphorylated peptide, effectively blocked the antibody signal. Signal inten-
sities were proportional to ERF levels, as determined by using the S17S and
M15C anti-ERF antibodies. P3-4 and P7 antibodies did not recognize the ERF
proteins when serines 246 and 251 or threonine 526, respectively, was mutated to
alanine. In addition, both antibodies recognized ERF proteins produced in
bacteria or a cell-free system only after in vitro phosphorylation by Erk2 kinase.
Both serines 246 and 251 are phosphorylated in vivo and in vitro; however, it is
not clear at this point if the P3-4 antibody recognizes ERF molecules phosphor-
ylated at both or one of the two phospho-serines. The rabbit polyclonal anti-Erk
antibody was purchased from New England Biolabs, and the mouse monoclonal
phospho-specific anti-Erk MAPK-YT antibody was purchased from Sigma. The
anti-CRM1 rabbit polyclonal antibody was kindly provided by E. Paraskeua
(Zentrum für Molekulare Biologie der Universität Heidelberg, Heidelberg, Ger-
many). Leptomycin B (LMB) was a generous gift from B. Wolff-Winiski, Novar-
tis Forschungsinstitut, Vienna, Austria.

Cell staining. GFP and GFP-ERF fusions were detected and scored after
transient transfection of the respective plasmids, as described previously (32).
The ERF protein was detected in methanol-acetone-fixed cells by the S17S
antibody at a 1:100 dilution in 50 mM Tris-HCl–138 mM NaCl–2.7 mM KCl plus
3% bovine serum albumin (BSA) and was visualized with a biotin-labeled goat
anti-rabbit antibody at a 1:200 dilution and streptavidin-fluorescein isothiocya-
nate (Jackson ImmunoResearch) at a 1:500 dilution in the same buffer. The
phosphorylated ERF protein was detected under the same conditions with the
P3-4 sheep polyclonal anti-ERF antibody at 1:50 dilution and visualized with a
biotin-labeled donkey anti-sheep antibody at a 1:100 dilution (Jackson Immu-
noResearch) and streptavidin-fluorescein isothiocyanate at a 1:500 dilution
(Jackson ImmunoResearch). For the double ERF/phospho-ERF staining, cells
were fixed in methanol-acetone and blocked with 5% normal donkey serum in 10
mM phosphate buffer (pH 7.4)–138 mM NaCl–2.7 mM KCl–0.05% Tween 20
(PBST). They were then incubated with both the P3-4 and S17S antibodies at
1:25 and 1:100 dilutions, respectively, in PBST–1% BSA, followed by incubation
with a biotinylated donkey anti-sheep antibody diluted 1:100 in PBST–1% BSA.
The cells were then blocked with 5% normal goat serum in PBST and incubated
with a rhodamine-labeled goat anti-rabbit antibody and streptavidin-fluorescein
isothiocyanate at 1:100 and 1:500 dilutions, respectively, in PBST–1% BSA. The
secondary antibodies from Jackson ImmunoResearch (ML; multilabeling grade)
were absorbed against proteins from other species. The specificity of the signal
was evaluated by omitting one primary or secondary antibody at a time to assure
no cross-reactivity. The anti-phospho-Erk mouse monoclonal antibody
MAPK-YT (Sigma) was used on 4% formaldehyde-fixed cells at 1:50 dilution in
PBST–1% BSA. The monomeric cyanine nucleic acid stain TO-PRO-3 (Molec-
ular Probes) was used at 1 �g/ml. Fluorescence microscopy was performed on a
Zeiss Axiovert fitted with a 100� oil submersion objective. For confocal micros-
copy, samples were scanned on the x-y plane with a Leica TCS NT microscope
with a 63� oil submersion objective or a Bio-Rad Radiance 2100 fitted on a Zeiss
AxioskopeII� microscope with a 40� objective. Fluorescein was excited by laser
light at 488 nm, rhodamine was excited by laser light at 543 nm, and TO-PRO-3
was excited by laser light at 637 nm. Beam power and channel gains were
adjusted to minimize cross-detection, while for multicolor detection samples
were scanned with lambda (laser) strobing. Images were electronically merged
with the LCS, version 2.5, Leica software or the Laser Sharp 2000 Bio-Rad
software and saved as TIFF files. Representative single optical sections were
assembled with GraphicConverter, version 4.0.9 (Lemke software), and Canvas,
version 7 (Deneba software). Colocalization images were analyzed first with the
confocal microscope software and then reconstructed from individual scans with
GraphicConverter or Photoshop, version 6 (Adobe software).

Immunoblotting and immunoprecipitation. Cell extracts (usually 10 �g of
total protein) were resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and proteins were transferred onto nitrocellulose
membranes (Schleicher & Schuell) and detected by immunoblotting as described
previously (32, 52). Immunoprecipitations and immunodetections of ERF com-
plexes were performed in 10 mM Tris-HCl–100 mM NaCl–0.1% Triton X-100
(TNT buffer) with 1 mg of either the M15C, the P3-4, or the P7 anti-ERF
polyclonal antibody for every 100 mg of cell extract. The extracts were incubated
overnight at 4°C with the antibodies. Sepharose-protein A or Sepharose-protein
G beads (Pharmacia Biotech) were added for 1 h at 4°C to absorb the antibodies,
and the beads were washed four times with 100 volumes of TNT buffer. Bound
proteins were resolved by SDS-PAGE and transferred onto nitrocellulose mem-
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branes. CRM1 was detected with the rabbit polyclonal anti-CRM1 antibody at
1:1,000 dilution in 50 mM Tris (pH 8.0)–150 mM NaCl–0.05% Tween 20 (TBST)
with 1% nonfat dry milk. The anti-ERF S17S antibody was used in the same
buffer at a dilution of 1:2,000. P3-4 and P7 polyclonal sheep antibodies were used
at 1:2,000 and 1:1,000 dilutions, respectively, in the same buffer. Goat anti-rabbit
and donkey anti-sheep horseradish peroxidase-conjugated antibodies (Jackson
ImmunoResearch) were used as secondary antibodies at a 1:5,000 dilution in
TBST. Western blots were visualized by chemiluminescence using the ECL
reagents (Amersham Pharmacia Biotech) and exposure to X-ray film.

BrdU incorporation. Monitoring of the newly synthesized DNA in cells was
performed as described previously (32). Briefly cells were transfected with a
CD4-expressing plasmid as a marker and the plasmids indicated in the legend to
Fig. 6 and labeled with 50 mM bromodeoxyuridine (BrdU) 8 h before harvest.
Twenty-four and 48 h after transfection the cells were fixed and stained with an
anti-BrdU mouse monoclonal antibody (Sigma) and analyzed by fluorescence
microscopy. CD4-positive cells were detected with a fluorescein isothiocyanate-
conjugated anti-CD4 mouse monoclonal antibody (Immunotech).

RESULTS

Nucleocytoplasmic shuttling of ERF. We have previously
shown that subcellular positioning of ERF is phosphorylation
dependent. Phosphorylated ERF is found almost exclusively in
the cytoplasm, while the nuclear protein is nonphosphorylated
(32). However, it was unclear whether phosphorylation blocks
nuclear import or facilitates nuclear export. To address the
possible role of phosphorylation in nuclear import, we used
ERF-GFP fusion proteins carrying phosphorylation-mimicking
glutamic acid mutations at positions S246, S251, and T526
(mut347E), which are known to be phosphorylated in vivo by
Erks. We also used proteins carrying the T526E mutation
alone (mut7E) since T526 is a major site phosphorylated by
Erk after serum induction, even in cells that have high basal
levels of Erk activity in the absence of serum, such as HeLa
cells (52). Wild-type and mutated GFP-ERF fusions were in-
troduced into Ref-1 cells by transient transfection. The wild-
type ERF and ERFs with glutamic acid mutations enter the
nucleus with identical kinetics after serum starvation (Fig. 1A).
This was also true for the ERF proteins carrying alanine mu-
tations at one or more of the seven phosphorylation sites (not
shown), suggesting that nuclear import of ERF may be inde-
pendent of its phosphorylation state and that under exponen-
tial growth the phosphorylated ERF protein may enter the
nucleus and be rapidly reexported. Thus the observed localiza-
tion under exponential growth conditions is probably due to
the balance of the import and export kinetics.

To examine the possibility of continuous dynamic shuttling
of ERF and to verify the ability of phosphorylated ERF to
enter the nucleus, we used LMB, a specific inhibitor of CRM1
(18, 30, 31), to block CRM1-dependent nuclear export. To
determine the phosphorylation status of the ERF protein and
the phosphorylation events that may be important for its reg-
ulation, we developed two specific antibodies that recognize
the phosphorylated forms of ERF (see Materials and Meth-
ods). The P3-4 antibody recognizes ERF proteins phosphory-
lated at serine 246 and/or serine 251 (positions 3 and 4), while
the P7 antibody recognizes ERF phosphorylated at threonine
526 (position 7).

Treatment of exponentially growing cells with LMB resulted
in the nuclear accumulation of ERF. After 30 min of treatment
with 300 nM LMB, ERF could be detected both in the cyto-
plasm and the nucleus, while complete nuclear localization of
the protein could be observed 1 h after treatment with LMB.

The nuclear export of ERF after serum induction was also
blocked by LMB (not shown), suggesting that nuclear export
follows the same CRM1-mediated pathway during continuous
shuttling and serum-induced export. Determination of the sub-
cellular localization of ERF by indirect immunofluorescence
with both the S17S and the P3-4 anti-ERF antibodies yielded

FIG. 1. ERF nuclear import is a phosphorylation-independent pro-
cess. (A) Ref cells were transfected with plasmids expressing the indi-
cated GFP-ERF fusion proteins. The localization of the fusion pro-
teins under the indicated growth conditions was determined by
measuring the GFP fluorescence under UV light. A minimum of 100
transfected cells were counted for each plasmid and growth condition,
in at least three independent experiments. The mutations are as fol-
lows: 7A, T526A; 7E, T526E; 347E, S246E-S251E-T526E. (B) The
localization of ERF in exponentially growing Ref-1 cells after 30 and
60 min of treatment with 300 mM LMB was determined by indirect
immunofluorescence. The S17S antibody was used to determine total
ERF protein (top), and the P3-4 phospho-specific antibody was used to
determine the localization of ERF protein phosphorylated at S246 and
S251 (middle). The localization of the activated Erks under the same
conditions was determined with the phospho-specific anti-Erk mouse
monoclonal antibody MAPK-YT, as a control (bottom). (C) The total
amount of the phosphorylated ERF protein under the conditions de-
scribed for panel B was determined by immunoblotting using the
phospho-specific anti-ERF antibodies P3-4 and P7.
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identical patterns (Fig. 1B). In addition, all the ERFs with
glutamic acid and alanine mutations accumulate in the nucleus
with comparable kinetics, and they are all nuclear after 60 min
of LMB treatment (not shown). These data indicate that ERF
nuclear entry is unaffected by its phosphorylation status. Acti-
vated Erk also accumulated in the nucleus after LMB treat-
ment with similar kinetics (Fig. 1B), consistent with previous
results (2). These data suggest that the cytoplasmic localization
of ERF in exponentially growing cells is a dynamic process and
that the observed distribution is probably due to the much
higher affinity of phosphorylated ERF for the export machin-
ery than for the import machinery.

To minimize the possibility that the overall levels of ERF
phosphorylation and nuclear accumulation change as a result
of treatment with LMB, we examined the extent of phosphor-
ylation of ERF at either positions S246 and S251 or position
T526 by Western blotting. Our data indicate that treatment
with LMB did not affect the level of ERF phosphorylation, as
determined with the phospho-specific antibodies (Fig. 1C),
suggesting that in exponentially growing cells it is the phos-
phorylated form of ERF that constantly shuttles between the
nucleus and the cytoplasm.

ERF is phosphorylated in the nucleus prior to its exit. We
have shown previously that the multisite phosphorylation of
ERF mediates its subcellular localization. To further our un-
derstanding of this process, we analyzed the timing and the
cellular compartment where phosphorylation may take place,
both by confocal microscopy and biochemical fractionation.
We utilized the specific antibodies (see Materials and Meth-
ods) that can recognize ERF only when it is phosphorylated at
positions S246 and S251 (P3-4) or position T526 (P7) to cor-
relate phosphorylation status with subcellular localization. We
first analyzed ERF localization during serum deprivation and
serum stimulation by indirect immunofluorescence utilizing
the P3-4 and the S17S anti-ERF antibodies (Fig. 2A). Under
normal growth conditions, phosphorylated ERF is almost ex-
clusively cytoplasmic and only minimal nuclear staining is ob-
served. Two hours after serum withdrawal no staining was
evident with the phospho-specific antibody, and the ERF pro-
tein was nuclear, as is evident by the purple color of the nuclei
(Fig. 2A) (32). Two minutes after serum addition, ERF phos-
phorylated at positions S246 and S251 can be detected in the
nucleus, as shown by the white spots in the nuclei of some cells.
Four minutes after serum stimulation phosphorylated ERF
can be detected in the nuclei of all the cells, while 7 min after
serum stimulation phosphorylated ERF can be detected in the
cytoplasm of some cells, as shown by the yellow color in the
cytoplasm. Ten minutes after serum stimulation the majority of
the ERF is phosphorylated and cytoplasmic, and the export
process is completed 15 min after serum stimulation (Fig. 2A,
left). The timing of ERF phosphorylation and export closely
follows the activation of Erk and its localization to the nucleus
(Fig. 2A, right). These data suggest that, in response to Erk
activation, ERF is phosphorylated within the nucleus and is
exported as a phospho-protein into the cytoplasm.

To better quantify phosphorylation during this process, we
determined the levels of ERF, phospho-ERF, Erk, and phos-
pho-Erk by immunoblotting. The total ERF and Erk protein
levels remain constant during this process, and the level of
ERF phosphorylation closely parallels the Erk activation level

(Fig. 2B). Interestingly, 2 min after serum stimulation the
mobility of the phosphorylated ERF protein appears to be
somewhat faster than at the other time points, suggesting that
distinct phosphorylation steps may be involved during nuclear
export.

The phosphorylation-induced nuclear export was further
confirmed by biochemical subcellular fractionation (Fig. 2C).
During exponential growth, phosphorylated ERF can be found
only in the cytoplasmic fraction, while in the absence of serum
no phosphorylated protein can be detected in either fraction
(Fig. 2C) and the protein is exclusively nuclear (Fig. 2A) (32).
Five minutes after the addition of serum phosphorylated ERF
is found primarily in the nucleus but also in the cytoplasm.
ERF phosphorylated at positions S246 and S251 exhibits a
somewhat slower mobility in the cytoplasmic fraction than the
nuclear protein, suggesting that additional modifications may
occur after or during nuclear export (Fig. 2C). At the same
time point ERF phosphorylated at position T526 is distributed
almost equally between the nucleus and the cytoplasm and has
the same mobility (Fig. 2C, bottom). This is consistent with a
distinct role for the phosphorylation at T526 during export (see
below). Fifteen minutes after serum addition phosphorylated
ERF is almost exclusively cytoplasmic (Fig. 2C).

Utilizing specific inhibitors of the activation of MEK1, the
protein kinase that activates Erk, we have previously shown
(32) that ERF phosphorylation and its cytoplasmic localization
and serum-induced nuclear export are totally dependent on
Erk activity. To verify the Erk dependence of ERF phosphor-
ylation, we induced the activation of Erk in serum-arrested
cells with increasing amounts of epidermal growth factor
(EGF). Within 5 min of EGF addition Erk became activated
and the ERF was phosphorylated (Fig. 2D) and, as with serum,
phosphorylation of ERF led to nuclear export (not shown).
Even very low concentrations of EGF (0.1 to 0.3 ng/ml) induc-
ing partial activation of Erk were sufficient to induce ERF
phosphorylation (Fig. 2D). This is consistent with the phos-
phorylation status of ERF in exponentially growing cells where
only a low level of activation of Erk can be observed, charac-
teristic of many established cell lines. Thus, our data unambig-
uously suggest that, in response to Erk activation, nuclear ERF
is first phosphorylated in the nucleus and then exported to the
cytoplasm.

ERF phosphorylation at position 526 has a distinct role in
export. We have shown that multisite phosphorylation of ERF
is required for nuclear export. To determine the possible effect
of the phosphorylation of the different sites on the export
process, we first used GFP-ERF fusions carrying either glu-
tamic acid or alanine mutations at the putative phosphoryla-
tion sites and analyzed their localization. The wild type and all
the mutated forms of ERF introduced into Ref-1 cells exhib-
ited a predominantly nuclear localization 1 h after serum de-
privation or LMB treatment (not shown), suggesting that the
mutations do not affect nuclear import. However, when serum-
deprived cells were stimulated for 30 min with serum, the
subcellular distribution of each mutated form was different
(Fig. 3A). Wild-type ERF was exported into the cytoplasm
efficiently and had a distribution identical to that observed
under steady-state conditions. Similarly, both the 3-7A and the
1-7A mutated forms (see the Fig. 3 legend for the nomencla-
ture of the mutations) remained mostly nuclear under both
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conditions, with 1-7A form exhibiting an almost exclusively
nuclear localization. This indicates that multisite phosphoryla-
tion is required for effective exit. The 1-5A form exhibited
partially impaired nuclear exit after serum induction but was

more cytoplasmic at this stage compared to its steady-state
distribution. This suggests that phosphorylation at the remain-
ing phosphorylation sites was able to support effective nuclear
export under serum induction conditions. The 7A mutation

FIG. 2. ERF is phosphorylated in the nucleus. (A) Ref cells were subjected to serum arrest for 2 h and consequent serum stimulation for the
indicated times. The localization of the phosphorylated ERF was determined by indirect immunofluorescence using the P3-4 phospho-specific
anti-ERF antibody (green), and that of total ERF was determined with the S17S anti-ERF antibody (red). Nuclei ware stained blue by TO-PRO-3
(left). At the same time points, activated Erks were detected with the phospho-specific anti-Erk monoclonal antibody MAPK-YT (green). Nuclei
ware stained blue by TO-PRO-3 (right). Red and blue color colocalization shows as magenta, green and blue colocalization shows as cyan, green
and red colocalization shows as yellow, and colocalization of all three shows as white. (B) Under the same conditions as in panel A, total cell extract
was analyzed by immunoblotting for total and phosphorylated ERF and Erks, as indicated. The S17S, P3-4, P7, MAPK-YT, and anti-Erk specific
polyclonal antibodies were used to determine total ERF, ERF phosphorylated at S246 and S251, ERF phosphorylated at T526, phosphorylated
Erks, and total Erks, respectively. FBS, fetal bovine serum. (C) Ref cells were deprived of serum for 1 h and then induced with serum. At the
indicated times cells were harvested and separated into nuclear and cytoplasmic fractions. The amount of the phosphorylated ERF protein in each
fraction was determined by immunoblotting. Both the P3-4 (top) and the P7 (bottom) phospho-specific anti-ERF antibodies were used. (D) Ref
cells were serum arrested for 2 h and then treated with the indicated amounts of epidermal growth factor for 5 min. Total cell extracts were
analyzed for total and phosphorylated ERF and Erks, as for panel B.
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had a marginal effect on export under serum induction condi-
tions but a strong effect on steady-state distribution, suggesting
that phosphorylation on this site may not by itself be critical for
export (Fig. 3A and B). In addition, both the ERF 347E and
7E mutations impaired or delayed export and had no effect on
steady-state distribution, suggesting that a charged amino acid
at position 526 delays export (Fig. 3A and B). This is consistent
with the efficient export of the 7A mutant form. However,
phosphorylation at position 526 must be required at some
stage of the shuttling process, since the alanine mutation at this
position affects the steady-state distribution of the ERF pro-
tein.

We have shown previously (52) that T526 is the major phos-
phorylation site after serum induction in HeLa cells that have
high basal Erk activity, indicating that this site may be prefer-
entially dephosphorylated in vivo. Using the P3-4 and P7 phos-
pho-specific anti-ERF antibodies we compared the total
amounts of ERF protein phosphorylated at these positions
during exponential growth, serum starvation, and serum induc-
tion (Fig. 3C). Five minutes after serum induction, the time at
which maximum phosphorylation can be observed with each
antibody, was used as a reference point. It is evident that
phosphorylation at position 526 is decreased not only during
exponential growth but also 10 and 15 min after serum induc-
tion, suggesting that both phosphorylation and dephosphory-
lation of threonine 526 may be required during the export
process. This would be consistent with the export kinetics data
for the alanine and glutamic acid mutations in this position
(Fig. 3A and B) and could explain the mobility differences
observed during serum induction (Fig. 2B and C).

To further analyze the role of T526 phosphorylation in ERF
subcellular localization, we generated Ref-1 cell lines that ex-
press ERF with the threonine-to-alanine mutation at position
526. In these cells, we compared the localization of ERF with
the T526A mutation to that of wild-type ERF by indirect im-
munofluorescence. To minimize the contribution of endoge-
nous ERF and account for possible effects of overexpression,
we used for comparison Ref-1 cells overexpressing wild-type
ERF and adjusted the antibody conditions so that the endog-
enous ERF would not be detectable. The T526A mutant ERF
could be detected both in the cytoplasm and in the nuclei of
these cells, in contrast to wild-type ERF, which was cytoplas-
mic. The mutated ERF however, exhibited a characteristic
perinuclear staining, which included the nuclear membrane
(Fig. 3D), indicating that the protein accumulated on the cy-
toplasmic side of the nuclear membrane and was not distrib-
uted throughout the cytoplasm, like the wild-type ERF protein.

These data suggest that phosphorylation at threonine 526
probably occurs at a later point during export, facilitating the
release of the protein in the cytoplasm. At the same time, as
suggested by the glutamic acid mutation, the loading of ERF
on the cargo protein in the nucleus could be inhibited by the
phosphorylation of this site.

ERF has no autonomous NES and two NLSs. ERF is ac-
tively exported from the nucleus via a CRM1-dependent mech-
anism both during exponential growth and after serum induc-
tion, as indicated by the effect of LMB on its export (Fig. 1B).
However, no previously described NESs can be detected within
the ERF primary sequence (18, 24, 38). In contrast, the NLS
within the ets DNA-binding domain described for other ets

FIG. 3. Phosphorylation of threonine 526 plays a distinct role in
nuclear export. (A) The localization of the indicated GFP-ERF fusion
proteins after transfection of the corresponding plasmids into Ref-1
cells was determined as described for Fig. 1A under exponential
growth and after 60 min of serum withdrawal followed by 30 min of
serum stimulation. A minimum of 100 transfected cells were counted
for each plasmid and growth condition in at least three independent
experiments. The mutations are as follows: 7A, T526A; 1-5A, T148A-
S161A-S246A-S251A-T271A; 3-7A, S246A-S251A-T271A-T357A-
T526A; 1-7A, T148A-S161A-S246A-S251A-T271A-T357A-T526A;
7E, T526E; 347E, S246E-S251E-T526E. (B) Localization of the wild-
type (wt) and T526A (7A) and T526E (7E) mutated forms of the
ERF-GFP fusions during exponential growth and 15 min after serum
induction. (C) Ref cells were subjected to serum withdrawal and stim-
ulation. At the indicated time points the levels of the total phosphor-
ylated ERF protein were determined by immunoblotting using the
P3-4 (top) and the P7 (bottom) anti-Erf phospho-specific antibodies to
determine phosphorylation at serines 246 and 251 and T526, respec-
tively. (D) The localization of ERF was determined by indirect immu-
nofluorescence using the S17S anti-ERF antibody in Ref-1-derived cell
lines overexpressing comparable levels of wt ERF (left) or ERF car-
rying the T526A mutation (right).
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proteins (9) is also conserved in ERF. To determine regions of
ERF responsible for nuclear export and import, we utilized
GFP-ERF hybrids that contained various fragments of ERF.
These fusions were transfected into Ref-1 cells, and their sub-
cellular localization was determined during exponential cell
growth, serum arrest, and serum induction and in the presence
of LMB (Fig. 4A). Under these conditions we could determine
effects on dynamic equilibrium, import, export, and active
transport versus diffusion, respectively. Our data indicate that
two distinct regions on ERF harbor an NLS, one within the ets
DNA-binding domain, also described for other ets proteins,
and an additional one within the carboxyl-terminal repression
domain. Indeed the ERF protein sequence between amino

acids 480 and 489 has all the characteristics of a basic amino
acid NLS (Fig. 4A and B). When this 10-amino-acid region was
fused to GFP, its nuclear localization was increased to levels
seen for the 472-to-548 fragment (see below). The NLS within
the ets domain appears to be more potent, since its elimination
leads to only partial nuclear localization in the absence of
serum (Fig. 4A, fragment consisting of amino acids 100 to 548
[fragment 100-548] versus the full-length protein). However,
the NLS within the repression domain can drive nuclear local-
ization of the GFP fusion effectively in the absence of other
ERF sequences (Fig. 4A, fragment 472-548), suggesting that is
indeed a functional NLS.

In contrast to what was found for the NLS, we were unable

FIG. 4. ERF has two NLSs but no autonomous NES to mediate CRM1-dependent export. (A) Plasmids encoding GFP-ERF hybrids were
transfected into Ref-1 cells, and the protein localization was determined by measuring the GFP fluorescence. The localization was determined
during exponential growth 24 to 28 h after transfection (Exp column), after 3 h of serum deprivation (Qui column), after 3 h of serum deprivation
and 30 min of serum stimulation (Ind column), and after 60 min of LMB treatment in the presence of serum (LMB column). A minimum of 100
transfected cells were counted for each plasmid and growth condition in at least three independent experiments, and the localization of the hybrids
is indicated as follows: C, �60% cytoplasmic localization; c, 30 to 60% cytoplasmic localization; N, �60% nuclear localization; n, 30 to 60% nuclear
localization; E, ubiquitous distribution. A diagram of ERF is presented at the top. BD, ets DNA-binding domain; EID, Erk interaction domain;
RD, repressor domain. The vertical lines indicate the seven optimal putative Erk phosphorylation sites. Solid lines below the diagram, NLS-
containing regions; dashed lines, regions contributing to nuclear export. The regions of ERF fused to the C terminus of GFP are indicated by lines
below. The end points of the ERF segments are indicated by the corresponding amino acid number of the human ERF protein. (B) Representative
images of the localization of GFP-ERF deletion mutations during exponential growth. (C) ERF was immunoprecipitated (IP) from cellular extracts
of exponentially growing cells with the M15C, P3-4, or P7 anti-ERF specific antibodies or with control serum (IgG lane). The presence of CRM1
in the immunoprecipitated complexes and the original extract (Extr. lane) was detected by immunoblotting using an anti-CRM1 specific antibody.
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to determine a single region within the ERF protein capable of
serving as a NES. At least two extended areas are required for
nuclear export. One harbors the ERF repressor domain at the
carboxyl terminus of the protein and extends from amino acid
418 to the end of the protein. Elimination of the last 76 amino
acids (Fig. 4A, fragment 1-472) leads to partial nuclear local-
ization in exponentially growing cells, which is stronger after
the elimination of 56 additional residues (Fig. 4A, fragment
1-416). The contribution of this region to nuclear export is also
evident in a comparison of the 100-472 and 100-315 hybrids.
The 416-to-548 region by itself has a ubiquitous subcellular
distribution (Fig. 4, fragment 416-548), in contrast to the nu-
clear localization of the last 76 residues (Fig. 4A, fragment
472-548). The other region required for effective nuclear ex-
port lies between residues 100 and 212. Thus, the 212-548
fusion has a weaker cytoplasmic distribution than the 100-548
fusion and is not exported effectively after serum induction.
These differences are more evident when the last 76 residues
are eliminated (Fig. 4A, fragment 100-472 versus 212-472).
However, this region by itself is incapable of serving as a NES
(Fig. 4A, fragment 100-220). These data indicate that multiple
regions on ERF are required for efficient nuclear export. This
is consistent with our findings regarding the role of multisite
phosphorylations in nuclear export (32) and suggests a mech-
anism involving structural changes in ERF that allow interac-
tion with an adaptor/carrier protein linking ERF with the
CRM1 export machinery.

However, given the lack of recognizable NES signals within
the ERF sequence, the CRM1 block by LMB may have either
a direct or an indirect effect on ERF localization. To address
this question, we investigated the possible physical association
of the two proteins. We used three different anti-ERF anti-
bodies to immunoprecipitate ERF from exponentially growing
cells and determined the presence of CRM1 in these com-
plexes using a CRM1-specific antibody. All three anti-ERF
antibodies, namely, M15C, an antibody against the N terminus
of ERF (52), and the P3-4 and P7 antibodies were able to
immunoprecipitate ERF (not shown). In all cases we were able
to detect the presence of CRM1 in the ERF-immunoprecipi-
tated complexes (Fig. 4C). Interestingly, complexes immuno-
precipitated with the antibody against the ERF protein phos-
phorylated at T526 contained amounts of CRM1 comparable
to those contained by the complexes precipitated with the P3-4
or the amino terminus-specific M15C antibody. Considering
the lower abundance of the ERF molecules phosphorylated at
T526 in exponentially growing cells (Fig. 3B), this could be an
additional indication that phosphorylation at this position is
directly involved in the export process.

These data further indicate that ERF may associate with
CRM1-containing complexes and may be exported from the
nucleus via a CRM1-mediated mechanism. However, we were
unable to detect a direct interaction between bacterially ex-
pressed ERF and CRM1 proteins, regardless of the phosphor-
ylation state of ERF (not shown). This suggests that the inter-
action of CRM1 with ERF may be mediated by other proteins,
consistent with the absence of a NES motif within the ERF
protein sequence, the extensive regions on ERF required for
effective export, and the multisite phosphorylations that pre-
cede ERF nuclear export in vivo.

ERF is a sensor of nuclear Erk activity. Our data suggest
that nuclear phosphorylation is the critical step regulating
CRM1-mediated ERF nuclear export. How this process is re-
versed was unclear. To elucidate steps in this process, we
studied the dephosphorylation and localization of ERF during
serum arrest. As early as 10 min after serum withdrawal phos-
phorylated ERF protein can be found in the nucleus, while 20
min after serum withdrawal all cells contain phosphorylated
ERF protein. Thirty minutes after serum withdrawal most of
the ERF protein is nuclear but still phosphorylated, while after
40 min most of the cells contain nonphosphorylated nuclear
ERF and after 60 min the nuclear translocation and dephos-
phorylation process is completed (Fig. 5A). Within the 30-min
period after serum deprivation, we did not observe any major
distribution differences between total and phosphorylated
ERF. These data further suggest that the phosphorylated pro-
tein can enter the nucleus effectively, where it may eventually
be dephosphorylated.

To test whether nuclear dephosphorylation of ERF is pos-
sible, we took advantage of the nuclear accumulation of phos-
phorylated ERF in the presence of LMB. LMB treatment of
exponentially growing cells leads to nuclear accumulation of
both the phosphorylated ERF protein and activated Erks (Fig.
1B). In the presence of LMB and the absence of serum, ERF
and Erks were both dephosphorylated while remaining nuclear
(not shown), indicating that ERF can be dephosphorylated
within the nucleus.

To better quantify the kinetics of ERF dephosphorylation,
we analyzed the level of phosphorylation after serum with-
drawal and in the absence and presence of LMB (Fig. 5B).
Under both conditions, the dephosphorylation of ERF follows
identical kinetics. Bands of faster mobility, suggestive of ERF
dephosphorylation, can be detected with an ERF-specific an-
tibody 20 min after serum withdrawal, while after 40 min only
faster-moving molecules can be detected (Fig. 5B, top panel).
The dephosphorylation of ERF was confirmed by the initial
small decrease (20 min) and later absence (40 min) of specific
bands detected with the phospho-ERF-specific antibody, P3-4
(Fig. 5B, second panel). The similar dephosphorylation kinet-
ics in the absence of serum of the ERF that is blocked in the
nucleus and the ERF that can still shuttle through the nuclear
pores suggest that ERF dephosphorylation may indeed take
place in the nucleus.

ERF phosphorylation is very sensitive to the level of Erk
activity (Fig. 2). We therefore monitored the Erk activity level
during serum withdrawal using the phospho-specific anti-Erk
antibody. Both in the absence and presence of LMB, Erk
dephosphorylation and inactivation slightly preceded ERF de-
phosphorylation. Twenty minutes after serum withdrawal there
was a significant decrease in the abundance of the phosphor-
ylated Erk, which was absent at later time points (Fig. 5B, third
panel), while there was no detectable change in the overall Erk
level (Fig. 5B, fourth panel).

Taken together, these data suggest that the balance between
a nuclear phosphatase that dephosphorylates ERF and nuclear
Erk activity may determine the phosphorylation status of ERF.
Thus, it appears that ERF acts as a constant quantitative sen-
sor of nuclear Erk activity, providing a link between signal
duration and strength on the one hand and transcriptional and
biological outcomes on the other.
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Cell cycle arrest by nuclear ERF is Rb dependent. A bio-
logical outcome in which ERF has been implicated is cell
proliferation. We have shown previously that the mutated
forms of ERF exhibiting predominantly nuclear localization
can arrest cells at the G0/G1 phase of the cell cycle, as deter-
mined by DNA content and new DNA synthesis (32). How-
ever, it was unclear if the cell cycle is blocked at G0 or early or
late G1, or if cell cycle machinery components were directly

involved in ERF-mediated inhibition. To address these ques-
tions, we overexpressed different cyclins, alone or in combina-
tion, in the presence or absence of mutated ERF that localizes
in the nucleus (mut1-7) and arrests cellular proliferation (32).
Overexpression of the S-phase cyclin A had no effect on ERF-
mediated arrest. The same was true for the G1/S-phase cyclin
E. However, addition of cyclin D1 significantly decreased
ERF-mediated arrest (Fig. 6A), suggesting a G1 arrest. Coex-
pression of cyclin D1 and cyclin E eliminated ERF-mediated
cell cycle arrest (Fig. 6A), suggesting a possible late G1 arrest
by ERF. Coexpression of cyclins D1 and A had an effect similar
to that of cyclin D1 alone, while coexpression of cyclins A and
E had no effect on ERF-mediated arrest. These data indicate
that overexpression of ERF may block cells at late G1, around
the G1 restriction point. However, cyclin overexpression can
affect different components of the cell machinery. Thus, to test

FIG. 5. ERF is dephosphorylated in the nucleus as a consequence
of decreased nuclear Erk activity. (A) Ref cells were serum arrested
and at the indicated time points after serum deprivation the localiza-
tion of total (red) and phosphorylated (green) ERF was determined by
indirect immunofluorescence as for Fig. 2A. Nuclei ware stained blue
by TO-PRO-3. Red and blue color colocalization shows as magenta
color, green and blue colocalization shows as cyan, green and red
colocalization shows as yellow, and colocalization of all three shows as
white. (B) Ref cells were serum arrested in the presence (� no FBS
lanes) or absence (no FBS lanes) of LMB. For the LMB treatment
cells were grown in complete media for 1 h in the presence of LMB
(10% FBS 60� lane) and then were treated with LMB-containing
serum-free media for the indicated times. Cells were also treated for
2 h with LMB in complete media (10% FBS 120� lane) to account for
any possible effects of the prolonged LMB treatment. At the indicated
time points total cellular extracts were analyzed for ERF levels with
the S17S antibody (top panel), phosphorylated ERF (pERF) levels
with the P3-4 antibody (second panel), phosphorylated Erk1 and -2
levels with an anti-phospho-Erk antibody (third panel), and Erk1 and
-2 levels with an anti-Erk antibody (fourth panel).

FIG. 6. Nuclear ERF arrests cell proliferation in an Rb-dependent
manner. (A) Ref-1 cells were cotransfected in the presence (gray bars)
and absence (white bars) of ERF mut1-7A with expression plasmids
encoding cyclin A, cyclin D1, and cyclin E as indicated and a plasmid
encoding CD4 as a marker for the transfected cells. Twenty-four hours
after transfection, cells were exposed to BrdU for 8 h, and the per-
centage of transfected cells that proceed to DNA replication during
this 8-h window was monitored by indirect immunofluorescence with
an anti-BrdU antibody. A minimum of 50 transfected cells were scored
for each combination in three independent experiments. (B) Ref-1
cells and Saos2 cells were transfected with an empty vector, wild-type
ERF (wtERF), or ERF mut1-7A (ERFm1-7) and a plasmid encoding
CD4 to detect transfected cells. DNA synthesis was monitored as for
panel A. A minimum of 50 transfected cells were scored in three
independent experiments (C) Primary MEF cultures and MEF cul-
tures from mice currying a homozygous deletion of the Rb gene (Rb�/�

MEFs) were transfected with an empty vector, wtERF, or ERF
mut1-7A and a plasmid encoding CD4 to detect transfected cells.
DNA synthesis was monitored as for panel A. A minimum of 50
transfected cells were scored in three independent experiments.
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the possible effect of ERF at late G1, we utilized the Saos2 cells
that do not have a functional Rb gene. We have previously
shown (32) that Ref-1 cells are partially inhibited by the over-
expression of wild-type ERF and are blocked by overexpres-
sion of mutated ERF. The Saos2 cells were not affected by the
overexpression of either the wild type or the nuclear form of
ERF (Fig. 6B), suggesting that a functional G1 restriction point
may be required for ERF-mediated arrest. To eliminate the
possible contribution of other mutations that frequently accu-
mulate in established cell lines, we tested both the ability of
ERF to arrest the cell cycle and the role of a functional G1

restriction point in this arrest in primary MEFs. Wild-type and
mutated ERFs were introduced into MEFs from wild-type and
isogenic mice carrying a homozygous mutation of the Rb gene.
Normal MEFs were arrested by the overexpression of the
mutated ERF that localizes in the nucleus, a condition which
mimics the state where Erk is inactive, while Rb�/� MEFs
were unaffected (Fig. 6C). Wild-type ERF has no effect in
either cell type. These data suggest that the nuclear localiza-
tion of ERF can arrest cell cycle progression in fibroblasts in an
Rb-dependent manner, indicating that ERF arrests cells in late
G1, probably by interfering with the levels of specific cell cycle
machinery components. Thus, ERF provides a link between
the level of active Erk and cell cycle progression through the
G1 restriction point.

DISCUSSION

The Ras/Erk signaling pathway regulates multiple cellular
functions. A number of immediately-early response effectors
that are regulated by Erk have been identified, including tran-
scription factors, notably those of the ets family. However, for
none of these effectors is it clear how the strength and the
duration of the signal are integrated in their regulation. Here
we present evidence that ERF, an Erk-regulated transcrip-
tional repressor, can sense signal strength and duration via
continuous phosphorylation-dependent nucleocytoplasmic
shuttling, affecting the progress through G1 in an Rb-depen-
dent manner.

ERF import. ERF is a stable protein with a half life of more
than 24 h (our unpublished observation) with a constant tran-
scription rate in most cell types and tissues tested. The only
known form of regulation is Erk-dependent phosphorylation,
which alters the subcellular localization of the protein (32).
Nuclear accumulation following LMB treatment of the cells
strongly suggests that the subcellular localization of ERF is a
dynamic process, the result of equilibrium between the import
and export rates. The nuclear import of ERF does not appear
to be regulated by phosphorylation. Phosphorylated ERF can
be readily detected in the nucleus following CRM1 blockade
by LMB and during nuclear accumulation induced by serum
withdrawal. Phosphorylation-mimicking glutamic acid muta-
tions do not affect nuclear import. Blocking nuclear import
with carbonyl cyanide m-chlorophenyl-hydrazone does not af-
fect the subcellular distribution of either cytoplasmic or nu-
clear mutated forms of ERF (not shown). We have shown
previously that substituting the NLS present in the ets domain
of ERF is not sufficient to alter the subcellular localization of
chimeric ERF proteins (5), arguing against a possible phos-
phorylation-dependent NLS-masking mechanism. Also, the
presence of two independent NLSs in ERF argues against this
possibility. However, is not inconceivable that, under certain
conditions in some cell types, masking of either or both NLSs
might be a mechanism affecting the rate of nuclear import.
Another possibility is a transient dephosphorylation of ERF
during its entry into the nucleus. However, we were not able to
detect such a form by confocal microscopy or by immunoblot-
ting in proliferating cells during serum starvation or LMB-
induced nuclear accumulation. Finally, our export data indi-
cate that phosphorylated ERF can pass through nuclear pores
very effectively. Thus, phosphorylation-dependent nuclear im-
port does not appear to regulate ERF localization.

ERF export. In contrast to the rate of import, the rate of
nuclear export of ERF is totally dependent on its state of
phosphorylation. We have shown previously that phosphoryla-
tion-blocking mutated forms have an increasing nuclear accu-
mulation and that multiple phosphorylations are required for
effective nuclear export (32). Analysis of the export kinetics
during serum stimulation suggests that there are two distinct
ERF phosphorylation events in the nucleus. First, all sites
except T526 are phosphorylated, probably resulting in the
loading of ERF on the export machinery, and immediately
after T526 is phosphorylated, allowing the effective release of
the protein into the cytoplasm. The abundance T526-phos-
phorylated ERF molecules associated with CRM1-containing
complexes suggests that phosphorylation at this position is

FIG. 7. A model for the regulation and function of ERF during
Erk-mediated mitogenic stimulation. (Upper left) In the absence of
Erk activity ERF is nuclear and represses the transcription of genes
required for the progression through G1. (Upper right) Two to 3 min
after mitogenic stimulation the activated Erk kinase translocates into
the nucleus and phosphorylates ERF. (Lower right) This results in
conformational changes that allow the interaction of ERF with an
adaptor protein, which leads to its nuclear export. (Lower left) After
the loading of ERF onto the export machinery, ERF is further and
transiently phosphorylated at position T526 (grey phosphorus) in or-
der to be released into the cytoplasm, allowing for the transcription of
genes required for progression through G1. Upon the elimination of
nuclear Erk activity the shuttling ERF molecules are retained in the
nucleus due to their dephosphorylation (vertical arrow). In proliferat-
ing cells the export rate of ERF is high due to the Erk activity, resulting
in its observed cytoplasmic localization (bidirectional horizontal ar-
row). The indicated domains of ERF are as follows: DBD, ets DNA-
binding domain; ED1, export domain 1; ErkID, Erk interaction do-
main; RD, repressor domain (also contains part of export domain 2).
G1 progression, transcription of genes involved in cell cycle progres-
sion through G1.
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directly involved in the export process. The delayed export of
the T526E form indicates that a negative charge at this position
may block loading onto the export machinery, while the pe-
rinuclear localization of the T526A form indicates a delayed
release from the export machinery to the cytoplasm. This de-
layed release may also contribute to the increased nuclear
accumulation observed under steady-state conditions (expo-
nential growth).

It is not clear whether T526 dephosphorylation occurs in the
cytoplasm or the nucleus. The decreased levels of T526-phos-
phorylated ERF protein observed 10 to 15 min after serum
stimulation, when almost all the protein is cytoplasmic, suggest
that ERF dephosphorylation occurs in the cytoplasm. Also, the
level of the T526 phosphorylated ERF protein at steady state,
which is estimated to be 10 to 20% of the total protein, sup-
ports this hypothesis. However, the T526E mutation does not
affect nuclear import, and T526-phosphorylated ERF can be
found in the nucleus after blockade of CRM1. Although re-
phosphorylation of ERF in the nucleus cannot be excluded
under these conditions, ERF can be dephosphorylated in the
nucleus after blockade of CRM1 and serum withdrawal, sug-
gesting that nuclear dephosphorylation of T526 is also possible.
Thus, it is likely that T526 dephosphorylation can occur in both
compartments, ensuring the efficient export of the ERF pro-
tein under exponential-growth conditions.

ERF does not contain a CRM1-dependent leucine-rich (18)
or bipartite NES (38), a CRM1-independent hnRNP K nuclear
shuttling element (15, 24), or any single region capable of
serving as an autonomous NES. However, the block of ERF
nuclear export by LMB strongly suggests CRM1-mediated ex-
port. Indeed CRM1 can be detected in ERF complexes immu-
noprecipitated from cell extracts, but no interaction between
these proteins has yet been detected in vitro. This suggests that
interaction in vivo may require another protein. Such adaptor
proteins have been found in many exported proteins, including
the Drosophila ets domain repressor Yan (56) and Erk itself (1,
2). It has been shown that the nuclear export of several mem-
bers of the Forkhead family of transcription factors is facili-
tated by their interaction of the phosphorylated proteins with
14-3-3s (40, 48; for recent review see reference 7). 14-3-3s
proteins can associate with ERF in vitro (T. Dubois and A.
Aitken, University of Edinburgh, Edinburgh, United Kingdom,
unpublished findings). However, the 14-3-3� that we tested
interacted in vitro equally well with phosphorylated and non-
phosphorylated ERFs. Moreover, 14-3-3 proteins cannot be
found in ERF-containing complexes after low-stringency im-
munoprecipitation and detection with a pan-14-3-3 antibody,
nor can we detect any ERF-specific bands using a far-Western
approach with labeled 14-3-3s. Furthermore, overexpression of
wild-type or NES-deficient mutant 14-3-3� did not affect the
localization of ERF, its binding to DNA, or its ability to func-
tion as a transcriptional repressor (our unpublished data).
Thus we have no evidence to support a role for 14-3-3s in the
nuclear export of ERF.

Erk1 and Erk2 associate strongly with ERF, shuttle between
the nucleus and the cytoplasm, and could therefore also serve
as adaptors that could also facilitate the distinct phosphoryla-
tion of T526. However, the interaction between ERF and Erk
is phosphorylation independent (unpublished data) and thus
cannot explain the nuclear localization of the phosphorylation-

deficient mutant ERFs. In addition, the Erk interaction site is
distinct from the two regions required for ERF export, (32; our
unpublished data), arguing that the Erks may not be the adap-
tor proteins responsible for ERF export. Finally, the localiza-
tion of ERF and Erk during serum induction does not support
this hypothesis. We were not able to detect any protein that
can serve as an export adaptor in repetitive yeast two-hybrid
screenings or in low-stringency pull-downs and immunopre-
cipitations (our unpublished data), suggesting that a multi-
meric adaptor may be required for ERF export.

It is conceivable that the phosphorylation of ERF may also
release it from a nuclear anchor, thereby allowing its nuclear
export. It has been shown that phosphorylation does not affect
DNA binding (52) and that substitution of the ERF DNA-
binding domain does not affect nuclear shuttling (5; our un-
published data). We could not detect any DNA-binding-inde-
pendent association with either histones or chromatin
(unpublished observations). It is possible though that a nuclear
protein masks the NESs. This hypothesis is consistent with the
multisite phosphorylation required for ERF export. However,
the lack of an autonomous NES region on ERF and its inability
to associate directly with exportin suggest that such a mecha-
nism would be additional to the phosphorylation-dependent
loading onto the export machinery.

Erk monitoring and growth arrest. We have shown previ-
ously that ERF phosphorylation and localization are totally
dependent on Erk activity and that nuclear ERF can arrest the
cell cycle at the G0/G1 phase (32). ERF appears to be a highly
specific target for the Erk subfamily of the mitogen-activated
protein kinases (MAPK). It harbors specific determinants for
its interaction with Erks that are not utilized by other MAPK
subfamilies (our unpublished data). Our data suggest that ERF
phosphorylation mirrors the level of Erk activity and, more
specifically, the level of nuclear Erk activity. The constant
overall level of ERF within cells, its regulation via subcellular
repositioning, and its continuous nucleocytoplasmic shuttling
imply that ERF serves as a continuous monitor of nuclear Erk
activity that modulates transcription in response to Erk acti-
vation and inactivation. A similar mechanism and role have
only been recently suggested for Smads in the transforming
growth factor 	 signaling pathway (60, 61).

Although the Ras/Erk pathway is considered to be a major
mitogenic pathway, there is little information regarding the
mechanisms via which Erks affect cell cycle machinery compo-
nents. It has been suggested that the balance between cyclin
D1 and p21 inhibitors is a major regulatory step (for a review
see reference 49), while up-regulation of cyclinD1 and down-
regulation of p27 constitute another proposed mechanism
(21). Either of these would be consistent with Rb-dependent
cell cycle activation by Erks (13). Our data indicate that loss of
Rb or overexpression of cyclins could abolish the cell cycle
arrest induced by the overexpression of the inactive-Erk-mim-
icking, phosphorylation-deficient mutated form of ERF. This
suggests that ERF could be one of the factors mediating Ras/
Erk signaling to the cell cycle machinery. This role and mode
of function of ERF would be consistent with the function of the
recently identified ERF homologue METS (29), which can re-
press cell cycle progression during macrophage terminal dif-
ferentiation in a ras- and Rb-dependent manner. It is not clear
which transcription factors are involved in the regulation of
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cyclin D1, p21, and p27. ERF as a transcriptional repressor
could directly affect cyclin D1 down-regulation in the absence
of Erk activity, indirectly activate p21/p27, or affect other cell
cycle components required for cell cycle progression, such as
cyclin-dependent kinases. ERF could also affect other genes
that are involved in cell cycle regulation and that harbor ets-
binding regulatory sites, such as myc (50) and p53 (57).

In conclusion our data support the hypothesis that ERF
through its Erk phosphorylation-regulated nuclear export and
continuous shuttling may be a link between the Ras/Erk sig-
naling pathway and the cell cycle components regulating pro-
gression through G1 (Fig. 7).
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