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The ETS protein ER81 is a DNA-binding factor capable of enhancing gene transcription and is implicated
in cellular transformation, but presently the mechanisms of its actions are unclear. In this report, ER81 is
shown to coimmunoprecipitate with the transcriptional coactivator CREB-binding protein (CBP) and the
related p300 protein (together referred to as CBP/p300). Moreover, confocal laser microscopic studies dem-
onstrated that ER81 and p300 colocalized to nuclear speckles. In vitro and in vivo interaction studies revealed
that ER81 amino acids 249 to 429, which encompass the ETS DNA-binding domain, are responsible for binding
to CBP/p300. However, mutation of a putative protein-protein interaction motif, LXXLL, in the ETS domain
of ER81 did not affect interaction with CBP/p300, whereas DNA binding of ER81 was abolished. Furthermore,
two regions within CBP, amino acids 451 to 721 and 1891 to 2175, are capable of binding to ER81. Consistent
with the physical interaction between ER81 and the coactivators CBP and p300, ER81 transcriptional activity
was potentiated by CBP/p300 overexpression. Moreover, an ER81-associated protein kinase activity was
enhanced upon p300 overexpression. This protein kinase phosphorylates ER81 on serines 191 and 216, and
mutation of these phosphorylation sites increased ER81 transcriptional activity in Mv1Lu cells but not in HeLa
cells. Altogether, our data elucidate the mechanism of how ER81 regulates gene transcription, through
interaction with the coactivators CBP and p300 and an associated kinase that may cell type specifically
modulate the ability of ER81 to activate gene transcription.

The ETS family of transcription factors consists of a large
number of proteins that perform diverse functions, such as
serum stimulation of the c-fos promoter (52), activation of the
herpes simplex virus immediate-early promoter (36), regula-
tion of immunoglobulin light-chain enhancers (13), control of
lymphoid and myeloid lineage commitment during hematopoi-
esis (15, 43), and Drosophila eye development (46). A charac-
teristic feature of this class of proteins is a highly conserved,
85-amino-acid-long DNA-binding motif termed the ETS do-
main, which specifically binds to GGA(A/T)-containing DNA
target sequences. Some ETS proteins also display homology
outside the ETS domain, suggestive of a common ancestor as
a founder of a subfamily of ETS proteins. For instance, one
ETS subfamily consists of ER81 (7, 31, 41), PEA3 (23, 54), and
ERM (40). These three proteins display ;95% identity within
the ETS domain, compared to only ;60% identity with the
prototypical ETS domain of c-Ets-1, and more than 85 and
50% in the N- and C-terminal transcription activation do-
mains, respectively (35).

Northern blot analysis revealed that ER81 is not ubiqui-
tously expressed: high expression is observed in brain, heart,
and lung and moderate levels have been detected in spleen,
pancreas, intestine, and colon, whereas little expression is ob-
servable in liver or skeletal muscle (7, 41). However, ER81
expression varies in some tissues within the Mammalia; for
instance, the levels of ER81 mRNA in the kidney were high in
mice (7) but very low in humans (41). Moreover, human ER81
is highly expressed in several tumor cell lines (41), and an
analysis of breast cancer cell lines revealed that ER81 mRNA
levels, but not those of PEA3 or ERM, were significantly ele-

vated in some of these cell lines. Interestingly, ER81 expression
was inversely correlated to the presence of mRNA for estrogen
and progesterone receptor in these breast cancer cell lines (3),
indicating that ER81 expression may be restricted to a subtype
of breast cancer cells growing steroid hormone independently
and thereby being refractory to tamoxifen treatment. These
data suggest that ER81 may contribute to the transformation
of certain cell lines.

Several members of the ETS family, such as c-Ets-1 and
c-Ets-2 (10), c-fos-regulating ternary complex factors (19, 26,
39), the Drosophila Pointed-P2 protein (8, 46), and the tran-
scriptional repressor ERF (49), are targeted by mitogen-acti-
vated protein kinases (MAPKs). Similarly, we have demon-
strated that ER81 is phosphorylated by ERK1-MAPK in vitro
and is a target of the Ras/Raf/MEK/ERK signaling cascade in
vivo (24). However, it is still unknown whether ERK1-MAPK
directly phosphorylates and activates ER81 in vivo.

A variety of transcription factors, including the AP-1 com-
ponents Fos and Jun (2, 5), the cyclic AMP response element-
binding protein (CREB) (9), as well as Ets-1 and Ets-2 (30, 55),
interact with the homologous coactivators CREB-binding pro-
tein (CBP) and p300 (collectively referred to as CBP/p300) to
mediate RNA polymerase II-dependent gene transcription.
Although it is unclear how these protein-protein interactions
lead to transactivation, one suggestion is that CBP/p300 acts as
an adaptor between these transcription factors and compo-
nents of the basal transcription machinery such as TFIID and
TFIIB, or possibly RNA polymerase II itself (1, 32, 34). Since
CBP/p300 possesses intrinsic histone acetyltransferase activity,
CBP/p300 recruitment could also activate chromatin-repressed
promoters and enhancers by acetylation of histones or other
proteins involved in promoter regulation (4, 45).

Targeted gene disruption studies have demonstrated that
p300 function is essential for normal embryonic cellular pro-
liferation and morphogenesis and, similarly, CBP knock-out
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mice display an embryo-lethal phenotype (56). Interestingly,
although heterozygous p300 and CBP knock-outs are viable, a
p3001/2 CBP1/2 double heterozygote is embryo lethal, sug-
gesting that a combined gene dosage of at least three active
CBP and p300 alleles is required for viability and indicating
that the CBP and p300 proteins perform similar functions in
the cell. Furthermore, haploinsufficiency of CBP has been cor-
related to Rubinstein-Taybi syndrome, which is characterized
by severe developmental abnormalities, including mental re-
tardation, craniofacial and skeletal abnormalities, and in-
creased cancer incidence (17, 48). Consistently, heterozygous
CBP1/2 knock-out mice display many but not all of the phe-
notypic changes associated with Rubinstein-Taybi syndrome
(50).

In this report, we demonstrate that the nuclear protein
ER81 physically associates with CBP/p300 in vitro as well as in
vivo and that this physical interaction potentiates ER81-depen-
dent transcription. In addition, an ER81-associated protein
kinase has been detected, whose activity is elevated in the
presence of CBP/p300. This ER81-associated kinase phosphor-
ylates ER81 on serines 191 and 216, thereby affecting its tran-
scriptional activity in a cell type-specific manner. Altogether,
our data suggest mechanisms of gene regulation by a complex
of ER81, an ER81-associated protein kinase, and the homol-
ogous coactivators CBP and p300.

MATERIALS AND METHODS

Plasmids. Murine ER81 and truncations thereof were cloned into eukaryotic
expression vectors providing an amino-terminal hemagglutinin (HA) tag or six
copies of a Myc tag (6Myc) according to standard techniques. The TORU-luc
(27), Fos-luc, and GAL4-luc (26) reporter plasmids have been described previ-
ously. Expression vectors for GAL4 and glutathione S-transferase (GST) fusion
proteins have been reported (24, 28). Site-directed mutagenesis was accom-
plished by utilizing standard PCR procedures and subsequent verification by
DNA sequencing.

Luciferase reporter gene assays. Mink lung (Mv1Lu) or HeLa cells plated on
6-cm dishes were transiently transfected by the calcium phosphate coprecipita-
tion method. Cells were harvested 36 h after transfection and lysed, and the
cleared lysate was used to measure luciferase activity and also b-galactosidase
activity from a cotransfected, constitutively active b-galactosidase expression
vector (pEQ176). The latter was used to normalize luciferase activity for trans-
fection efficiency (26).

Western blotting. ER81 proteins were separated in sodium dodecyl sulfate
(SDS)–8% polyacrylamide gels and then transferred to polyvinylidene difluoride
(PVDF) membrane (Immobilon-P; Millipore) in 0.3 M Tris-HCl (pH 10.5)–20%
methanol (anode buffer) and 25 mM Tris-HCl (pH 9.4)–40 mM ε-amino-n-
hexanoic acid–20% methanol (cathode buffer) at 0.7 mA/cm2 for 80 min (semi-
dry blotter, EBU-4000; C.B.S. Scientific). HA-tagged p300 and HA-tagged CBP
were separated in SDS–5% polyacrylamide gels and then transferred to PVDF
membrane in 20 mM Tris–150 mM glycine–0.1% SDS–10% methanol at 40 V for
16 h at 4°C (Trans-blot cell; Bio-Rad). Membranes were blocked with 50 mM
Tris-HCl (pH 7.5)–150 mM NaCl–0.05% Tween 20–3% bovine serum albumin
for 1 h at room temperature and then incubated with anti-HA (12CA5; 1:5,000)
or anti-Myc (9E10; 1:5,000) murine monoclonal antibodies for 2 h. The mem-
branes were washed four times with 50 mM Tris-HCl (pH 7.5)–150 mM NaCl–
0.05% Tween 20 and then incubated with a 1:5,000 dilution of horseradish
peroxidase-linked anti-mouse immunoglobulin G (IgG) secondary antibody. The
immunoreactive proteins were finally detected with an enhanced chemilumines-
cence kit (ECL; Amersham-Pharmacia).

Production of GST fusion proteins. GST fusion proteins were expressed in
Escherichia coli BL21 cells. Enrichment of the fusion proteins was done on
Ni21-nitrilotriacetic acid-agarose columns (Qiagen) in 6 M guanidine HCl by
virtue of a histidine tag present at the junction between the GST moiety and the
fused proteins. Proteins were renatured by dialysis against 50 mM Tris-HCl (pH
7.5)–100 mM NaCl–0.2 mM dithiothreitol–0.5 mM phenylmethylsulfonyl fluo-
ride.

GST pull-down assays. 293T cells were transiently transfected with HA-tagged
or Myc-tagged proteins by the calcium phosphate coprecipitation method.
Whole-cell extracts were prepared in 600 ml of lysis buffer (5 mM Tris-HCl [pH
7.1], 15 mM Na4P2O7, 25 mM NaCl, 25 mM NaF, 0.5% Triton X-100) supple-
mented with inhibitor mix (1 mM phenylmethylsulfonyl fluoride; 2 mg of apro-
tinin, 10 mg of leupeptin, and 1 mg of pepstatin A per ml; and 0.2 mM Na3VO4)
and 0.2 mM dithiothreitol. Approximately 200 ng of GST fusion proteins was
bound to glutathione-agarose (20-ml bed volume), washed in binding buffer (20
mM HEPES [pH 7.4], 100 mM KCl, 0.2 mM EDTA, 0.2 mM Na3VO4, 0.05%

Tween 20, 0.2 mM dithiothreitol) and incubated with 20 to 100 ml of 293T cell
extracts in a final volume of 600 ml for 1 h at 4°C. Bound proteins were washed
three times in binding buffer, then Laemmli sample buffer was added, and the
beads were boiled for 2 min. Proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE), and Western blotting was subsequently performed.

Immunoprecipitations. 293T cells were transiently transfected with HA-
tagged or Myc-tagged proteins. At 36 h after transfection, cells were washed once
with phosphate-buffered saline (PBS) and then lysed as described above for 30
min at 4°C. In the case of anti-Myc coimmunoprecipitation of p300, cells were
lysed in 5 mM Tris-HCl (pH 7.1)–15 mM Na4P2O7–50 mM NaCl–25 mM NaF–
0.22% Triton X-100 supplemented with inhibitor mix, 0.2 mM dithiothreitol, and
2% bovine serum albumin. Lysates were cleared by centrifugation, 25 ml of
protein A-agarose (Repligen) slurry was added, and the lysates were precleared
for 45 min with rotation at 4°C. After centrifugation, the lysates were incubated
with anti-HA or anti-Myc murine monoclonal antibodies (12CA5 and 9E10,
respectively) for 2 h with rotation at 4°C. Precipitates were washed three times
with lysis buffer and once with 20 mM HEPES (pH 7.4), and either resuspended
in Laemmli sample buffer or used for in vitro phosphorylation assays. For the
immunoprecipitation of endogenous ER81 proteins, HeLa cells were lysed as for
the anti-Myc coimmunoprecipitations, and 1 ml of rabbit anti-ER81 antibodies
was employed.

In vitro phosphorylation. Immunoprecipitated Myc-tagged ER81 was phos-
phorylated on the protein A-agarose beads for 30 min at 30°C in a volume of 20
ml with 1 mCi of [g-32P]ATP (3,000 Ci/mmol). The reaction buffer was composed
of 20 mM HEPES (pH 7.4), 12 mM MgCl2, 15 mM sodium b-glycerophosphate,
0.5 mM EGTA, 0.2 mM dithiothreitol, 0.5 mM Na3VO4, and 10 mM ATP. The
reaction was terminated by the addition of Laemmli sample buffer and boiling.

In vivo phosphorylation and phosphopeptide mapping. 293T cells were tran-
siently transfected with Myc-tagged ER81. Thirty-six hours after transfection,
cells were metabolically labeled with 32Pi for 4 h. Then, ER81 was immunopre-
cipitated with anti-Myc monoclonal antibody 9E10, and the immunoprecipitate
was boiled in Laemmli sample buffer and subjected to SDS-PAGE. The phos-
phorylated protein was eluted from the gel, treated with performic acid, and
digested with trypsin, and the resulting phosphopeptides were resolved by elec-
trophoresis in the first dimension (pH 1.9 buffer, 1 kV, 30 min) and in the second
dimension by ascending chromatography employing phosphochromatography
buffer on cellulose thin-layer plates (53).

Gel retardation assay. Gel retardation assays were performed with extracts
from transiently transfected 293T cells and with the 32P-labeled E74 oligonucle-
otide. Complexes were resolved on a 5% native polyacrylamide gel at 4°C as
previously described (25).

Immunofluorescence studies. Mv1Lu cells were grown on coverslips and co-
transfected with expression plasmids for Myc-tagged and HA-tagged proteins by
the calcium phosphate coprecipitation method (26). The precipitate was left on
the cells for 10 h and then washed away, and the cells were further incubated for
36 h. Then, the cells were washed twice in PBS and subsequently fixed for 10 min
in PBS–2% sucrose–3.7% formaldehyde. After one wash with PBS–0.1 M glycine
for 5 min, cells were blocked and permeabilized with PBS–2% normal donkey
serum–0.4% Triton X-100 for 20 min. Coverslips were then incubated for 1 h
with anti-Myc murine monoclonal antibody (9E10) and anti-HA rabbit poly-
clonal antibody (Y-11; Santa Cruz Biotechnology). After four washes with PBS–
0.2% bovine serum albumin–0.1% Triton X-100, coverslips were incubated for
1 h with donkey anti-rabbit IgG antibody coupled to fluorescein isothiocyanate
(FITC) and donkey anti-mouse IgG antibody coupled to Texas Red. Finally,
coverslips were washed twice each with PBS–0.2% bovine serum albumin–0.1%
Triton X-100 and PBS and then mounted on glass slides.

RESULTS

ER81 and CBP/p300 are in a complex in vivo. CBP and p300
are versatile coactivators which have been shown to cooperate
with the prototypical ETS proteins Ets-1 and Ets-2 (30, 55).
Therefore, we wished to investigate whether CBP/p300 can
interact with the ETS protein ER81 and thereby facilitate
ER81-dependent gene transcription. To address this question,
we first employed coimmunoprecipitation assays. 293T cells
were transiently transfected with Myc-tagged, full-length ER81
and HA-tagged CBP, and the cells were lysed 36 h after trans-
fection. The cell lysate was immunoprecipitated with anti-HA
antibodies, the immunoprecipitated proteins were then sepa-
rated by SDS-PAGE, and Western blotting with anti-Myc an-
tibodies was performed. As shown in Fig. 1A (lane 3), ER81
coimmunoprecipitated with CBP. As negative controls, lysates
of cells that were transfected with Myc-tagged ER81 or HA-
tagged CBP alone were also immunoprecipitated (Fig. 1A,
lanes 1 and 2, respectively). No signal for Myc-tagged ER81
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could be detected, indicating that ER81 specifically coimmu-
noprecipitated with CBP.

Coimmunoprecipitation assays were also conducted with
293T cells that were transiently transfected with Myc-tagged
ER81 and HA-tagged p300. As with CBP, a specific coimmu-
noprecipitation of ER81 with p300 was observed (Fig. 1B). We
also performed a reverse-order coimmunoprecipitation exper-
iment in which proteins immunoprecipitated with anti-Myc
antibodies were separated by SDS-PAGE and ER81-associ-
ated proteins were detected by anti-HA Western blotting. In
this experiment, p300 coimmunoprecipitated with ER81 (Fig.
1C, lane 3). Again, this coimmunoprecipitation was proven to
be specific, since no signal for HA-tagged p300 was detectable
with lysates from cells that had been transfected with HA-
tagged p300 alone (Fig. 1C, lane 2).

Furthermore, we investigated whether endogenous ER81
and endogenous p300 would coimmunoprecipitate. To this
end, HeLa cells were lysed and treated with anti-ER81 anti-
bodies, the immunoprecipitates were resolved by SDS-PAGE,
and the presence of p300 was tested by immunoblotting. As
shown in Fig. 1D (lane 3), endogenous p300 indeed coimmu-
noprecipitated with endogenous ER81, whereas no p300 was
detected when anti-GAL4 antibodies or no antibodies were
utilized for the immunoprecipitation (lanes 1 and 2). There-
fore, ER81 and CBP/p300 can interact in vivo.

To further substantiate that ER81 and p300 form a complex
in vivo, we performed confocal laser scanning microscopy on
Mv1Lu cells transiently transfected with Myc-tagged ER81 and
HA-tagged p300. The cells were probed with anti-Myc murine
monoclonal antibodies and anti-HA rabbit polyclonal antibod-
ies, followed by detection with donkey anti-rabbit IgG antibody
coupled to FITC and donkey anti-mouse IgG antibody coupled
to Texas Red. Whereas nontransfected cells and cells that were
not incubated with primary antibodies did not exhibit immu-
nostaining (data not shown), both full-length ER81 (ER812–477)
and p300 revealed a nuclear, punctate staining pattern (Fig. 2,
top panel). Overlaying the two individual staining patterns

demonstrated that they coincide to a large degree, as indicated
by the appearance of yellow dots as a result of the merging of
the red and green colors. As a control, we utilized a C-terminal
truncation of ER81 (ER812–334) which has lost its ETS domain
and its putative nuclear localization signal. ER812–334 dis-
played a predominantly cytoplasmic localization, whereas p300
still showed the punctate nuclear staining (Fig. 2, bottom pan-
el), and consequently no colocalization could be observed in
the merged picture. Similarly, ER81333–477, which is localized
to the cell nucleus but does not interact with p300 (see Fig. 4),
did not reveal colocalization with p300 (data not shown). Col-
lectively, these data indicate that ER81 can physically associate
and colocalize with the transcriptional coactivators CBP and
p300 in vivo.

CBP/p300 enhances ER81-mediated transactivation. To test
whether CBP/p300 has an impact on ER81-mediated transcrip-
tion, a luciferase reporter construct (TORU-luc) was em-
ployed. This reporter plasmid contains an ETS binding site, to
which ER81 can bind and thereby facilitate gene transcription
(27). Mv1Lu cells were transiently transfected with full-length,
HA-tagged ER81 and p300. At 36 h after transfection, cells
were lysed and luciferase activity was measured. As shown in
Fig. 3A and reported before (27), ER81 on its own already
activates the TORU-luc reporter, whereas overexpression of
p300 alone had no effect. However, p300 was able to potentiate
ER81-mediated transcription by threefold, indicating that
ER81 and p300 can synergistically upregulate gene transcrip-
tion. The same effect was observed when CBP was used instead
of p300 (data not shown). Control experiments revealed that
the amount of ER81 was not affected by overexpression of
p300 (Fig. 3B). Furthermore, we used a c-fos promoter-driven
luciferase reporter construct (Fos-luc), which is not targeted by
ER81. The Fos-luc reporter was unaffected by the presence of
ER81 and p300 (Fig. 3A), indicating that the observed collab-
oration between ER81 and p300 is promoter specific.

We wondered whether the transcriptional activation ob-
served with ER81 alone involves an interaction with endoge-

FIG. 1. ER81 coimmunoprecipitates with CBP and p300. (A) 293T cells were transiently transfected with HA-tagged CBP and 6Myc-ER81, and immunoprecipi-
tations (IP) with anti-HA antibodies were performed. ER81 present in the immunoprecipitates was detected by immunoblotting with anti-Myc antibodies. The
intracellular levels of ER81 (input) are also shown. (B) Similar coimmunoprecipitation assays with HA-tagged p300 and 6Myc-ER81. (C) Reverse-order, anti-Myc
immunoprecipitation of 293T cell extracts transiently transfected with p300-HA and 6Myc-ER81. p300 present in the immunoprecipitates was detected by immuno-
blotting with anti-HA antibodies. The intracellular levels of p300 (input) are also shown. (D) HeLa cell extracts were immunoprecipitated with no antibody, anti-GAL4
antibodies, or anti-ER81 antibodies. Coimmunoprecipitated p300 was detected by Western blotting with anti-p300 antibodies (C-20; Santa Cruz).
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nous CBP/p300. One way of analyzing this is to sequester
endogenous CBP/p300 by overexpression of the adenoviral
E1A protein (18). Indeed, E1A repressed the transcriptional
activity of ER81 by more than threefold, whereas transcription

in the absence of overexpressed ER81 was unaffected by E1A
(Fig. 3C); no changes in ER81 protein levels were detected
upon E1A expression (Fig. 3D). Furthermore, an E1A mutant
that is deficient in CBP/p300 binding (E1A-D2-36) barely re-

FIG. 2. Colocalization of ER81 and p300 in the nucleus, assayed by confocal laser scanning microscopy. Mv1Lu cells were transiently transfected with full-length
6Myc-ER81 (ER812–477) and HA-tagged p300 (top panel). The cells were probed with anti-Myc mouse monoclonal antibodies and anti-HA rabbit polyclonal antibodies,
followed by detection with donkey anti-rabbit IgG antibody coupled to FITC and donkey anti-mouse IgG antibody coupled to Texas Red. A C-terminal truncation of
ER81 (ER812–334), which lacks the ETS domain and consequently the nuclear localization signal, was used as a negative control (bottom panel).

FIG. 3. Stimulation of ER81-mediated transcription by p300. (A) Mv1Lu cells were transiently transfected with the TORU-luc (black bars) or Fos-luc (white bars)
reporter construct. Where indicated, 0.1 mg of HA-tagged ER81 and/or 0.5 mg of p300 was cotransfected. Luciferase activity derived from the reporter constructs is
depicted. (B) Detection of HA-tagged ER81 levels by anti-HA immunoblotting of Mv1Lu cell extracts. Where indicated, p300 had been coexpressed with ER81. (C)
Mv1Lu cells were transfected with 100 ng of 6Myc-ER81 or empty expression vector and 5 ng of E1A or E1A-D2-36, as indicated. Fold repression of the TORU-luc
reporter was measured; arbitrarily, fold repression was set to 1 independently in case of the empty expression vector and 6Myc-ER81. (D) Detection of Myc-tagged
ER81 levels by anti-Myc immunoblotting of Mv1Lu cell extracts. Where indicated, E1A or E1A-D2-36 was coexpressed. (E) p300 potentiates GAL4-ER811–477 activity
in transiently transfected Mv1Lu cells. A GAL4-luc reporter construct was transfected with either 0.2 mg of the GAL4 DNA-binding domain or 0.2 mg of the
GAL4-ER811–477 fusion. Enhancement of luciferase activity by coexpression of p300 (0.5 mg) was measured.
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pressed ER81-dependent transcription (Fig. 3C). Thus, ER81
relies on endogenous CBP/p300 in order to fully activate gene
transcription.

Next, we tested whether DNA binding of ER81 is required for
the functional synergism between ER81 and p300. To this end, we
fused full-length ER81 to the GAL4 DNA-binding domain and
tested the resulting fusion protein (GAL4-ER811–477) with a
luciferase reporter construct driven by GAL4 DNA-binding sites.
In this context, DNA binding is mediated by the GAL4 DNA-
binding domain but not by the ETS domain of ER81. Whereas
barely any activation mediated by p300 was observable with the
GAL4 DNA-binding domain, the GAL4-ER811–477 fusion pro-
tein was stimulated threefold by p300 (Fig. 3E). Thus, DNA
binding of ER81 via its ETS domain is not required for the
functional collaboration with p300.

Mapping of the CBP/p300 interaction domain in ER81. To
delineate the regions of ER81 (see Fig. 4A for a diagram of
ER81) required for the interaction with CBP/p300, GST pull-
down assays were carried out. Various truncated forms of
ER81 were overexpressed as GST fusion proteins in E. coli.
Figure 4B (bottom panel) shows a Coomassie blue-stained gel
of the GST-ER81 fusion proteins after purification. Approxi-

mately 200 ng of the purified GST-ER81 fusion proteins was
bound to glutathione agarose beads and mixed with 100 mg of
protein from lysates of 293T cells transiently overexpressing
HA-tagged p300. Bound proteins were separated by SDS-
PAGE, transferred to PVDF membrane, and probed with an-
ti-HA antibodies. Figure 4B (upper panel) shows that the N-
terminal amino acids of ER81 (GST-ER811–249, lane 2) did not
interact with p300, whereas the C-terminal amino acids of
ER81 (GST-ER81249–477, lane 3) bound p300. Additional de-
letion of 48 C-terminal amino acids in GST-ER81249–429 (lane
4) did not prevent binding of p300, whereas further C-terminal
truncation into the ETS domain abolished binding of p300
(GST-ER81249–383, lane 5). Thus, ER81 amino acids 384 to 429
are required for the interaction with p300. In contrast to GST-
ER81249–477, GST-ER81333–477 (lane 6) did not interact with
p300, suggesting that ER81 amino acids 249 to 332 are also
indispensable for the interaction with p300. Altogether, amino
acids 249 to 429 of ER81 mediate the interaction with p300 in
vitro.

Next, we analyzed whether ER81 amino acids 249 to 429
interact with p300 in vivo. To this end, we performed coimmu-
noprecipitation assays. 293T cells were transiently transfected

FIG. 4. ER81 amino acids 249 to 429 are responsible for the interaction with p300. (A) Schematic representation of the murine ER81 molecule. Highlighted are
the DNA-binding ETS domain, the N- and C-terminal transactivation domains, and amino acids 182 to 249, which exert an inhibitory effect on the two transactivation
domains. (B) Pull-down of HA-tagged p300 by various GST-ER81 fusion proteins. p300 was detected by anti-HA immunoblotting (top panel). The bottom panel shows
Coomassie-stained, purified GST-ER81 fusion proteins. Asterisks show the position of each protein. (C) 293T cells were transiently transfected with various truncated
forms of Myc-tagged ER81 and HA-p300. Cell lysates were used for anti-Myc immunoprecipitations, and coimmunoprecipitated p300-HA was detected by anti-HA
immunoblotting. (D) p300 potentiates transcriptional activity of ER81249–429 in Mv1Lu cells measured with the TORU-luc reporter construct. (E) Activation of
GAL4-ER81249–429 by p300 in Mv1Lu cells. A GAL4 DNA-binding site-driven reporter construct was cotransfected with either the GAL4 DNA-binding domain or the
GAL4-ER81249–429 fusion protein. Enhancement of luciferase activity upon overexpression of p300 is depicted.
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with the Myc-tagged truncation ER81249–429 in the absence
and presence of HA-tagged p300. Precipitations were per-
formed with anti-Myc antibodies, and the immunoprecipitated
proteins were separated by SDS-PAGE, transferred to PVDF
membrane, and probed with anti-HA antibodies (Fig. 4C).
Indeed, p300 interacted with ER81 amino acids 249 to 429 in
this coimmunoprecipitation assay. Expectedly, p300 also coim-
munoprecipitated with ER81249–477 but not with ER811–249,
ER81249–383, or ER81333–477 (Fig. 4C). We conclude that ER81
amino acids 249 to 429 represent the minimal region required
for both in vitro and in vivo binding to p300.

Next, we analyzed whether the minimal p300 interaction
domain in ER81 (ER81249–429) is activated by p300. Mv1Lu
cells were cotransfected with the TORU-luc reporter and
ER81249–429. This truncation on its own activates the TORU-
luc reporter by 12-fold, which was further enhanced by p300 to
;70-fold (Fig. 4D). Similarly, a GAL4-ER81249–429 fusion pro-
tein was potentiated in its activity by p300 (Fig. 4E). Thus,
ER81 amino acids 249 to 429 are able to activate gene expres-
sion synergistically with p300.

An LXXLL motif is not involved in ER81-CBP/p300 inter-
actions, but affects DNA binding. A recent study suggested that
protein-protein interactions between nuclear hormone recep-
tors and its coactivators are mediated by a short sequence
motif, LXXLL, within the coactivators (22). Such an LXXLL
motif is highly conserved in helix a1 of the ETS domain (37).
Therefore, we investigated whether mutation of the LVALL
motif (ER81 amino acids 341 to 345) affects ER81 binding to
CBP/p300. To this end, three different ER81 mutants were
generated, AVALL, LVAAA, and AVAAA, in which one or
more of the leucine residues in the LVALL motif were re-
placed by alanine.

We first examined whether these mutants coimmunoprecipi-
tated with p300. Myc-tagged, wild-type and mutant ER81 were
coexpressed with HA-tagged p300 in 293T cells, and anti-HA
immunoprecipitations were performed. As shown by anti-Myc
Western blotting (Fig. 5A), both the wild-type and all of the
mutant ER81 molecules coimmunoprecipitated with p300.
Similarly, both wild-type and mutant ER81 interacted in vitro
with CBP (data not shown). Thus, mutation of the LXXLL
motif in ER81 does not interfere with binding to CBP/p300,
suggesting that this motif does not contribute to CBP/p300
binding.

However, all the mutants were inactive in transactivation
assays, and none of them could collaborate with p300 (data not
shown). These results led us to hypothesize that the LVALL
motif might be important for DNA binding. Therefore, we
performed gel retardation assays with wild-type and mutant
ER81 and the 32P-labeled E74 oligonucleotide, to which ER81
does bind (24). The autoradiogram in Fig. 5B shows that only
wild-type ER81 formed complexes with the E74 oligonucleo-
tide, while none of the mutants bound the E74 oligonucleotide.
Thus, the LXXLL motif in ER81 plays a profound role in
DNA binding but none in CBP/p300 interaction.

In vitro binding studies identify two ER81 binding domains
in CBP. In order to define regions of CBP necessary for ER81
binding (see Fig. 6A for a diagram of CBP), we utilized various
portions of CBP fused to GST in pull-down assays. Full-length
ER812–477 bound to CBP amino acids 451 to 721 but not to
GST, GST-CBP1–451, or to GST-CBP1891–2175 (Fig. 6B), al-
though comparable amounts of GST fusion proteins were em-
ployed (Fig. 6C); in addition, other regions of CBP were also
unable to interact with ER81 (data not shown). The control,
ER812–334, did not interact with any of the GST-CBP fusion
proteins (Fig. 6B). Identical results were obtained with full-
length ER81 and with ER812–429 (data not shown), confirming

that the C-terminal activation domain of ER81 is not required
for binding to CBP. Surprisingly, deletion of just 62 N-terminal
amino acids in ER8163–477 resulted not only in binding to CBP
amino acids 451 to 721 but also in binding to CBP amino acids
1891 to 2175 (Fig. 6B, lane 10). Similarly, ER81 amino acids
249 to 429 bound to both GST-CBP451–721 and GST-CBP1891–2175
(data not shown). In conclusion, CBP amino acids 451 to 721
are capable of interacting with ER81 in vitro, whereas CBP
amino acids 1891 to 2175 can only do so when N-terminal
amino acids in ER81 are deleted.

Protein kinase associated with the ER81-CBP/p300 com-
plex. Previously, it has been shown that protein kinases can be
associated with CBP/p300 (42, 47). Thus, we wished to test
whether a protein kinase associated with the ER81-CBP/p300
complex could phosphorylate ER81. To this end, 293T cells
were transiently transfected with full-length, Myc-tagged ER81
in the absence and presence of HA-tagged p300. ER81 was
immunoprecipitated with anti-Myc antibodies and then incu-
bated with [g-32P]ATP. After boiling in Laemmli sample
buffer, proteins were resolved by SDS-PAGE, and the dried gel
was exposed to film. The autoradiograph in Fig. 7A (lane 3)
shows that Myc-tagged ER81 was phosphorylated by a protein
kinase present in the immunoprecipitate. Several scenarios can
be envisaged, among others that this protein kinase is directly
associated with ER81 or that this protein kinase is associated
with endogenous CBP/p300, which in turn had coimmunopre-
cipitated with ER81. The fact that overexpression of p300
resulted in enhanced phosphorylation of ER81 (Fig. 7A, lane
4) may support the latter hypothesis.

To determine if the coimmunoprecipitated kinase activity is
responsible for phosphorylation of ER81 in vivo, we performed
metabolic 32Pi labeling of Myc-tagged ER81 in transiently
transfected 293T cells. Radioactively labeled ER81 was then

FIG. 5. Impact of the LVALL motif in the ETS domain on ER81 function.
(A) Anti-HA immunoprecipitations (IP) of 293T cells transiently transfected
with HA-tagged p300 and Myc-tagged wild-type or mutant ER81. ER81 present
in the immunoprecipitates was detected by anti-Myc immunoblotting. The in-
tracellular levels of ER81 (input) are also shown. (B) Gel retardation assay with
HA-tagged ER81249–477 and mutants thereof and the 32P-labeled E74 oligonu-
cleotide. Arrowheads with asterisks point to two DNA complexes formed by
proteolytic degradation products of ER81249–477.
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immunoprecipitated with anti-Myc antibodies, separated by
SDS-PAGE, eluted from the gel, and subjected to trypsin di-
gestion. Resulting phosphopeptides were resolved in two di-
mensions on cellulose thin-layer plates and visualized by auto-
radiography. As shown in Fig. 7B (middle panel), four major

phosphopeptides designated a, b, c1, and c2 were detected (see
Fig. 8A for a better resolution of the c1 and c2 phosphopep-
tides), which were also obtained after trypsin digestion of Myc-
tagged ER81 that had been phosphorylated in vitro by the
coimmunoprecipitated protein kinase (Fig. 7B, left and right

FIG. 6. CBP domains responsible for interaction with ER81. (A) Schematic representation of the CBP molecule. C/H, cysteine-histidine-rich domain; KIX, binding
domain for the CREB transcription factor; HAT, histone acetyltransferase domain; Q-rich, glutamine-rich domain. (B) Pull-down of various truncated forms of
Myc-tagged ER81 by GST-CBP fusion proteins. Bound ER81 was detected by anti-Myc immunoblotting. (C) Coomassie staining of GST-CBP fusion proteins. Asterisks
indicate the respective full-length proteins.

FIG. 7. A protein kinase coimmunoprecipitates with the ER81-p300 complex. (A) 6Myc-tagged ER81 was overexpressed in 293T cells. Where indicated, p300-HA
was cotransfected. After anti-Myc immunoprecipitation, an in vitro phosphorylation assay was performed. The autoradiograph in the top panel shows the result of this
assay. The bottom panel reveals ER81 levels by anti-Myc immunoblotting. (B) Two-dimensional analysis of tryptic phosphopeptides derived from 6Myc-tagged ER81
phosphorylated in vitro or in vivo. The right panel shows a mixture of in vitro- and in vivo-labeled phosphopeptides. Electrophoresis was performed in the first
dimension (anode on the left), and ascending chromatography was performed in the second dimension.
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panels). These data suggest that the protein kinase coimmu-
noprecipitating with ER81 can phosphorylate ER81 in vivo.

Phosphorylation of serines 191 and 216 by the ER81-asso-
ciated protein kinase. In order to determine how phosphory-
lation of ER81 by the associated protein kinase affects the
function of ER81, we set out to map the respective phosphor-
ylation sites with the aim of mutating them. In vivo metabolic
32Pi labeling of various ER81 truncations and subsequent anal-
ysis of tryptic phosphopeptides revealed that the phosphoryla-
tion sites of the ER81-associated protein kinase must reside
within ER81 amino acids 182 to 249; furthermore, phos-
phoamino acid analysis revealed that the phosphorylated res-
idues must be serines (data not shown). This limited the num-
ber of potential phosphorylation sites to five, serines 191, 196,
216, 247, and 249. All of these sites were mutated to alanine,
and the respective in vivo 32P-labeled ER81 proteins were
subjected to tryptic phosphopeptide analysis. Whereas the
A196, A247, and A249 mutants did not reveal any change in
tryptic phosphopeptide pattern compared to the wild-type
ER81 molecule (data not shown), the phosphopeptide pattern
of the A191 and A216 mutants was different (Fig. 8A). In
particular, phosphopeptides a and c2 were missing in the A191
mutant, and phosphopeptides b and c1 were missing in the
A216 mutant. It is not unusual to observe the disappearance of
two phosphopeptides upon mutation of one phosphorylation
site due to incomplete tryptic digestion, chymotrypsin contam-
ination, or incomplete oxidation of cysteine residues (53). Fi-
nally, we also analyzed the double alanine mutant A191 A216:
as expected, the major phosphopeptides a, b, c1, and c2 were
no longer observable (Fig. 8A). In conclusion, we have iden-
tified serine residues 191 and 216 as the major phosphorylation
sites of the ER81-associated protein kinase.

Next, we analyzed whether mutation of serine 191 or serine
216 in ER81 affects its ability to interact with CBP/p300. To
this end, Myc-tagged ER81 and HA-tagged p300 were coex-
pressed in 293T cells, and anti-HA immunoprecipitations were
performed. ER81 was subsequently detected in the immuno-
precipitates by anti-Myc immunoblotting. As shown in Fig. 8B,

no significant difference between wild-type and mutated ER81
in the ability to associate with p300 was observed. Thus, phos-
phorylation of ER81 at serine residues 191 and 216 appears
not to affect the affinity towards CBP/p300.

Finally, we investigated how abolishment of phosphorylation
at residues 191 and 216 affects ER81-dependent transcrip-
tional activation. As described for Fig. 3A, expression of the
wild-type ER81 molecule stimulated the TORU-luc reporter
by 11-fold in Mv1Lu cells (Fig. 8C). Mutation of either serine
191 or serine 216 to alanine raised the luciferase levels by
;25-fold, while the double mutant A191 A216 was not signif-
icantly more active than the single alanine mutants. In addi-
tion, mutation of the nonphosphorylated serine 196 to alanine
did not affect ER81 transcriptional activity, indicating that
mutation of serine to alanine residues in ER81 does not grossly
affect its structure. We conclude that the ER81-associated pro-
tein kinase can negatively regulate ER81 activity.

However, we also analyzed the impact of mutating serine
residues 191 and 216 in HeLa cells (Fig. 8C). In contrast to the
results shown for Mv1Lu cells, mutation of the phosphoryla-
tion sites did not alter the transactivation potential of ER81.
Thus, the effect of serine 191 and serine 216 phosphorylation
on ER81 activity may be cell type specific.

DISCUSSION

In this study, ER81 was demonstrated to interact physically
with the transcriptional coactivators CBP and p300 both in
vitro and in vivo. Importantly, ER81 and CBP/p300 synergized
to activate gene transcription. Thus, we have unraveled the
recruitment of CBP/p300 as a mechanism for how ER81 acti-
vates gene transcription. This collaboration between CBP/p300
and ER81 may also be involved in the transformation of cells
caused by dysregulated ER81. In addition, ER81 may be one of
the factors required to mediate the essential functions of CBP/
p300 during embryonal development.

Our domain mapping data show that ER81 amino acids 249
to 429 are responsible for binding to CBP/p300. These amino

FIG. 8. Serine residues 191 and 216 are phosphorylated by the ER81-associated kinase. (A) 6Myc-tagged ER81 (wild-type and indicated alanine mutants) was
overexpressed in 293T cells and labeled with 32P in vivo. After anti-Myc immunoprecipitation (IP), the ER81 proteins were digested with trypsin and the resulting
phosphopeptides were separated in two dimensions as in Fig. 7. (B) 6Myc-ER81 (wild-type and the indicated alanine mutants) was coexpressed with p300-HA in 293T
cells. After anti-HA immunoprecipitation, ER81 was detected by anti-Myc immunoblotting. The bottom panel shows the intracellular levels of ER81. (C) Either 30
or 200 ng of 6Myc-tagged ER81 proteins was transiently transfected into Mv1Lu or HeLa cells, respectively, and luciferase activity from the cotransfected TORU-luc
reporter was measured. The bottom panels show anti-Myc Western blots of protein extracts, demonstrating equal protein expression. Please note that the A191 mutant
comigrates with an endogenous protein (arrow) that is also detected by the anti-Myc antibodies.
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acids encompass the ETS domain (amino acids 333 to 415),
which may therefore essentially contribute to the interaction
between ER81 and CBP/p300. However, since ER81 amino
acids 249 to 332 are indispensable for interaction with CBP/
p300, the ETS domain is not sufficient to mediate binding to
CBP/p300. Interestingly, none of the known transactivation
domains of ER81 are contained within ER81249–429, yet this
fragment synergized with CBP/p300 to activate transcription.
Thus, the transactivation domains of ER81 are not required
for the cooperation between ER81 and CBP/p300. Further-
more, both full-length ER81 and ER81249–429 were able to
activate the TORU-luc reporter in the absence of overex-
pressed p300. This activation of transcription appears to be
dependent on endogenous CBP/p300, since sequestration of
endogenous CBP/p300 by E1A inhibited the ability of ER81 to
activate transcription. Altogether, these results indicate that
the main gene-regulatory function of ER81 is to tether CBP/
p300, which in turn stimulates gene transcription.

A common feature of the ETS domain conserved in almost
all of the family members is an LXXLL sequence at its N
terminus (37). An LXXLL motif was shown to be involved in
protein-protein interactions between nuclear hormone recep-
tors and their cofactors (22) and may represent a general
protein-protein interaction motif. However, our data revealed
that mutation of the leucine residues in the LVALL sequence
of ER81 did not affect ER81-CBP/p300 interactions, excluding
the possibility that this LXXLL motif participates in binding of
CBP/p300. On the other hand, mutation of the LVALL se-
quence in ER81 abrogated DNA binding. Structural studies
have shown that the LXXLL motif in the ETS domain is part
of helix a1, which is not involved in the specific interaction with
DNA target sequences, yet helix a1 appears to be important
for the structural integrity of the ETS domain (20). Thus,
although the ETS domain of ER81 is part of the minimal
CBP/p300 interaction domain, altering structural features such
as the LXXLL motif can be without effect on the interaction
with CBP/p300. This suggests that only portions of the ETS
domain participate in CBP/p300 binding.

In this report, we have demonstrated that CBP amino acids
451 to 721 bind to ER81. This region of CBP has been shown
to interact with a variety of other transcription factors, includ-
ing CREB (9), Jun (2), Myb (11, 44), Sap-1a (28), and the viral
Tax protein (33). One unresolved question is whether CBP/
p300 can accommodate simultaneous binding to ER81 and one
or more of these proteins. If not, ER81 could compete with the
aforementioned proteins for CBP/p300 recruitment and
thereby negatively interfere with their function, and vice versa.
On the other hand, CBP/p300 could still function as a “glue” to
bring together ER81 and transcription factors binding outside
CBP region 451 to 721, such as Fos or nuclear hormone re-
ceptors (18), and thereby facilitate cooperation between dif-
ferent classes of transcription factors at selected promoters
containing respective DNA-binding sites.

Interestingly, ER81 was able to interact with CBP amino
acids 1891 to 2175 in vitro when the N-terminal 62 amino acids
were deleted. We hypothesized that possible interactions be-
tween the N and C termini of full-length ER81 might prevent
binding to CBP amino acids 1891 to 2175. However, pull-down
assays of various truncated ER81 proteins by different GST-
ER81 fusion proteins did not reveal any intramolecular inter-
actions in ER81 (data not shown). In that regard, binding of
regulatory Smad proteins to CBP amino acids 1891 to 2175
depends on Smad phosphorylation by transforming growth fac-
tor beta receptor kinases (14, 29, 51). Whether a similar post-
translational modification regulates ER81 binding to CBP
amino acids 1891 to 2175 remains to be studied.

We have also shown that CBP/p300 enhanced ER81 tran-
scriptional activity measured with the TORU-luc reporter. The
degree of activation of ER81 transcriptional activity by p300
was approximately threefold. Similar degrees of activation by
CBP/p300 have been observed with other transcription factors,
including Ets-1 (55), CREB (2), MyoD (12), E47 (12), p65
(16), and Sap-1a (28). The TORU-luc reporter construct is
bound by ER81, and thus the ETS domain is complexed with
DNA, which might be a prerequisite for functional interaction
with CBP/p300. However, our experiments with the GAL4-
ER81 fusion argue against this: upon binding to the GAL4
binding site, GAL4-ER81 was stimulated by p300 overexpres-
sion. Since the ETS domain is supposed to not bind DNA at
the GAL4 binding site, ER81 can collaborate with CBP/p300
independently of DNA binding.

CBP and p300 possess intrinsic histone acetyltransferase
activity that could potentially activate chromatin-repressed
promoters and enhancers by acetylation of histone N-terminal
lysine residues or other proteins involved in transcription (4,
45). Moreover, CBP/p300 directly acetylates transcription fac-
tors such as GATA-1 (6) and p53 (21). Acetylation of p53 has
at least two consequences: increased sequence-specific DNA-
binding activity (21) and stabilization of p53 in the cellular
response to ionizing radiation (57). It will be interesting to
elucidate whether ER81 serves as a substrate for acetylation by
CBP/p300 and to study the impact of this hypothetical modi-
fication on its transcriptional activity in vivo.

ER81 is phosphorylated by the ERK1-MAPK (24), and
ERK-MAPKs interact with CBP/p300 (38). However, the
ER81-associated protein kinase characterized in this study
does not represent an ERK-MAPK, since MAPK phosphory-
lation of ER81 results in a different tryptic phosphopeptide
pattern than that obtained with this unidentified kinase (data
not shown). Interestingly, overexpression of p300 enhanced the
activity of the ER81-associated kinase. One model would be
that p300 recruits another protein kinase into the ER81-p300
complex, which can activate the unidentified protein kinase.
Such protein kinases could be pp90RSK (42) and cyclinE/cdk2
(47), which have been shown to interact with CBP/p300 outside
the ER81 interaction domain(s). Alternatively, the unidenti-
fied protein kinase itself is bound to p300, and expression of
exogenous p300 just enhances the total amount of p300 and
thus of the unidentified protein kinase that coimmunoprecipi-
tates with ER81.

The major sites of phosphorylation by the ER81-associated
protein kinase are serine 191 and serine 216. Both serine res-
idues are located within the inhibitory domain of ER81 (see
Fig. 4 for a sketch of ER81) and may modulate the activity of
this domain. Mutation of serine 191 and/or serine 216 to ala-
nine enhanced the ER81-dependent activation of the TORU-
luc reporter in Mv1Lu cells, suggesting that phosphorylation at
these sites negatively regulates ER81-dependent transcription.
This suggests that phosphorylation of serines 191 and 216 may
switch on the inhibitory domain of ER81.

What is the biological significance of this phosphorylation?
On the one hand, recruitment of CBP/p300 enhances ER81-
dependent transcription, while on the other hand, CBP/p300
overexpression stimulates the ER81-associated protein kinase,
resulting in a decrease in ER81-dependent transcription. Thus,
this protein kinase may be utilized to fine tune the collabora-
tion between ER81 and CBP/p300. But how is this ER81-
associated protein kinase regulated? Is it suppressed in HeLa
cells, in which mutation of serines 191 and 216 has no effect on
ER81 transcriptional activity? Could this protein kinase be
downregulated in breast cancer cells, thereby promoting
ER81’s suspected contribution to breast tumorigenesis (3)? To
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answer these and other questions, it will be necessary to iden-
tify the protein kinase associated with the ER81-CBP/p300
complex, towards which our efforts are now directed.
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