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The transcriptional status of eukaryotic genes is determined by a balance between activation and repression
mechanisms. The nuclear hormone receptors represent classical examples of transcription factors that can
regulate this balance by recruiting corepressor and coactivator complexes in a ligand-dependent manner. Here,
we demonstrate that the equilibrium between activation and repression via a single transcription factor, Elk-1,
is altered following activation of the Erk mitogen-activated protein kinase cascade. In addition to its C-
terminal transcriptional activation domain, Elk-1 contains an N-terminal transcriptional repression domain
that can recruit the mSin3A-histone deacetylase 1 corepressor complex. Recruitment of this corepressor is
enhanced in response to activation of the Erk pathway in vivo, and this recruitment correlates kinetically with
the shutoff of one of its target promoters, c-fos. Elk-1 therefore undergoes temporal activator-repressor
switching and contributes to both the activation and repression of target genes following growth factor
stimulation.

The balance between the activation and repression mecha-
nisms that act at a promoter determines the levels of gene
transcription. The mechanisms of transcriptional activation
have received considerable attention; however, it is becoming
clear that transcriptional repression is equally important and
can be mediated by several different mechanisms (reviewed in
references 9 and 18). One repression mechanism involves the
recruitment of corepressor complexes (reviewed in references
35 and 45), many of which contain subunits that possess his-
tone deacetylase activity (HDACs). HDACs act to deacetylate
histones and hence convert chromatin into a repressive state
(reviewed in references 2, 26, and 28). An example of one such
corepressor is the mSin3A-HDAC complex, which contains
multiple subunits, including N-CoR (SMRT), mSin3A, HDAC-1,
RbAp48, and SAP18/30/46 (45). Within these complexes, N-
CoR and mSin3A act as links to transcription factors such as
nuclear hormone receptors (via N-CoR [reviewed in reference
45]) and Mad, p53, TEL, and Ikaros (via mSin3A) (13, 27, 29,
33). In the case of the nuclear hormone receptors, ligand
binding causes dissociation of these corepressor complexes and
replacement with coactivator proteins and associated histone
acetylase activities. The net result is a signal-dependent switch
from a repressed to an active state (45).

The activation of c-fos following stimulation by a plethora of
different extracellular stimuli has been studied intensively (re-
viewed in reference 7). c-fos exhibits classical immediate-early

gene activation kinetics in response to mitogens and growth
factors such as serum and epidermal growth factor (EGF),
where it is rapidly induced within 15 min of stimulation, fol-
lowed by a rapid shutoff of transcription back to basal levels
within 2 h of stimulation. In the absence of stimulation, c-fos
expression is barely detectable. Thus, three phases can be iden-
tified: an initial repressed state, activation, and a return to the
repressed state. A large number of these stimuli activate c-fos
via the serum response element (SRE) (7, 41). In the case of
EGF, the signals are primarily transduced via the Erk mitogen-
activated protein kinase (MAPK) pathway to the ternary com-
plex factor (TCF) transcription factors that form a complex
with the serum response factor (SRF) on the SRE (42). How-
ever, serum appears to activate pathways that converge on
both the TCF and SRF parts of this complex (19, 20, 25). While
it is clear that the TCFs are directly involved in the transcrip-
tional activation process in response to the turning on of the
Erk MAPK pathway, it is unclear how c-fos is subsequently
turned off and whether the TCFs play a role in this process.

The TCFs are a subfamily of ETS domain transcription
factors that currently contains three different proteins, Elk-1,
SAP-1, and SAP-2 (Net) (42, 48). These proteins contain four
conserved domains (see Fig. 1A); an N-terminal ETS DNA-
binding domain; the B box, which binds directly to SRF (39);
the D domain, which acts as a docking site for MAPKs (21, 46,
47); and the C domain, which acts as an MAPK-inducible
transcriptional activation domain (14, 22, 23, 31, 32, 36). Each
TCF appears to respond to a different subset of MAPK cas-
cades, and in the case of Elk-1, evidence has been gathered to
implicate the Erk, Jnk, and p38 MAPK pathways in its regu-
lation (43, 48). Both Elk-1 and SAP-1 can act as transcriptional
activator proteins, and in the case of Elk-1, both CBP (24) and
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Sur-2 (4) have been implicated as potential Erk-dependent
coactivator proteins. In contrast, SAP-2 appears to be able to
act as a transcriptional repressor rather than an activator pro-
tein, and in this case, activation of the Erk pathway appears to
result in the loss of this repressive activity (15). Two different
repression domains have been identified in SAP-2 that are not
conserved with Elk-1, the Net inhibitory domain (NID) and the
CHBP inhibitory domain (CID) (10, 31).

In this study, we have investigated whether Elk-1 might also
be able to act as a transcriptional repressor protein and thus
play a role in turning off immediate-early genes such as c-fos.
We demonstrate that Elk-1 contains an N-terminal transcrip-
tional repression domain and that Elk-1 can recruit the
mSin3A–HDAC-1 corepressor complex. Recruitment is en-
hanced in response to activation of the Erk pathway, and this
recruitment correlates kinetically with the shutoff of one of its
target promoters, c-fos. It therefore appears that in addition to
its role as an activator, Elk-1 also acts as a transcriptional
repressor and can undergo activator-repressor switching fol-
lowing activation of the Erk MAPK pathway.

MATERIALS AND METHODS

Plasmid constructs. The following plasmids were used for expressing gluta-
thione S-transferase (GST) fusion proteins in Escherichia coli. pAS74 [encoding
GST-Elk(1–93); Elk-1 amino acids 1 to 93] (40), pAS77 [encoding GST-Elk(139–
168); Elk-1 amino acids 139 to 168] (38), pAS183 [encoding GST–SAP-1(1–92);
SAP-1 amino acids 1 to 92] (39), pAS462 [encoding GST-PEA3(341–432); PEA3
amino acids 341 to 432] (6), pAS407 [encoding GST-Elk(205–428); Elk-1 amino
acids 205 to 428] (40), and pGNElk [encoding GST-Elk(1–205); Elk-1 amino
acids 1 to 205] (14) have been described previously.

pAS278 (encoding hexahistidine-Flag-tagged Elk-1 [amino acids 1 to 428]) was
used to express full-length Elk-1 in E coli.

The following plasmids were constructed and used for mammalian cell trans-
fections. pG5-E1B-Luc contains five GAL4 DNA-binding sites cloned upstream
of a minimal E1B promoter element and the firefly luciferase gene; pSRE-Luc
contains two copies of the c-fos serum response element (nucleotides 2357 to
2275) upstream from a minimal thymidine kinase (TK) promoter and the lucif-
erase gene (37). All have been described previously (11). pG5-TK-Luc
(pAS1567) contains five GAL4 DNA-binding sites cloned upstream of a minimal
TK promoter element and the firefly luciferase gene and was constructed in
several steps. The HindIII/BamHI fragment from pG5E4T (kindly provided by
Stefan Roberts) was inserted into the same sites in pBLCAT (3) to create
pG5-TK-CAT (pAS1565). The HindIII/XhoI fragment from pAS1465 was in-
serted into the same sites of pBS-SK1 to produce pBG5TK (pAS1566). The
XmaI/BglII fragment from pAS1466 (containing the G5-TK promoter fragment)
was inserted into the same sites in pT81Luc (kindly provided by E. Oettgen) to
produce pG5-TK-Luc (pAS1467). pCMV5-MEK-1 (DN S218E-S222D) encodes
constitutively active MEK-1; pAS383 (pCMV5-Elk-1, encoding full-length Elk-1
controlled by a cytomegalovirus [CMV] promoter), pAS571 (pCMV-GAL),
and pAS572 [pCMV-GAL-Elk(205–428)] were described previously (46).
pAS1068 (pSG424-new) encodes the GAL4 DNA-binding domain with a frame-
shift in the multiple cloning site and was constructed by ligating the BamHI/
KpnI-annealed oligonucleotides ADS673 and ADS674 into the same sites of
pSG424 (constructed by Alex Galanis). pAS1557 [pCMV-GAL-Elk(1–93)] and
pAS1563 [pCMV-GAL-SAP-2(215–281)] were constructed by ligating SalI/XbaI
PCR fragments into the same sites of pAS571, pAS1558 [pGAL-Elk(1–206)] was
constructed by ligating the BamHI/XbaI PCR fragment into the same sites of
pAS1068. pAS1559 [pCMV-GAL-Elk(1–206)] was constructed by ligating the
HindIII/XbaI fragment from pAS1458 into the same sites of pCMV5. pAS1561
[pCMV-GAL-Elk(1–428)] was constructed by ligating a StuI/XbaI fragment from
pAS728 into the same sites of pAS1458. pAS1654 (encoding Flag-tagged full-
length Elk-1[S383A/S389A] mutant) was constructed in several steps. First, a
PCR fragment was generated from pAS567, digested with XmaI/XhoI, and li-
gated into pAS728 to produce pAS1651. The NcoI/XhoI fragment from pAS1651
was then inserted into the same sites in pETnef-PFH to produce pAS1652. The
NcoI/HindIII fragment from pAS1652 was then inserted into the same sites in
pRSETB (Invitrogen) to produce pAS1653. Finally, the KpnI/HindIII fragment
from pAS1653 was ligated into the same sites in pCMV5 to produce pAS1654.

pAS1655 (encoding full-length His-Flag-tagged Elk-1 under a ponasterone-in-
ducible promoter) was constructed by inserting the KpnI/BamHI fragment from
pAS383 into pIND(SP1) (Invitrogen).

The following plasmids were used for in vitro transcription-translation or
transfection purposes: pCS-myc, pCS-myc-mSin3A(1–205), pCS-myc-mSin3A(1–
479), pCS-myc-mSin3A(1–680), pCS-myc-mSin3A(1–1015), pCS-myc-mSin3A(1–
1275), pcDNA3-HDAC-1, and pCMV59 3T-HDAC-1 (encoding N-terminally
hemagglutinin [HA]-tagged full-length HDAC-1) (29).

All plasmid constructs made by PCR were verified by automated dideoxy
sequencing.

Protein expression and purification. GST fusion proteins were expressed in E.
coli JM101 or X90 and purified as described previously (40). Full-length hexa-
histidine-tagged polypeptides were expressed in E. coli BL21(DE3)(pLysS) with
the pET vector system and quantified as described previously (46).

The synthesis of proteins by in vitro transcription and translation was carried
out with the TNT-coupled reticulocyte lysate system (Promega) according to the
manufacturer’s recommendations. Newly synthesized 35S-labeled proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by visualization and quantification by phosphorimager (Fuji
and Tina software version 2.08e [Fuji] or Bio-Rad Molecular Imager FX and
Quantity One software).

In vitro protein-protein interaction assays. Interactions between 0.5 to 1 mg
each of GST or His-tagged fusion proteins and in vitro-translated proteins were
investigated using pull-down assays as described previously (38) with modified
buffer conditions (40 mM HEPES [pH 7.9], 100 mM NaCl, 5 mM MgCl2, 0.5 mM
EDTA, 40 mM b-glycerophosphate, 0.5 mM dithiothreitol, 0.1 mM sodium
orthovanadate, 0.05% NP-40, 0.5 mM phenylmethylsulfonyl fluoride).

Tissue culture, stable cell line generation, cell transfection, and reporter gene
assays. 293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL).
Transfection experiments were carried out using Superfect transfection reagent
(Qiagen) as described previously (46). The cell lines EcR-293-Elk#1 and EcR-
293-Elk#8 inducibly express a Flag-His-tagged version of full-length Elk-1.
These clonogenic cell lines were generated according to the manufacturer’s
instructions (Invitrogen). EcR293 cells were transfected with pAS1655, and
clones were isolated by G418 selection. The resulting cell lines were maintained
in DMEM with 10% FBS, zeocin (400 mg/ml), and G418 (500 mg/ml). Induction
of Elk-1 was achieved by adding ponasterone A (5 mM) for 24 h in serum-free
medium. Cells were subsequently stimulated with EGF.

For reporter gene assays, 1 mg of reporter plasmid was cotransfected with
various vectors. Cell extracts were prepared, and luciferase and b-galactosidase
assays were carried out as described previously (46). Cells were treated with 50
nM EGF (Sigma) or 330 nM trichostatin A (TSA) and left for the times indicated
before harvesting.

Kinase reactions. Kinase reactions were carried out as described previously
(46).

Immunoprecipitation and Western blot analysis. For immunoprecipitations,
anti-Flag agarose beads (Sigma) were used for Flag-tagged proteins and for
GAL4 fusion proteins. The antibody matrix was prepared by binding the GAL4
antibody (sc-577x; Santa Cruz Biotechnology) to protein G beads. Lysates from
293 cells were prepared from 35-mm dishes in 200 ml of Triton lysis buffer (TLB)
containing protease inhibitors as described previously (46). Antibody matrix (20
ml) was incubated with whole-cell extracts with rotation for 2 h at room temper-
ature. Complexes were washed three times with TLB, boiled in sample loading
buffer, and subjected to SDS-PAGE followed by Western blot analysis. The M2
anti-Flag (Sigma), anti-phospho-S383 Elk-1 antibody (NEB), anti-Elk-1 (NEB),
anti-mSin3A (K-20; Santa Cruz), anti-Myc (Santa Cruz), anti-HA (BDH), anti-
HDAC-1 (Upstate Biotechnology) and horseradish peroxidase-conjugated sec-
ondary antibodies (Transduction Laboratories) were used in the immunoblot
analysis as described previously (46), followed by SuperSignal West Dura ex-
tended-duration substrate (Pierce) and visualized by phosphorimager (Bio-Rad
Fluor-S MultiImager and Quantity One software).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays using antisera
specific to acetylated histone H4, Flag, or mSin3A (Santa Cruz) were performed
exactly as specified by the manufacturer (Upstate Biotechnology). PCR of the
c-fos promoter was performed on immunoprecipitated chromatin using oligonu-
cleotides ADS859 (59-AGCAGTTCCCGTCAATCC-39) and ADS860 (59-TGA
GCATTTCGCAGTTCC-39). DNAs were amplified for 28 cycles using Biotaq
DNA polymerase (Bioline).

Figure generation and data quantification. Figures were generated electron-
ically from scanned autoradiographic images by using Picture Publisher (Micro-
grafix) or Adobe PhotoDeluxe Business Edition 1.0 and Powerpoint version 7.0
(Microsoft) software. Final images are representative of the original autoradio-
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graphic images. Data from Western blots are computer-generated images
(Quantity One; Bio-Rad). Phosphorimager data were quantified using either
Tina software (version 2.08e; Fuji) or Quantity One (Bio-Rad).

RESULTS

Elk-1 contains an N-terminal transcriptional repression do-
main. The transcription factor Elk-1 plays a pivotal role in the
induction of c-fos transcription following growth factor stimu-
lation. Elk-1 contains a C-terminal transcriptional activation
domain (42, 48). In order to investigate whether Elk-1 also
contains a transcriptional repression domain and hence might
participate in c-fos downregulation, a series of truncated Elk-1
proteins fused to the GAL4 DNA-binding domain were con-
structed (Fig. 1A) and tested for their ability to regulate two
different GAL4-driven luciferase reporters in 293 cells. These
reporters differed only by the basal promoters E1B and TK.
Under serum-free conditions, full-length Elk-1 [GAL-Elk(1–
428)] and a carboxyl-terminal deletion mutant [(GAL-Elk(1–
206)] repressed the activity of both of these luciferase reporter
genes. However, in comparison, little repression was observed
with the N-terminally truncated protein GAL-Elk(205–428)
(Fig. 1B and C). This demonstrates that the amino-terminal
part of Elk-1 contains a transcriptional repression domain.

To determine if associated HDAC activity is required for
repression by GAL-Elk fusion proteins, we examined the effect
of TSA, a specific inhibitor of HDACs, on repression mediated
by GAL-Elk(1–206), GAL-Elk(205–428), and GAL-Elk(1–
428). On the E1B-Luc reporter, TSA did not lead to relief of
repression by Elk(1–206) and only led to an enhancement of
promoter activity in the presence of GAL-Elk(205–428) (Fig.
1D). This suggests the presence of a repression domain in the
C-terminal half of Elk-1, which is usually masked by the tran-
scriptional activation domain (TAD) (see Discussion). These
results also indicate that the N-terminal end of Elk-1 [Elk(1–
206)] represses in an HDAC-independent manner at this pro-
moter. However, on the TK-Luc reporter, TSA led to en-
hanced promoter activity by all three GAL-Elk fusion proteins
(Fig. 1E), indicating a role for HDACs in repressing transcrip-
tion via these proteins on this promoter. Interestingly, TSA
causes more enhancement of promoter activity in the presence
of full-length Elk-1 than either of the deleted proteins, sug-
gesting cooperativity between repression domains at the N-
and C-terminal ends of Elk-1.

Collectively, these data therefore demonstrate that the Elk-1
repression activity is mediated, at least in part, by histone
deacetylation-dependent mechanisms in a promoter-specific
manner.

Elk-1 interacts with components of the mSin3A–HDAC-1
complex in vitro. One mechanism for transcriptional repres-
sion is via recruitment of HDAC-containing complexes (2, 26,
28). Several corepressor complexes which target HDACs to
promoters have been identified (5, 45). One such complex
contains mSin3A and HDAC-1. To investigate whether Elk-1
binds to components of this complex, in vitro pull-down exper-
iments were carried out. A series of truncated proteins fused to
GST (Fig. 2A) were tested for their ability to interact with
either mSin3A (Fig. 2B, top panel) or HDAC-1 (Fig. 2B,
bottom panel) in order to map the mSin3A interaction domain
in Elk-1. Of the fusion proteins tested, interactions were only
obtained with the C-terminally truncated Elk-1 derivatives

GST-Elk(1–93) and GST-Elk(1–205) (Fig. 2B, lanes 4 and 5).
We were unable to detect interactions with the B box alone
[GST-Elk(139–168)] or with either nonphosphorylated or
phosphorylated forms of the N-terminally truncated Elk-1 de-
rivative GST-Elk(205–428) (Fig. 2B, lanes 3, 6, and 7). These
results indicate that the N-terminal ETS DNA-binding domain
contained in Elk(1–93) is sufficient to mediate interactions
with mSin3A and HDAC-1.

The ETS DNA-binding domain is conserved among mem-
bers of the ETS domain family of transcription factors. To
examine if this domain from other family members represents
a binding motif for mSin3A, GST fusions to the ETS domain
of SAP-1 and PEA3 were tested for their ability to bind to
mSin3A and HDAC-1 in GST pull-down experiments (Fig.
2C). The ETS domains of SAP-1 and PEA3 bind to mSin3A
(top panel) and HDAC-1 (bottom panel) with an efficiency
similar to that observed with Elk-1 (Fig. 2C, lanes 3, 4, and 5).
These results demonstrate that the ETS domains from differ-
ent proteins interact with mSin3A and HDAC-1, and there-
fore, different ETS proteins may also respond to the mSin3A–
HDAC-1 complex.

In order to verify that the ETS DNA-binding domain is
sufficient to mediate transcriptional repression by Elk-1, GAL-
Elk(1–93) was tested on the E1B-Luc and TK-Luc reporters
(Fig. 2E). In both cases, GAL-Elk(1–93) efficiently repressed
transcription. Furthermore, GAL-Elk(1–93) can also promote
.90% repression of a composite Lex-Gal-driven promoter-
reporter construct in the presence of the strong Lex-VP16
activator, demonstrating that it also represents a potent repres-
sor in the presence of highly activated transcription (data not
shown). The role of deacetylases in repression mediated by the
ETS domain was subsequently determined using TSA (Fig.
2F). TSA causes derepression of the TK-Luc reporter in the
presence of GAL-Elk(1–93), indicating that the ETS DNA-
binding domain of Elk-1 is sufficient to mediate HDAC-de-
pendent repression in vivo. The level of derepression is similar
to that observed with GAL–SAP-2(215–281), which contains
an HDAC-dependent repression domain (CID) from SAP-2
(10). The ETS domain therefore represents an HDAC-depen-
dent repression domain that can interact with components of
the mSin3A–HDAC-1 complex.

Mapping the Elk-1 interaction determinants in the mSin3A
protein. In order to determine the region in mSin3A that
interact with Elk-1, a series of 35S-labeled C-terminally trun-
cated mSin3A proteins that contain one or more paired am-
phipathic helix (PAH) domains were generated (Fig. 3A):
PAH1 (amino acids 1 to 205), PAH132 (amino acids 1 to
479), PAH133 (amino acids 1 to 680), PAH134 (amino acids
1 to 1015), and full-length (amino acids 1 to 1275). The pro-
teins were used in GST pull-down assays with GST-Elk(1–93)
(Fig. 3B). mSin3A(1–680), mSin3A(1–1015), and mSin3A(1–
1275) interact strongly with GST-Elk(1–93) (Fig. 3B, lanes 12,
15, and 18). However, little interaction is seen with either
mSin3A(1–479) or mSin3A(1–205) (Fig. 3B, lanes 6 and 9).
This analysis therefore demonstrates that the region contain-
ing amino acids 479 to 680 of mSin3A that encompasses PAH3
is required to mediate interactions with the ETS domain of
Elk-1.

mSin3A interacts with Elk-1 in vivo. To examine whether
the interactions between Elk-1 and mSin3A observed in vitro
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could be recapitulated in mammalian cells, either native full-
length Elk-1 or truncated GAL4–Elk-1 fusions were coex-
pressed with mSin3A or HDAC-1 in 293 cells, and immuno-
precipitation experiments were performed.

First, coimmunoprecipitation experiments were carried out
with a series of GAL–Elk-1 fusion proteins (Fig. 1A and 2E)
and Myc-tagged full-length mSin3A to identify the interaction
surface on Elk-1 (Fig. 4A). The GAL fusion protein containing
the N-terminal end of Elk-1 [GAL4-Elk(1–206)] interacted
with mSin3A (Fig. 4A, lane 1, top panel); however, in compar-
ison, weaker interactions were observed in N-terminally trun-
cated GAL-Elk(205–428) and full-length GAL4-Elk(1–428)
(Fig. 4A, lanes 2 and 3, top panel). Transfection of constitu-
tively activated MEK-1 leads to enhanced activation of Erk
(data not shown). Under these conditions, interactions were
strongly enhanced between mSin3A and GAL-Elk(1–428)
(Fig. 4A, lane 4, top panel). In all cases, mSin3A and GAL
fusion proteins are expressed at comparable levels (Fig. 4A,
middle and bottom panels). These data are fully consistent
with the in vitro mapping experiments (Fig. 2B) and demon-
strate that the N-terminal end of Elk-1, containing the ETS
domain, is sufficient for binding to mSin3A in vivo. In the
context of full-length Elk-1, activation of the Erk pathway
stimulates this interaction in vivo.

To confirm these interactions and determine the interaction
surface on mSin3A, Flag-tagged full-length Elk-1 was coex-
pressed with Myc-tagged mSin3A derivatives. Parallel experi-
ments were also carried out in the presence of cotransfected
constitutively active MEK-1. Elk-1 and associated proteins
were initially precipitated with Flag-agarose beads, followed by
detection of coprecipitating mSin3A with an anti-Myc anti-
body. In the absence of cotransfected MEK-1, mSin3A could
be weakly detected in immunocomplexes from Elk-1. How-
ever, the efficiency of complex formation was enhanced in the
presence of cotransfected MEK-1 (Fig. 4B, lanes 1 and 2, top
panel). No detectable coprecipitation was found when the
truncated mSin3A(1–479) was used in either the presence or
absence of MEK-1 (Fig. 4B, lanes 3 and 4, top panel). This is
consistent with the in vitro interaction data, showing that full-
length mSin3A binds to Elk-1 but the truncated protein
mSin3A(1–479) does not (Fig. 3B). Together, these results
demonstrate that Elk-1 and mSin3A interact in vivo and this
interaction is enhanced upon activation of the Erk pathway.

To examine if HDAC-1 exists as part of Elk-1-associated
protein complexes, similar coimmunoprecipitation experi-
ments were performed. HDAC-1 can be found in Flag (Elk-1)

FIG. 1. Elk-1 contains a transcriptional repression domain. (A)
Diagram illustrating a series of truncated Elk-1 proteins (black boxes,
with domains indicated by white boxes) fused to the GAL4 DNA-
binding domain (amino acids 1 to 147, grey boxes). Numbers of the
C-terminal amino acids in the Elk-1 moiety are indicated (italics). (B
and C) GAL-Elk fusion proteins repress GAL4-driven luciferase re-

porter genes. 293 cells were cotransfected with 0.1 mg of CMV pro-
moter-driven constructs encoding the indicated GAL4–Elk-1 deriva-
tives and 1 mg of GAL4-driven luciferase reporter plasmids containing
the minimal E1B (B) or TK (C) promoter. Cells were maintained in
serum-free conditions throughout the experiment. The layout of the
reporters is represented as a diagrammatic insert. Luciferase activities
relative to the control cells (without transfection of any GAL4 fusions
[—]) are presented (means 6 standard deviation, n 5 2). (D and E)
TSA sensitivity of the indicated reporters in the presence of GAL-Elk
fusion proteins. Transfection assays were carried out as above. Cells
were left in serum-free medium after transfection, treated or not with
TSA, and harvested 18 h later. Luciferase activities relative to the
untreated cells (fold derepression) are presented (means 6 standard
deviation, n 5 2).
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FIG. 2. Elk-1 interacts with mSin3A and HDAC-1 in vitro. (A) Schematic illustration of a series of truncated Elk-1 proteins (black boxes) fused
to GST (grey boxes). Numbers of the C-terminal amino acids in the Elk-1 moiety are indicated (italics). (B) Mapping the mSin3A and HDAC-1
interaction domain on Elk-1. GST pull-down analysis of 35S-labeled mSin3A (upper panel) and HDAC-1 (bottom panel) with GST (lane 2) and
a series of truncated Elk-1 proteins fused to GST (lane 3 to 7). GST-Elk(205–428) was left nonphosphorylated (lane 6) or phosphorylated with
Erk2 (lane 7) prior to immobilization on the beads, and 5% of the input proteins are shown in lane 1. (C) Binding of mSin3A–HDAC-1 to different
ETS domains. GST pull-down analysis of 35S-labeled mSin3A (upper panel) and HDAC-1 (bottom panel) with GST (lane 2) and a series of
GST-ETS domain fusion proteins (lanes 3 to 5); 5% of the input proteins are shown in lane 1. (D) Diagram illustrating a series of protein domains
fused to GAL4 DNA-binding domain (amino acids 1 to 147, grey boxes). (E) Either 1 mg of GAL4x5-TK-Luc (open bars) or GAL4x5-E1B-Luc
(grey bars) reporter vectors and 0.1 mg of pCMV-GAL or pCMV-GAL-Elk(1–93) were transfected. Cells were left in the serum-free medium for
18 h before harvesting. The luciferase activities relative to GAL are presented (mean 6 standard deviation, n 5 2). (F) GAL4 reporter gene assays
were carried out in 293 cells in the presence of GAL4 fusion proteins; 1 mg of GAL4x5-TK-Luc reporter vector and 0.1 mg of the indicated CMV
promoter-driven constructs encoding GAL4 fusion proteins were transfected. Cells were treated and data are presented as in Fig. 1D and E.
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immunoprecipitates (Fig. 4C, lane 1) and, in reciprocal exper-
iments, Elk-1 is also found in HDAC-1 immunoprecipitates
(data not shown). Activation of the Erk pathway leads to en-
hanced HDAC-1 interaction in vivo (Fig. 4C, lane 2, top pan-

el). In contrast, no Erk-dependent recruitment of a different
HDAC, HDAC-4, to Elk-1 was observed (data not shown).

To investigate whether direct phosphorylation of Elk-1 by
Erk can promote enhanced recruitment of the mSin3A–

FIG. 3. Mapping the Elk-1 interaction domain in mSin3A. (A) Schematic representation of mSin3A indicating the locations of the four PAH
domains (white boxes). The numbers of the C-terminal amino acids in each truncated mSin3A construct are indicated. N-terminal Myc epitope
tags are shown by black boxes. (B) Interaction of the indicated 35S-labeled Myc-tagged mSin3A deletion mutants or full-length protein with GST
(lanes 2, 5, 8, 11, 14, and 17) or GST-Elk(1–93) (lanes 3, 6, 9, 12, 15, and 18) was investigated by GST pull-down analysis. Equal molar amounts
of 35S-labeled proteins were used in each reaction, and 5% of the input proteins are shown (lanes 1, 4, 7, 10, 13, and 16).

FIG. 4. Activation of the Erk pathway enhances Elk-1 interactions with mSin3A and HDAC-1 in vivo. (A) Mapping the mSin3A binding
domain on Elk-1. Coimmunoprecipitation (IP) of mSin3A with GAL–Elk-1 truncations from 293 cells. Cells were cotransfected with 2 mg of
pCS2-mSin3A (Myc tagged), 2 mg of the indicated CMV promoter-driven GAL-Elk fusion proteins, and 1 mg of pCMV5-MEK-1 (to trigger Elk-1
phosphorylation) (lane 4). GAL fusion proteins were immunoprecipitiated with an anti-GAL4 antibody, and coprecipitated mSin3A was subse-
quently detected with a Myc antibody (top panel). The expression level of each protein was detected by immunoblotting (IB) with the indicated
antibodies (middle and bottom panels). (B) The Elk-1 binding motif in mSin3A is required for the interaction of mSin3A with full-length Elk-1
in vivo. Cells were cotransfected with 2 mg of the indicated Myc-tagged mSin3A derivatives and 2 mg of pCMV5-Elk-1 (Flag tagged) with or without
1 mg of pCMV5-MEK-1. Elk-1 was immunoprecipitated with anti-Flag-agarose. Immunocomplexes were subsequently subjected to immunoblot-
ting with a Myc antibody to detect mSin3A (top panel). Total cell extracts were also analyzed by immunoblot with the antibodies indicated on the
right to detect total levels of epitope-tagged proteins (middle and bottom panels). Asterisk represents a cross-reacting nonspecific band. The input
levels of mSin3A increase by ;2-fold in the presence of MEK, whereas the levels of the Elk-1–mSin3A complex increase by ;12-fold. (C) HDAC-1
and Elk-1 coexist in a complex in vivo. 293 cells were transfected with pCMV5-Elk-1 (Flag tagged), pCMV5-HDAC-1 (HA tagged), and
pCMV5-MEK-1 (where indicated). Coimmunoprecipitation assays were carried out with anti-Flag-agarose and then immunoblotting with anti-HA
antibody to detect HDAC-1 coprecipitates (top panel). The expression levels of each protein in total cell lysates were monitored by immunoblot
with the indicated antibodies (middle and bottom panels). (D) Elk-1 interaction with mSin3A in vitro is stimulated by phosphorylation of Elk-1
by Erk2. Pull-down analysis of full-length mSin3A (upper panel) and HDAC-1 (bottom panel) with nonphosphorylated (lane 3) and phosphor-
ylated (lane 4) full-length Elk-1 immobilized onto Ni-nitrilotriacetic acid-agarose beads. The beads alone (lane 2) were used as a control.
35S-labeled mSin3A and HDAC-1 were generated by in vitro translation, whereas Elk-1 was prepared from bacteria, and 5% of the input proteins
are shown in lane 1.

VOL. 21, 2001 Elk-1 AND HDACs 2807



HDAC-1 complex, in vitro pull-down experiments were carried
out using either phosphorylated or nonphosphorylated full-
length recombinant Elk-1 and in vitro-translated mSin3A and
HDAC-1 (Fig. 4D). Weak interactions between Elk-1 and
mSin3A or HDAC-1 were obtained (Fig. 4D, lane 3). How-
ever, upon phosphorylation of Elk-1, the efficiency of this in-
teraction with mSin3A was enhanced, whereas binding to
HDAC-1 was unaffected (Fig. 4D, lane 4).

Taken together, these data demonstrate that Elk-1 and
mSin3A interact in vivo and that the N-terminal end of Elk-1
is necessary for these interactions. HDAC-1 is also found in
complexes with Elk-1. Activation of the Erk pathway results in
the phosphorylation of Elk-1 and enhancement of interactions
with mSin3A and HDAC-1.

Regulation of the mSin3A–Elk-1 interaction by the Erk
pathway. To further probe the links between the activation of
the Erk pathway and the recruitment of the mSin3A–HDAC-1
complex, an additional series of experiments were performed.
First, we confirmed that the catalytic activity of the overex-
pressed MEK-1 was required to promote enhanced Elk-1–
mSin3A complex formation. In the absence of the MEK inhib-
itor U0126, MEK-1 promoted increased Elk-1–mSin3A
complex formation (Fig. 5A, lanes 1 and 2). However, in the
presence of U0126, the levels of complex formation were re-
duced to below basal levels (Fig. 5A, lane 3), demonstrating
the importance of downstream signaling events in promoting
complex formation.

To investigate the requirement for Elk-1 phosphorylation in
this recruitment process in vivo, we first investigated the effect
of MEK-1 on the interactions between mSin3A and GAL-
Elk(1–206). This Elk-1 derivative retains the mSin3A binding
domain but lacks the C-terminal Erk phosphoacceptor sites.
Constitutive binding of mSin3A is observed which is not fur-
ther augmented by the presence of MEK-1 (Fig. 5B, lanes 2
and 3). This is in contrast to full-length Elk-1, where MEK-
inducible binding of mSin3A is clearly observed (Fig. 4A).
Second, we investigated MEK-inducible binding of mSin3A to
a mutant Elk-1 protein that lacks two important C-terminal
phosphoacceptor motifs (S383A and S389A). While mSin3A
binding to wild-type Elk-1 is clearly inducible (Fig. 5C, lanes 1
and 2), binding to Elk-1(S383A/S389A) is no longer stimulated
by MEK-1 (Fig. 5C, lanes 3 and 4). The basal level of mSin3A
binding to this mutant protein is also elevated, suggesting a
positive role for these serine residues in blocking mSin3A
interactions which is lost upon mutation or phosphorylation
(see Discussion). Similarly, no increase in mSin3A binding to
Elk-1(S383A/S389A) was observed in response to EGF stim-
ulation (data not shown). Together, these data demonstrate
that the Erk phosphoacceptor sites in Elk-1 play a critical role
in the EGF-MEK-inducible recruitment of mSin3A.

Finally, one prediction of these results is that activation of
the Erk pathway by EGF will promote both activation and
repression of transcription via Elk-1. Therefore, in the absence
of the repression-mSin3A recruitment domain, enhanced acti-
vation in response to EGF stimulation should be observed due
to the loss of mSin3A-mediated attenuation. We therefore
compared the ability of GAL fusions of full-length Elk-1 and
an N-terminally truncated version of Elk-1 to activate tran-
scription in response to EGF stimulation (Fig. 5D). While
EGF promotes a twofold increase in the ability of GAL-Elk(1–

FIG. 5. Regulation of the mSin3A–Elk-1 interaction by the Erk
pathway. (A) The MEK inhibitor U0126 blocks interactions between
Elk-1 and mSin3A. 293 cells were transfected with expression vectors
for Elk-1, mSin3A, and a constitutively active form of MEK-1 (where
indicated), in the presence or absence of U0126. Elk-1 was immuno-
precipitated with Flag-agarose beads, and coprecipitated mSin3A was
detected using an anti-Sin3A antibody (top panel). Input levels of
mSin3A and Elk-1 were determined by immunoblot (IB) (bottom two
panels). (B) Deletion of the Elk-1 C terminus stops MEK-inducible
mSin3A recruitment. 293 cells were transfected with expression vectors
for the indicated GAL fusion proteins and a constitutively active form
of MEK-1 (where indicated). GAL fusion proteins were immunopre-
cipitated, and coprecipitated mSin3A was detected using an anti-Sin3A
antibody (top panel). Input levels of mSin3A and Elk-1 were deter-
mined by immunoblot (bottom two panels). (C) Ser383 and Ser389 are
required to allow MEK-inducible mSin3A recruitment. 293 cells were
transfected with expression vectors for the indicated wild-type (WT)
and mutant Elk-1 proteins, mSin3A, and a constitutively active form of
MEK-1 (where indicated). Elk-1 proteins were immunoprecipitated,
and coprecipitated endogenous mSin3A was detected using an anti-
Sin3A antibody (top panel). Input levels of mSin3A and Elk-1 were
determined by immunoblot (middle two panels), and the phosphory-
lation status of Elk-1 was determined by using a phospho-Ser383 an-
tibody (bottom panel). (D) Deletion of the ETS domain leads to
enhancement of EGF-mediated Elk-1 activation. 293 cells were trans-
fected with expression vectors for the indicated GAL–Elk-1 fusion
proteins (shown schematically) and a TK-Luc reporter construct. Cells
were serum starved for 12 h, followed by EGF stimulation for 12 h
before harvesting. Results show the average fold induction by EGF of
the reporter construct (means 6 standard deviation, n 5 2).
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428) to activate transcription, deletion of the mSin3A binding
domain in GAL-Elk(94–428) led to a 4.5-fold increase in ac-
tivity. Thus, the mSin3A-binding domain in Elk-1 plays an
important role in attenuating its response to Erk pathway ac-
tivation.

Kinetic studies of interactions between mSin3A–HDAC-1
and Elk-1 in vivo following EGF stimulation. EGF leads to the
rapid activation of the Erk MAPK pathway and subsequent
activation of transcription factors such as Elk-1 and target
immediate-early genes such as c-fos (reviewed in reference 42).
This rapid activation is followed by a rapid shutoff of these
genes. The previous series of experiments suggested that the
phosphorylation status of Elk-1 plays an important role in
recruiting both mSin3A and HDAC-1. In order to test whether
recruitment of the corepressor complex correlates kinetically
with EGF-mediated Elk-1 activation and c-fos downregulation
in vivo, we investigated the ability of Elk-1 and the mSin3A–
HDAC-1 complex to associate following EGF stimulation of
293 cells. First, the phosphorylation status of Elk-1 was mon-
itored following EGF treatment of 293 cells using an antibody
directed against phosphoserine 383. Phosphorylated Elk-1 was
strongly detected after 15 and 30 min but at much lower levels
preceding and following this time period (Fig. 6A). Interac-
tions between mSin3A and Elk-1 were then investigated, and
weak interactions could be observed during the first 15 min of
EGF stimulation. However, these interactions were strongly
enhanced after 30 min, maintained at a higher level after 60
min, and subsequently reduced to their original levels 2 h after
stimulation (Fig. 6B, top panel and graphic representation).
All proteins are expressed at comparable levels within each
experiment (Fig. 6B, middle and bottom panels).

Reverse transcription (RT)-PCR analysis was performed in
order to confirm that the kinetics of Elk-1 phosphorylation
and mSin3A–HDAC recruitment correlate with the kinetics of
c-fos induction and subsequent repression following EGF stim-
ulation of 293 cells (Fig. 6C). c-fos expression is rapidly in-
duced after 15 min, maintained at 30 min, and then reduced
back to near basal levels 2 h after stimulation. Thus, induction
correlates with Ser383 phosphorylation kinetics, whereas re-
pression correlates with the kinetics of mSin3A recruitment.

We were unable to detect endogenous Elk-1 using the cur-
rently available antisera. Therefore, in order to investigate
whether endogenous mSin3A can interact with Elk-1 in the
absence of transient-transfection analysis, we constructed cell
lines which inducibly express a Flag-tagged Elk-1 protein
(EcR-293-Elk#1 and -Elk#8). Immunoprecipitation analysis
was carried out on the EcR-293-Elk#8 cell line following EGF
induction and demonstrated that, as observed with transiently
transfected constructs (Fig. 6B), Elk-1 interactions with endog-
enous mSin3A were enhanced after 30 min and maintained at
a high level after 60 min (Fig. 6D, top panel). The levels of
input proteins were similar (Fig. 6D, middle panels), and phos-
phorylation of Elk-1 occurred with the expected kinetics (Fig.
6D, bottom panel). Similar results were observed with an in-
dependent cell line (EcR-293-Elk#1) (data not shown).

Collectively, these data demonstrate that Elk-1 is rapidly
activated by phosphorylation at Ser383 following 15 to 30 min
of EGF treatment and subsequently dephosphorylated by 60
min. In contrast, enhanced recruitment of mSin3A corepressor
complex is first observed after 30 min, maintained at 60 min,

and reduced to basal levels thereafter. Thus, kinetically, re-
cruitment of the mSin3A complex overlaps the peak of Elk-1
phosphorylation, with enhanced recruitment occurring with a
temporal delay. The recruitment of the corepressor complex
occurs immediately before c-fos expression is turned off.

HDACs are involved in the regulation of Elk-1-controlled
promoters. The TCFs play a pivotal role in regulating c-fos
induction following growth factor and mitogen stimulation.
The results presented here suggest that the TCFs might also be
involved in repression of c-fos by recruitment of HDAC-con-
taining complexes. In order to determine whether HDACs are
involved in regulating c-fos promoter activity, we first exam-
ined the effect of the HDAC inhibitor TSA on the activity of a
c-fos SRE-driven luciferase reporter. Transfection of 293 cells
with constitutively active MEK-1 leads to stimulation of the
SRE reporter. When cells were treated with TSA alone, stim-
ulation of the SRE reporter was also observed, indicating a
role for HDACs in maintaining a low basal level of promoter
activity. Moreover, synergistic activation was obtained when
MEK-1-transfected cells were also treated with TSA (Fig. 7A).
These results therefore indicate that HDAC is involved in the
regulation of the SRE from the c-fos promoter.

In order to examine a potential role for histone deacetyla-
tion in regulating the endogenous c-fos gene in its natural
chromatin context, the role of acetylation and deacetylation
processes in regulation c-fos promoter induction was investi-
gated. First, the effect of TSA on the expression of c-fos was
examined. In the absence of TSA, c-fos is expressed at a low
basal level, is induced rapidly by EGF, and returns to basal
levels by 120 min (Fig. 7B, lanes 1 to 5). In contrast, in the
presence of TSA, the basal level of c-fos expression is elevated,
the induction is less pronounced, and the expression does not
return to basal levels (Fig. 7B, lanes 6 to 10). Thus, HDACs are
important in maintaining the low basal levels of c-fos expres-
sion and in reestablishing this basal level following growth
factor activation.

Next, we used ChIP analysis to monitor the acetylation sta-
tus of the endogenous c-fos gene following EGF stimulation.
Strikingly, the acetylation status of the c-fos promoter closely
mirrored the activation of Elk-1, with high levels of acetylation
observed between 15 and 60 min after EGF stimulation. A
return to basal acetylation levels was observed between 60 and
120 min (Fig. 7C, top panel). Thus, acetylation and subsequent
deacetylation play an important role in the activation and shut-
off of c-fos transcription.

A key prediction of our results is that Elk-1-mediated re-
cruitment of mSin3A to the c-fos promoter would occur max-
imally around 30 to 60 min after EGF stimulation as acetyla-
tion levels drop (Fig. 7C) and c-fos promoter activity is
abolished (Fig. 7B). ChIP analysis was used to test this directly,
using antibodies against mSin3A. Strikingly, recruitment of
endogenous mSin3A to the c-fos promoter can be observed,
with a peak around 60 min following EGF stimulation (Fig. 7C,
middle panel, lane 17). This recruitment occurs with virtually
identical kinetics to maximal Elk-1 interactions (Fig. 5B) and
correlates well with the loss of acetylation of the c-fos promoter
(Fig. 7C, lanes 7 and 8).

In order to demonstrate that Elk-1 occupies the promoter at
the same time as mSin3A, we used the EcR-293-Elk cell lines.
The enhancement and reduction of histone H4 acetylation and
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induction of Elk-1 phosphorylation (shown by a shift of the
Elk-1 band) were observed with the expected kinetics in both
cell lines (Fig. 7D, top and bottom panels, respectively, and
data not shown). Moreover, the kinetics of mSin3A recruit-
ment were similar to that seen in 293 cells (Fig. 7D). Elk-1 was
present on the c-fos promoter before induction and was main-
tained up to 1 h after EGF induction (Fig. 7D). Thus, Elk-1 is
present on the c-fos promoter as mSin3A is recruited.

These results therefore demonstrate that HDACs, and in
particular the mSin3A complex, play a role in regulating Elk-
1-dependent promoters and are consistent with our observa-
tion that Elk-1 is able to recruit the mSin3A-HDAC corepres-
sor complex.

DISCUSSION

Transcriptional repression is mediated, at least in part, by
corepressor complexes containing HDACs. In this study, we
demonstrate that the mSin3A-HDAC complex is recruited by
the Elk-1 transcription factor following growth factor stimula-
tion and activation of the Erk pathway. This complex contrib-
utes to the repression of Elk-1 target promoters such as c-fos.

Determinants of corepressor complex binding. Elk-1 con-
tains a C-terminal transcriptional activation domain. However,
recruitment of the Sin3A-HDAC-1 corepressor complex by
Elk-1 is mediated by the N-terminal part of the protein. In-
deed, the ETS DNA-binding domain appears to be sufficient to
repress transcription (Fig. 1) and to recruit this corepressor
complex (Fig. 2 and 4). Furthermore, deletion of the ETS
domain also leads to an enhanced response to EGF stimula-
tion (Fig. 5). The ETS domains of other ETS domain tran-
scription factors are also able to bind to the mSin3A-HDAC
complex (Fig. 2), raising the possibility that this might be a
general property of ETS domain transcription factors. It is,
however, possible that additional domains will regulate (either
positively or negatively) the ability of other family members to
bind to this corepressor complex in a similar way to Elk-1,
which uses its C-terminal domain to regulate these interactions
(see below). In this regard, it is interesting that the ETS do-
main protein TEL is a repressor protein (30) and can recruit
mSin3A-HDAC complexes (13), and at least in the case of the
full-length protein, the ETS domain plays an important role in
this repressive process. In vitro pull-down assays (Fig. 2) sug-
gest that either the mSin3A component or the HDAC-1 part of
this complex can interact directly with Elk-1, although a role
for an adapter protein contained in the reticulocyte lysate

FIG. 6. Kinetic studies of the interaction of mSin3A and HDAC-1
with Elk-1 following EGF stimulation. (A) Phosphorylation of Elk-1 at
Ser383 following stimulation by EGF was detected by immunoblot
(IB) with an anti-phospho-S383 antibody. (B) Kinetics of mSin3A
binding. 293 cells were cotransfected with CMV promoter-driven ex-
pression vectors encoding mSin3A together with Elk-1. Cells were
serum starved for 24 h following transfection, and total-cell extracts
were taken at the indicated times after EGF stimulation. Coimmuno-
precipitation assays were carried out with Flag-agarose beads, and

coprecipitated mSin3A (Myc tagged) was detected with anti-Myc an-
tibody. Total-cell extracts were analyzed by immunoblot with the in-
dicated antibodies for total expression levels of epitope-tagged pro-
teins (middle and bottom panels). Quantification of mSin3A binding to
Elk-1 relative to the zero time point is shown graphically. Data are
averages and standard deviations from four independent experiments.
(C) RT-PCR analysis of c-fos transcription following the indicated
times of EGF stimulation. (D) Inducible binding of endogenous
mSin3A to Elk-1 following EGF induction. The expression of Flag-
tagged Elk-1 was induced in the EcR-293-Elk#8 cell line, and endog-
enous mSin3A was coprecipitated using Flag-agarose beads at the
indicated times after EGF stimulation (top panel). The total levels of
mSin3A, Elk-1, and phosphorylated Elk-1 (Ser383) are shown in the
bottom three panels.
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cannot be discounted. However, by analogy with other tran-
scription factors, including Mad1 (29), p53 (33), TEL (13), and
Ikaros (27), mSin3A is an attractive candidate for the compo-
nent that binds to Elk-1. It cannot, however, be ruled out that
further mSin3A complex components play a role in augment-
ing interactions in vivo. Mapping of the interaction domain on
mSin3A indicates that Elk-1 binding requires sequences in or
close to the PAH3 domain, as observed previously for Ikaros
(27). This differs significantly from Mad1, which binds to
mSin3A via PAH2 (12), and p53, which binds to the linker
between PAH2 and PAH3. This indicates that mSin3A has
multiple interaction surfaces that can bind to different classes
of transcription factors, consistent with a role as a scaffold
protein.

As the other TCFs have a domain structure similar to that of
Elk-1, it is likely that they may also recruit the mSin3A–
HDAC-1 complex following growth factor stimulation. In the
case of SAP-2, this would represent a third type of repression
domain, as this also possesses two additional repression do-
mains (NID and CID) (10, 31). Thus, by acquiring or evolving

different domains, members of the TCF subfamily have
evolved into either efficient repressors, such as SAP-2, or pro-
teins of a bipotential nature, such as Elk-1, which can either
activate or repress transcription.

MAPK pathway-dependent recruitment of the mSin3A–
HDAC-1 corepressor complex. Signal-mediated switching of
transcription factors from a repressive to an active mode has
been observed previously for the nuclear hormone receptor
family, in which ligand binding triggers the displacement of
corepressors and recruitment of coactivator proteins (reviewed
in reference 45). Recently, Cdk-mediated phosphorylation has
been shown to promote the sequential dissociation of HDACs
from retinoblastoma protein (Rb) and Rb from the activator
protein E2F (17). In this study, we demonstrate that activation
of MAPK pathways can also lead to regulation of the recruit-
ment of corepressor complexes. Activation of the Erk pathway
in vivo or phosphorylation of Elk-1 in vitro by Erk-2 results in
enhanced binding of the mSin3A-HDAC complex. Phosphor-
ylation of Ser383 is essential for the enhancement of mSin3A
recruitment (Fig. 5), although the kinetics of recruitment are

FIG. 7. Histone deacetylation plays a role in regulating Elk-1-dependent promoters. (A) Effect of TSA on the activation of the Elk-1-regulated
reporter gene SRE-Luc. The layout of the reporter is represented as a diagrammatic insert. 293 cells were transfected with 0.25 mg of
SREx2-TK-Luc reporter vector together with 0.25 mg of pCMV5-MEK-1, where indicated. Serum-starved cells (18 to 24 h of starvation) were left
untreated or treated with TSA for 18 h. The luciferase activities relative to the control cells (without MEK-1 cotransfection and TSA treatment)
are presented (mean 6 standard deviation, n 5 2). (B) Inhibition of HDACs results in loss of basal repression and downregulation of the c-fos
gene. RT-PCR analysis of c-fos (top panels) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (bottom panels) transcription
following the indicated times of EGF stimulation, in the absence (lanes 1 to 5) and presence (lanes 6 to 10) of TSA treatment. (C) EGF stimulation
results in mSin3A recruitment and alterations in the histone acetylation status of the endogenous c-fos SRE. ChIP analysis of the c-fos SRE
promoter in 293 cells using antisera specific for acetylated histone H4 (top panel) and mSin3A (middle panel). Total-cell extracts were taken at
the indicated times after EGF stimulation. Following immunoprecipitation (IP) of formaldehyde-cross-linked lysates, PCR of eluted DNA using
oligonucleotides specific for the c-fos SRE promoter was performed. Total chromatin extracts were used for input controls (bottom panel). As
negative controls, lysis buffer alone (data not shown) and protein A-precipitated lysate (15 min of EGF stimulation) were used (lanes 1 to 9). (D)
ChIP assays were carried out in the EcR-293-Elk cell lines with antibodies for acetylated histone H4 (Ac-H4), mSin3A, and Flag-tagged Elk-1.
Coprecipitated c-fos promoter DNA was detected by PCR. The total levels of Elk-1 in the extracts are shown by Western blotting (bottom panel).
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slightly delayed in comparison to phosphorylation of Elk-1 at
Ser383 (Fig. 6), indicating a temporal delay in corepressor
binding. It is currently unclear why this delay occurs, but this
suggests that Ser383 phosphorylation acts as a trigger for bind-
ing rather than mediating the binding event itself. Interest-
ingly, the replacement of Ser383 and Ser389 with Ala residues
results in constitutively higher but noninducible mSin3A bind-
ing in vivo (Fig. 5C), indicating that the presence of the Ser
residues is actually required to prevent mSin3A binding, pre-
sumably by stabilizing a refractory protein conformation. The
temporal delay might also reflect that although Ser383 phos-
phorylation is detectable after 15 min, stoichiometric phos-
phorylation at multiple sites might not occur until later, and
this could be required for corepressor recruitment. Consistent
with this hypothesis is the observation that phosphorylation-
dependent conformational changes and the resulting allosteric
stimulation of DNA binding by Elk-1 only occur at maximal
phosphorylation levels (49). It is likely that this conformational
change also regulates the interaction of Elk-1 with mSin3A-
HDAC as well as the DNA, as it is the same domain (ETS
domain) that is directly involved in these two intramolecular
binding processes. Indeed, truncated Elk-1 proteins that lack
the C-terminal regulatory domain can constitutively interact
with the corepressor complex (Fig. 2 and 4). This implies that
the C-terminal end either masks the interaction site or pro-
motes an inhibitory conformation, which is subsequently re-
versed upon phosphorylation. As Elk-1 is initially stimulated to
activate transcription by Erk-mediated phosphorylation, a sec-
ond reason for this temporal delay in corepressor binding
might be occlusion by coactivator complexes. Although Erk-
mediated Elk-1 phosphorylation promotes the binding of
mSin3A-HDAC to Elk-1 in vitro and this is mirrored upon
stimulation of the Erk pathway in vivo, it is also possible that
this pathway might also modify components of the corepressor
complex to potentiate the repressive effect. However, HDAC-1
does not appear to be an Erk substrate (data not shown), and
to date there is no other evidence to support this hypothesis.
Finally, it is possible that additional Elk-1 modifications are
required in addition to Ser383 phosphorylation to promote
mSin3A recruitment in vivo. These modifications might be
triggered downstream of the Erk MAPK pathway. However, it

is clear that activation of the Erk pathway leads to temporal
recruitment of the mSin3A complex to Elk-1 in vivo.

Role of Elk-1-mediated corepressor recruitment. Elk-1 plays
a pivotal role in the upregulation of immediate-early genes
such as c-fos following growth factor stimulation (reviewed in
references 7 and 42). Here we demonstrate that it is also
involved in the downregulation of these promoters by recruit-
ing corepressor complexes. The kinetics of corepressor com-
plex recruitment closely follows the kinetics of c-fos shutdown
(Fig. 6). Furthermore, the recruitment of the corepressor com-
plex also correlates kinetically with deacetylation occurring at
the c-fos promoter (Fig. 7). Thus, Elk-1 is ideally placed to act
as both an activator and repressor of c-fos transcription fol-
lowing growth factor stimulation. It is likely that a balance
between coactivator and corepressor complex recruitment is
achieved following phosphorylation of Elk-1, which initially
favors activation but ultimately dictates repression. Thus, one
additional role of corepressor recruitment might be to set a
ceiling on the degree and duration of activation mediated by
Elk-1 in response to growth factor signaling. A similar role has
been proposed for the TGIF-HDAC complex that is recruited
by Smad2 (44). Our observation that HDAC-containing core-
pressor complexes are important in c-fos regulation is consis-
tent with previous studies that have indicated that HDACs and
the histone acetylation status of the c-fos promoter are impor-
tant determinants of its activity (1, 8, 34).

It is likely that other mechanisms in addition to HDAC
recruitment might also contribute to repression of the c-fos
promoter. For example, exchange of Elk-1 for other negatively
acting TCFs such as SAP-2 or Net-b might also occur (16). The
observation that Id helix-loop-helix proteins (Ids) can promote
dissociation of the TCFs suggests a possible mechanism for the
exchange of promoter-bound factors (50). However, as the Ids
are expressed outside the time window in which the initial
promoter shutdown occurs, they are unlikely to contribute to
this phase of promoter regulation. Furthermore, we also dem-
onstrate that the repression domain in Elk-1 can repress tran-
scription by different mechanisms at different promoters (Fig.
1). The mechanistic basis for this is unknown, but Elk-1 might
repress different targets by either HDAC-dependent or
HDAC-independent mechanisms or a combination of both.

FIG. 8. Role(s) of Elk-1 in up- and downregulating the c-fos SRE. (A) In the absence of Elk-1 phosphorylation, the SRE is inactive. A putative
HDAC-dependent pathway is indicated by dotted lines, where HDACs are recruited in an mSin3A-independent manner to the C-terminal end of
Elk-1 to repress transcription. (B) Phosphorylation (P) results in activation of Elk-1 and stimulation of the promoter via coactivators (CoAct)
and/or histone acetylases (HATs). (C) Following phosphorylation, the HDAC-mSin3A complex is recruited to the N-terminal end of Elk-1 via
mSin3A in a phosphorylation-regulatable manner to repress transcription.
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Finally, it is interesting that there appears to be a cryptic
repression domain embedded within the C-terminal end of the
protein that acts via HDACs (Fig. 1). One attractive possibility
is that this domain serves to repress Elk-1 activity in the ab-
sence of MAPK cascade activation. Future experiments will
address this possibility.

Conclusions. In this study, we demonstrate that Elk-1 can
act as both a transcriptional activator and transcriptional re-
pressor protein. Both of these activities are promoted by ac-
tivation of the Erk MAPK pathway. A model for how this
bipotential regulatory role affects the regulation of Elk-1-con-
trolled promoters such as the c-fos SRE is shown in Fig. 8.
Upon activation of the Erk pathway, both coactivator and the
mSin3A-HDAC corepressor complexes are recruited, with
corepressor recruitment incurring a temporal delay (Fig. 8B
and C). Removal of the coactivators will then lead to a shut-
down of the promoter by the corepressor complex. It is cur-
rently unclear what maintains the promoter in a repressive
state, although an attractive hypothesis is that a second core-
pressor complex binds to Elk-1 in its nonphosphorylated state
(Fig. 8A). Thus, Elk-1 plays a pivotal role in both the upregu-
lation of immediate-early gene transcription and their subse-
quent rapid shutdown. It will be interesting to determine
whether it also contributes to the maintenance of promoters in
their basal repressive states.
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