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The vitamin D receptor (VDR) normally functions as a ligand-dependent transcriptional activator. Here we
show that, in the presence of Ets-1, VDR stimulates the prolactin promoter in a ligand-independent manner,
behaving as a constitutive activator. Mutations in the AF2 domain abolish vitamin D-dependent transactiva-
tion but do not affect constitutive activation by Ets-1. Therefore, in contrast with the actions of vitamin D,
activation by Ets-1 is independent of the AF2 domain. Ets-1 also conferred a ligand-independent activation to
the estrogen receptor and to peroxisome proliferator-activated receptor «. In addition, Ets-1 cooperated with
the unliganded receptors to stimulate the activity of reporter constructs containing consensus response
elements fused to the thymidine kinase promoter. There is a direct interaction of the receptors with Ets-1 which
requires the DNA binding domains of both proteins. Interaction with Ets-1 induces a conformational change
in VDR which can be detected by an increased resistance to proteolytic digestion. Furthermore, a retinoid X
receptor-VDR heterodimer in which both receptors lack the core C-terminal AF2 domain can recruit coacti-
vators in the presence, but not in the absence, of Ets-1. This suggests that Ets-1 induces a conformational
change in the receptor which creates an active interaction surface with coactivators even in the AF2-defective
mutants. These results demonstrate the existence of a novel mechanism, alternative to ligand binding, which

can convert an unliganded receptor from an inactive state into a competent transcriptional activator.

Nuclear receptors normally act as ligand-inducible transcrip-
tional factors by binding as homodimers or as heterodimers
with the retinoid X receptor (RXR) to hormone response
elements (HREs) in target genes (15). Transcriptional regula-
tion by nuclear receptors is achieved through autonomous ac-
tivation functions (AFs): a constitutive N-terminal AF1 and a
C-terminal ligand-dependent AF2. Ligand binding causes a
conformational change in the receptors that allows recruitment
of CREB binding protein (CBP)- and p160-related coactivator
proteins with histone acetylase activity (26). The multisubunit
coactivator complex TRAC-DRIP also binds the nuclear re-
ceptors in a ligand- and AF2-dependent manner and may in-
teract directly with the basic transcriptional machinery (9, 21).
However, recent evidence has shown that several receptors
may also be activated in a ligand-independent manner. A va-
riety of agents including growth factors and cyclic AMP acti-
vate the receptors, presumably by stimulation of cellular pro-
tein kinases which cause receptor phosphorylation (3, 12, 22,
24, 31). This activation appears to involve a ligand- and AF2-
independent recruitment of p160 coactivators (8, 27). Further-
more, the estrogen receptor (ER) can be also stimulated in a
ligand-independent manner by association with cyclin D1 (35).
Cyclin D1 interacts with p160 coactivators (36) and also with
the acetylase p/CAF (CBP-associated factor) (18) and can re-
cruit the coactivators to ER in the absence of estrogens.

The vitamin D receptor (VDR), ERq, and peroxisome pro-
liferator-activated receptor a (PPARa) stimulate prolactin
gene expression (5, 16, 25). In the context of the prolactin
gene, the nuclear receptors require the presence of the pitu-
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itary-specific transcription factor GHF-1 (or Pit-1) to activate
the promoter, and a direct protein-to-protein interaction be-
tween the receptors and GHF-1 appears to be involved in this
regulation. The prolactin promoter contains several binding
sites for Ets factors. The Ets family of transcription factors, a
target of the Ras—mitogen-activated protein kinase signaling
pathway, plays an important role in cell growth and develop-
ment (29). The Ets family is defined by a conserved DNA
binding domain (DBD), also known as the ETS domain. Ets
factors bind DNA as monomers and recognize a consensus
sequence that contains a core 5'-GGA(A/T)-3" motif. Ets-1
acts in conjunction with GHF-1 to fully reconstitute prolactin
promoter activity in nonpituitary cells. This functional interac-
tion also involves a physical association between both tran-
scription factors. It has been shown that Ets-1 physically asso-
ciates with GHF-1 and that both factors synergistically activate
the prolactin promoter (2, 4). Additionally, CBP also interacts
with Ets-1 (33) and GHF-1 (25, 32, 34) and plays a coactivator
role in transactivation by these factors. Therefore, a multicom-
ponent activating complex appears to be responsible for pro-
lactin gene transcription.

In this study we have analyzed the effect of Ets factors on
transcriptional regulation by the receptors. We have found
that, in the presence of Ets-1, VDR stimulates the prolactin
promoter in a ligand-independent manner, behaving as a con-
stitutive activator. There is a direct interaction of the VDR
with Ets-1 which induces a conformational change in VDR and
renders an active receptor in the absence of vitamin D. This
activation is AF2 independent, since Ets-1 also conferred ac-
tivation to AF2-defective VDR mutants. Furthermore, recep-
tors lacking the AF2 domain can recruit the p160 coactivator
ACTR in the presence but not in the absence of Ets-1. Ets-1
also conferred ligand-independent activation to other nuclear
receptors such as ERa and PPARa. These observations dem-
onstrate the existence of a novel mechanism of activation of
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FIG. 1. Ligand-independent activation of nuclear receptors by Ets-1. (A) HeLa cells were cotransfected with —3000Prl-CAT (5 wg) and vectors for GHF-1 (0.4 pg),
VDR (2.5 pg), and/or Ets-1 (0.5 ug). (B) The reporter plasmid was cotransfected with GHF-1 and VDR in the presence of the indicated amounts of Ets-1. CAT activity

was determined in untreated cells and cells treated with vitamin D for 48 h.

nuclear receptors, different from ligand binding, which could
have important effects on transcriptional regulation.

MATERIALS AND METHODS

Expression vectors and transfections. Reporter plasmids containing different
fragments of the rat prolactin promoter fused to the chloramphenicol acetyl-
transferase (CAT) gene have been previously described (4). The consensus
vitamin D response element (VDRE), peroxisome proliferator response element
(PPRE), and estrogen response element (ERE) were cloned upstream of the
thymidine kinase (TK) promoter of pBL-CATS (5, 10). Expression vectors for
VDR, VDR mutants, ERa, PPARa, RXR, GHF-1, SRC-1, CBP, Ets-1 (p54),
and dominant-negative Ets have been also described (4, 5, 10, 11). HeLa cells
were transfected by calcium phosphate with 5 pg of reporter plasmids and the
amounts of expression vectors indicated in the figure legends. Unless otherwise
stated cells were incubated in the presence and absence of vitamin D (100 nM),
estradiol (1 M), Wy14,643 (100 uM), or 9-cis-retinoic acid (1 pM), for 48 h in
Dulbecco’s modified Eagle medium supplemented with 10% AG1-X8 resin and
charcoal-stripped newborn calf serum. All data shown are means * standard
deviations obtained from at least four independent transfections, and the exper-
iments were repeated at least twice with similar relative differences in regulated
expression.

Immunoprecipitation and GST pull-down assays. Coding sequences for VDR,
PPARq, and Ets-1 were fused in frame with that for glutathione S-transferase
(GST) in the pGEX 2TK-P vector. GST-ACTR (6), GST-SMRT (7), and GST-
CBP (11) were also used. Recombinant proteins were synthetized, purified on
glutathione-Sepharose resin, and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). GST alone and GST-Ets-1 (1 pg) were
exposed to 900 pg of whole-cell extract (WCE) from HeLa cells transfected with
15 g of VDR 24 h before. Proteins were eluted from the resin and resolved by
SDS-PAGE. VDR was detected by Western blotting with a VDR antibody [VDR
(C-20); Santa Cruz Biotechnology] and visualized with ECL (Amersham). 3°S-
labeled Ets-1, VDR, ER, PPAR, RXR, and SRC-1 were generated with TNT T7
Quick coupled in vitro transcription and translation and used in pull-down assays
with 1 ug of GST or GST-fused proteins as described previously (5). 3°S-labeled
p68 Ets-1 deletion mutants in pSG5 (2) were also used in the assays. The p54
Ets-1 isoform lacks the extra N-terminal domain. For immunoprecipitation,
HeLa cells were transfected with 15 g of expression vectors for Ets-1 and/or
VDR. The cells were harvested in 200 pl of lysis buffer, and 700 pg of WCE was
incubated with anti-Ets antibody [Ets-1/Ets-2 (C-275); Santa Cruz Biotechnolo-
gy| and protein A-Sepharose at 4°C overnight. WCEs (5 mg) of untransfected
pituitary GH4C1 cells were also used for immunoprecipitation with the Ets
antibody. The cells were either untreated or treated with 100 nM vitamin D for
24 h. The immunocomplexes were resolved by SDS-PAGE and analyzed by
Western blotting with the VDR antibody.

Gel retardation assays. Mobility shift assays were performed with 1 pl of in
vitro-translated VDR and/or RXR in the presence and absence of recombinant
Ets-1 (300 ng) and ACTR (600 ng) as previously described (10, 11). The VDRE
oligonucleotide used was 5'-AGCTCAGGTCAAGGAGGTCAG-3'.

Limited proteolytic digestion. In vitro-translated *S-VDR (8 ul) or 3S-
VDR(112-427) (8 pl) was incubated in the presence of 400 ng of GST-Ets-1, the

same amount of GST alone, or 100 nM vitamin D for 20 min at room temper-
ature. The receptors were then incubated for 2 min with increasing concentra-
tions of trypsin, and the proteolytic fragments were separated and identified by
autoradiography as described previously (11).

RESULTS

VDR shows a constitutive activity in the presence of Ets-1.
In order to analyze the influence of Ets factors on the tran-
scriptional response to VDR, a plasmid containing the 5'-
flanking region of the rat prolactin promoter was transiently
transfected into HeLa cells with expression vectors encoding
Ets-1, VDR, and/or GHF-1. Figure 1A shows that, in agree-
ment with our previous observations (5), activation of the pro-
lactin promoter construct —3000Prl-CAT by vitamin D re-
quires the presence of GHF-1. Ets-1, which by itself caused
little stimulation, had a synergistic effect with GHF-1, and this
response was further induced upon expression of VDR. Re-
markably, in the presence of Ets-1, VDR stimulated the pro-
moter in a ligand-independent manner, behaving as a consti-
tutive activator. Under these conditions, incubation with vitamin
D did not cause a further increase. Figure 1B shows that
activation by unliganded VDR was dependent on the amount
of transfected Ets-1 being markedly enhanced as the concen-
tration of Ets-1 increased. In the absence of Ets-1 there was a
strong vitamin D-dependent stimulation. At intermediate con-
centrations of Ets-1, VDR stimulated the promoter in a ligand-
independent manner and incubation with vitamin D was able
to induce a further increase in transactivation. However, high
levels of Ets-1 caused a strong ligand-independent activation,
and a ligand-dependent response was not observed.

Ets-1 conferred ligand-independent activation to ERx and
PPARa. Figure 2 shows that Ets-1 also caused a constitutive
activation of ERa and PPARa. Expression of ERa increased
—3000Prl-CAT activity, and incubation with estradiol caused a
further increase. On the other hand, expression of Ets-1 caused
a strong transactivation by the unliganded ERa that was not
further induced upon estradiol incubation (Fig. 2A). To ana-
lyze whether Ets-1 was able to induce ERa activity also when
the receptor was bound to an antagonist, prolactin promoter
activity was also determined in cells transfected with ER« and
incubated with estradiol and/or 4-hydroxytamoxifen (OHT).
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FIG. 2. Ets-1 causes constitutive activation of ERa and PPARa. (A) Cells
were transfected with —3000Pr]-CAT (5 wg) and vectors for GHF-1 (0.4 pg) and
Ets-1 (0.5 pg) alone or in combination with 2.5 pg of ERa. CAT activity was
determined in cells treated in the presence and absence of estradiol (1 pM) for
48 h. (B) cells were transfected with the same vectors and treated with 10 nM
estradiol (E2) and/or 1 uM antagonist OHT. (C and D) The reporter plasmid
was cotransfected with the same amounts of GHF-1 and Ets-1 together with 5 pg

of PPARa (C) or 1 pg RXR (D) vectors. CAT activity was determined in
untreated cells and in cells treated with Wy14,643 or 9-cis-retinoic acid.

As shown in Fig. 2B, OHT treatment markedly reduced basal
CAT activity as well as estradiol-induced stimulation in the
absence of Ets-1. After expression of Ets-1, the unliganded
ERa stimulated the promoter even in the presence of OHT.
Although promoter activity was lower in cells incubated with
the antagonist, stimulation of ERa transcriptional activity by
Ets-1 in cells incubated with OHT was similar to that in cells
incubated with estradiol when activity was expressed as fold
induction. Furthermore, identical results were obtained with
the pure antiestrogen ICI182.780, which blocks not only AF2
but also AF1 functions (not illustrated).

As shown in Fig. 2C, PPAR« also activated the prolactin
promoter, and this response was only slightly increased by
Wy14,643, a PPAR activator. This may reflect the presence of
endogenous PPAR ligands in the cells (25). Ets-1 also had a
strong synergistic effect with PPAR«, which was not induced
further in the presence of Wy14,643. The influence of Ets was
also examined in cells transfected with RXR. As shown in Fig.
2D, RXR did not affect prolactin promoter activity and coop-
eration with Ets-1 was not observed.

Stimulation of prolactin gene transcription by ER is medi-
ated by an ERE located in a distal enhancer between nucleo-
tides —1592 and —1580 (16), whereas the proximal promoter
contains the sequences responsible for VDR responsiveness
(5) (Fig. 3A). Accordingly, a promoter construct extending to
bp —3000 exhibited ligand-independent activation upon co-
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transfection with expression vectors for Ets-1 and either ER
(Fig. 3B) or VDR (Fig. 3C). However, the response to ER was
lost in cells transfected with the —176Prl-CAT plasmid, which
contains three Ets-binding sites but which does not contain the
ERE. In contrast, the response of VDR to Ets-1 was main-
tained with the —176Prl-CAT and —101Prl-CAT constructs
but was lost in a construct with a deletion to bp —76 which
contains a unique Ets binding site. This construct was not
stimulated by GHF-1 either. Mutation of the Ets sites in the
plasmid extending to bp —101 (—101mut Prl-CAT) also abol-
ished regulation.

Ets-1 cooperates with unliganded receptors to stimulate
other HRE-containing promoters. In order to analyze whether
activation by the unoccupied receptors in the presence of Ets-1
is independent of the promoter context, reporter constructs
containing consensus response elements for VDR, ER, or
PPAR ligated to the TK promoter were transfected into HeLa
cells. A TK-CAT construct that does not contain a response
element was also used as a control. The TK promoter was not
significantly stimulated by VDR either in the absence or pres-
ence of ligand or Ets-1 (Fig. 4A). In contrast, the activity of the
same plasmid containing a VDRE was stimulated by vitamin
D, and this response increased after expression of either VDR
or Ets-1. Similar to the results obtained with the prolactin
promoter, the unliganded receptor caused a significant in-
crease in promoter activity only in cells expressing Ets-1. In
addition, vitamin D-dependent stimulation was less marked in
cells expressing both the VDR and Ets-1 (Fig. 4B). ERa also
cooperated with Ets-1 to stimulate in a ligand-independent
manner the ERa-containing TK-CAT plasmid, although some
ligand-dependent activity was observed upon incubation with
estradiol (Fig. 4C). PPAR« increased constitutively the activity
of the PPRE-TK-CAT construct, and expression of Ets-1 also
significantly induced ligand-independent activity (Fig. 4D).

Influence of a dominant-negative Ets vector on transactiva-
tion of the prolactin promoter by nuclear receptors. Above
results demonstrate that exogenous expression of Ets factors
plays an important role in activation of the prolactin promoter.
To examine the role of endogenous Ets factors on the regula-
tion of basal and receptor-mediated stimulation of the prolac-
tin promoter, a dominant-negative Ets construct which lacks
the transactivation domain was employed in cotransfection
assays (Fig. 5). For this purpose, HeLa cells were transfected
with —3000Prl-CAT and an expression vector encoding the
ETS domain of Ets-2. The DBD is highly conserved among the
members of the Ets family, and therefore overexpression of
this domain interferes with the action of the different Ets
factors. Expression of dominant-negative Ets had little effect
on basal promoter activity, which was essentially undetectable
in the absence of GHF-1 (data not shown), and reduced sig-
nificantly GHF-1-mediated activation. In addition, the domi-
nant-negative vector interfered strongly with VDR and vitamin
D-dependent stimulation (Fig. 5A). Similar results were ob-
tained in cells transfected with ER (Fig. 5B), in which expres-
sion of this vector abolished estrogen regulation. The domi-
nant-negative Ets also neutralized the responses to PPARa,
which again were similar in the presence and absence of
Wy14,643 (Fig. 5C). Therefore, endogenous Ets factors play a
crucial role not only in basal activity but also in activation of
the prolactin promoter by the nuclear receptors.

Ets-1 confers constitutive activity to AF2-defective receptor
mutants. We have previously shown that coactivators which
bind to the AF2 domain of VDR play an important role in
vitamin D-dependent stimulation of the prolactin promoter
(5). To evaluate the role of the AF2 domain in activation by
Ets-1, we used the AF2-defective mutants VDR-AAF2, 14178,
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FIG. 3. Influence of Ets-1 on different prolactin promoter fragments. (A) Schematic representation of the rat prolactin 5'-flanking region showing the structure of
the distal enhancer (bp —1500 to —1800) and the proximal promoter region. Binding sites for GHF-1 and Ets factors, as well as ERE and VDRE are depicted. (B and
C) Cells were transfected with 5 pg of reporter CAT constructs and 0.5 pg of Ets-1 alone or in combination with unliganded ER (B) or VDR (C). The reporter plasmids
have progressive deletions of the prolactin promoter (from bp —3000 to —76), and in the —101mut construct the Ets binding sites have been mutated (4). CAT activities

were determined 48 h after transfection.

E420Q, and K246A. These mutants are unable to recruit co-
activators in a vitamin D-dependent manner (5, 11). Figure 6A
shows the effect of cotransfection of VDR expression plasmids
with Ets-1 on the induction of —3000P1l-CAT by vitamin D. In
the absence of Ets-1, vitamin D caused a strong stimulation in
cells transfected with wild-type VDR, whereas the AF2 mu-
tants exhibited no vitamin D-dependent activation. In contrast,
in the presence of Ets-1, the AF2-defective VDR mutants were
able to activate the prolactin promoter in a ligand-independent
manner with the same potency as that of the wild-type recep-
tor. These results show that, in contrast with the actions of
vitamin D, activation by Ets-1 is independent of the AF2 do-
main. An N-terminally truncated VDR (the AABC mutant)
which lacks 111 N-terminal amino acids displayed neither vi-
tamin D-dependent activation nor constitutive activity in the
presence of Ets-1. That the nuclear AF2 receptor domain is
not required for stimulation by Ets-1 is also shown by the
results obtained with a PPAR« truncated in the hinge region
(Fig. 6B). PPAR«a(1-241), which totally lacks the ligand bind-
ing domain (LBD), stimulated as efficiently as the native re-
ceptor the activity of —3000Pr]-CAT in the presence of Ets-1.

Influence of the coactivators SRC-1 and CBP on ligand-
dependent and constitutive activation. To analyze whether co-
activators could also modulate Ets-1-mediated stimulation, the
cells were transfected with expression vectors for VDR,
GHF-1, and the coactivators SRC-1 and CBP in the presence
and absence of Ets-1. Figure 7 shows the functional effects of
these factors on prolactin promoter stimulation. Basal pro-
moter activity was essentially undetectable in cells expressing
Ets-1 alone or in combination with the coactivators unless
GHF-1 was expressed. However, in the presence of the pitu-
itary factor and in the absence of transfected Ets-1, SRC-1
acted as a potent ligand-dependent coactivator for VDR, en-
hancing very significantly the response to vitamin D. Ets-1

increased constitutive activation by VDR, and expression of
the coactivators potentiated Ets-mediated constitutive activity
of VDR, but vitamin D was not able to stimulate reporter
activity above the levels found in the absence of Ets-1. For
CBP, a strong synergistic response with Ets-1 was found even
in the absence of VDR. This result agrees with the idea that
CBP is also a coactivator for Ets-1 (33) and GHF-1 (25, 32, 34).
This response was further induced in cells expressing unligan-
ded VDR. However, again the activity of VDR was constitu-
tive, and CBP, which potentiates very significantly vitamin D-
dependent transactivation in the absence of Ets-1, was not able
to elicit a ligand-dependent response when Ets was present.
The results obtained with the combination of SRC-1 and CBP
were similar to those found with CBP alone.

Ets-1 interacts with the receptors. The finding that Ets-1
stimulates the transcriptional activity of VDR is compatible
with the existence of an interaction between them. To test this
interaction, extract from HeLa cells transfected with VDR was
incubated with GST-Ets-1. This fusion protein, but not GST
alone, interacted with VDR (Fig. 8A). To prove that Ets and
VDR can associate in vivo, cells were transfected either with
an empty vector or with vectors encoding Ets-1 and/or VDR.
Extracts were immunoprecipitated with an anti-Ets antibody,
and the amount of VDR in the precipitates was determined by
Western blotting. As shown in Fig. 8B, VDR was undetectable
in the immunoprecipitates from cells transfected with the
empty vector (lane 2) or with VDR alone (lane 4). In contrast,
a band corresponding to VDR was readily detected in cells
both untreated and treated with vitamin D and coexpressing
Ets-1 and VDR (lanes 6 and 8).

The lack of a detectable interaction between VDR and Ets-1
in untransfected HeLa cells is most likely due to the low levels
of expression of these proteins in this cell type (2). However,
the association between VDR and Ets-1 in transfected HeLa
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FIG. 4. Ets increases activity of unliganded receptors in other promoter
constructs. HeLa cells were transfected with 5 ug of a reporter CAT plasmid
under control of the TK promoter (TK-CAT) (A) or with the same plasmid
containing a consensus VDRE, PPRE, or ERE. These plasmids were cotrans-
fected with 0.5 ug of Ets-1 and 2.5 ug of expression vectors for VDR (A and B),
ERa (C), or PPAR« (D). CAT activity was determined in cells incubated with or
without vitamin D, estradiol, or Wy14,643, respectively.

cells could represent a nonspecific association between the
overexpressed proteins. To demonstrate that this interaction
could also occur in vivo in nontransfected cells, coimmunopre-
cipitation experiments were also performed in prolactin-pro-
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ducing pituitary GH4C1 cells which express high levels of Ets-1
(2) and VDR (10). As shown in Fig. 8C, a strong association
between both endogenous factors was found, as demonstrated
by the presence of an intense VDR band in the Ets-1 immu-
noprecipitates. Therefore, association between VDR and Ets-1
can be also detected in vivo in pituitary cells under physiolog-
ical conditions.

A direct interaction between Ets-1 and the receptors was
demonstrated by pull-down studies using GST-Ets-1 and *S-
labeled receptors (Fig. 8D). **S-VDR, **S-PPARq, and *°S-
ERa bound specifically to GST-Ets-1, whereas *°>S-RXR did
not bind to this factor. Interaction of **S-Ets-1 with GST-VDR
and GST-PPARa confirmed the association. The nuclear re-
ceptor-interacting domains of the coactivator ACTR and the
corepressor SMRT, used as controls, did not interact with
Ets-1 in the assay.

A series of *>S-VDR mutants was used to delineate the
domains involved in the association with Ets-1. Figure 8E
shows that VDR bound GST-Ets-1 with similar strengths in
the presence and absence of vitamin D. Deletion of helix 12 of
the LBD (residues 415 to 427), which contains the core AF2,
did not affect interaction with Ets-1. In contrast, deletion of the
140 N-terminal residues abolished this interaction. Similar re-
sults were obtained with a truncated VDR lacking the first 111
residues. This truncation eliminates the A/B domain, which is
an atypical region in VDR since it contains only 20 amino
acids, and the C domain, which contains the DBD. To dismiss
the possibility that the short A/B region could participate in
binding to Ets-1, a pull-down study with GST-Ets-1 and the
33S-labeled DBD of VDR (amino acids 14 to 114) was also
carried out. The results obtained demonstrated that Ets-1 in-
teracted even more strongly with the DBD alone than with the
complete receptor. The interaction between PPAR« and Ets-1
also mapped to the N terminus of the receptor. Whereas *°S-
Ets-1 interacted specifically with PPRa(1-241), no specific in-
teraction between this transcription factor and PPAR«(246—
468), which contains the LBD, was found (Fig. 8F).

The domain of Ets-1 involved in association with VDR was
also mapped by using *°S-Ets-1 deletion mutants (Fig. 8G).
Deletion of 98, 190, or 312 N-terminal residues did not affect
interaction with GST-VDR. This shows that the transcription
activation domains, as well as the regulatory domain of Ets-1,
are dispensable for association with the receptor. In contrast,
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Activity was determined in untreated cells and cells treated with vitamin D, estradiol, or Wy14,643.
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determined in untreated cells and in cells incubated with vitamin D. (B) The Prl-CAT plasmid was cotransfected with an expression vector for the native PPAR« (wt)
or for PPARa(1-241), which lacks the LBD. CAT activities were determined 48 h later.

truncation of the 95 C-terminal amino acids, which deletes the
DBD, abolishes interaction.

Ets-1 causes conformational changes in VDR. The associa-
tion of Ets-1 with VDR could induce a conformational change
in the receptor. Previous studies have shown that differences in
the conformations of unoccupied and ligand-occupied VDR
can be detected by an increased resistance to limited proteo-
Iytic digestion (11). We therefore tested whether interaction
with Ets-1 might also induce differences in protease sensitivity.
The influence of incubation with vitamin D or Ets-1 on tryptic
digestion patterns of *>S-VDR is shown in Fig. 9A. The unoc-
cupied VDR is highly sensitive to proteolysis (lanes 1 to 6).
When the receptor is occupied with vitamin D, the proteolysis
of several resistant fragments with molecular masses between
30 and 38 kDa is inhibited (lanes 7 to 12). Incubation with
Ets-1 also strongly increased resistance to tryptic digestion.
While in the absence of Ets-1 no undigested receptor remained
upon incubation of VDR with 5 and 10 pg of trypsin/ml, a
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FIG. 7. Expression of coactivators potentiates Ets-mediated constitutive ac-
tivity of VDR. The prolactin reporter plasmid —3000Prl-CAT and expression
vectors for GHF-1 (0.4 pg), VDR (2.5 pg), and Ets-1 (0.5 pg) were transfected
alone or in combination with 2 pg of vectors for the coactivators SRC-1 and
CBP, as indicated. CAT activity was determined in cells treated for 48 h in the
presence and absence of vitamin D.

significant fraction of the receptor was undigested in the pres-
ence of Ets-1 (lanes 14 and 15). With higher trypsin concen-
trations stabilization of the smaller-size fragments was also
noticed. As a control that a VDR protein that does not interact
with Ets-1 does not alter the pattern of proteolysis, a similar
experiment was performed with the N-terminally truncated
VDR(112-427). This receptor lacks the DBD and, as shown in
Fig. 8E, does not interact with Ets-1. As illustrated in Fig. 9B,
whereas incubation with vitamin D increased the resistance of
the truncated VDR to trypsin digestion, Ets-1 did not alter the
proteolytic pattern.

Ets-1 causes AF2-independent recruitment of coactivators.
The conformational change in VDR caused by association with
Ets-1 could promote an AF2-independent coactivator recruit-
ment. This possibility was explored by mobility shift assays
performed with the VDRE in the presence of a RXR,Ap»-
VDR s> heterodimer (in which both receptors lack helix 12),
Ets-1, and the coactivator ACTR (Fig. 10). Ets-1 does not bind
to the VDRE (lane 5), and association with Ets-1 does not
allow binding of VDR alone or in combination with ACTR, as
no binding to the element was found unless RXR was present
(data not shown). However, the RXR sp>-VDRyAp het-
erodimer bound readily to the VDRE, and the presence of
Ets-1 caused the appearance of a superretarded band with a
slower mobility (lane 2). The mobility of the supershifted com-
plex was further retarded by an anti-Ets antibody (lane 3), and
formation of the complex was reversed by an anti-VDR anti-
body (lane 4), demonstrating that this band represents a ter-
nary complex containing Ets-1 and the heterodimer. This re-
sult demonstrates again the existence of a direct interaction
between Ets-1 and the receptors. The coactivator ACTR was
not recruited by the defective receptors in the absence of Ets-1
(lane 10). However, in the presence of Ets-1, the RXR -
VDR s> heterodimer was able to cause a ligand-independent
recruitment of ACTR detectable as a weak supershifted com-
plex (lane 12). As expected, ACTR did not bind the AF2-
defective receptors upon incubation with vitamin D (lane 11),
whereas a ligand-dependent recruitment of ACTR to a native
RXR-VDR heterodimer which contains the AF2 domains was
readily observed (lanes 14 to 17). The binding of AF2-defective
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ncubated with 900 pg of WCE, and the VDR bound was analyzed by Western
with an empty vector or with vectors encoding Ets-1 and/or VDR. Immunopre-

cipitates with the anti-Ets antibody (AbEts) from cells treated in the presence and absence of vitamin D were subjected to Western analysis with the VDR antibody

together with 3% of the WCE used (input). (C) VDR was detected by Western anal

ysis in immunoprecipitates from untreated and vitamin D-treated GH4C1 cells.

Input represents 2.5% (125 pg) of the WCE used. (D, left) Pull-down assays were performed with GST alone or GST-ETS and different in vitro-translated *°S-labeled
receptors. (Right) In vitro-translated Ets-1 was used in pull-down experiments with GST-fused VDR and PPAR« as well as with the receptor-interacting domains of
the receptor coactivator ACTR and the corepressor SMRT. The inputs represent 20% of the proteins used. (E and F) Representation of VDR and PPARa, showing
the different functional domains. The indicated >°S-VDR and PPAR« deletion mutants were used in pull-down assays with GST and GST-ETS. The pull-down assays

with labeled VDR were performed in the presence and absence of vitamin D (1

pM). (G) Schematic representation of the p68 Ets-1 protein. RI and RIII,

transcriptional activation domains; RII, regulatory domain; DBD, DNA binding ETS domain. The 33S-Ets-1 fragments indicated were used in pull-down assays with

GST or GST-VDR.

heterodimers to the coactivator in the presence of Ets-1 was
further increased in the presence of vitamin D, resulting in the
formation of a strong complex with a low mobility (lane 13).
These results suggest that, indeed, association with Ets-1 can
cause an AF2-independent recruitment of coactivators that
could account for the receptor activation.

DISCUSSION

Activation of nuclear receptors is normally dependent on
ligand binding. In the present work, using the stimulation of
the prolactin promoter as a model, we demonstrate the exis-
tence of a novel mechanism of ligand-independent activation

of VDR that involves interaction with Ets transcription factors.
We show that VDR transactivation by Ets-1 is associated with
a direct physical interaction between both proteins which maps
to the receptor DBD and the C terminus of Ets-1, which also
contains the DBD. Ets-1 also causes a constitutive activation of
other nuclear receptors, such as ERa or PPARq, and interacts
in vitro with these receptors. However, the action of Ets-1 does
not extend to all nuclear receptors, as RXR does not associate
with Ets. Stimulation of ERa by Ets-1 appears to require the
prolactin distal enhancer that contains the ERE (16), whereas
stimulation of VDR maps to proximal promoter sequences in
which a VDRE has been identified (5). The Ets binding sites in
the promoter also appear to be important for stimulation, as
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mutation of these sites abolishes stimulation by either the
receptors, Ets-1, or the pituitary transcription factor GHF-1.
The particular structure of the prolactin promoter, which
contains several Ets binding sites as well as binding elements
for VDR and GHF-1, appears to facilitate constitutive recep-

VOR + VDR/RXR

o .- - —

ofts = = 4 - VDRAAF2/RXRAAF2

Ets-1 -+ + + ElS-1+|--++--++|----
ACTR- = = - - ++ 4+ - bt
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123 4

FIG. 10. Association with Ets-1 allows an AF2-independent recruitment of
coactivators. Shown are gel retardation assays with the VDRE oligonucleotide
and in vitro-translated VDR and/or RXR. Receptors VDR(1-415) (VDR A )
and RXR(1-445) (RXRyaps), lacking helix 12, as well as wild-type receptors
(lanes 14 to 17) were used. The assays were performed in the presence and
absence of recombinant Ets-1 (300 ng) and/or the p160 coactivator ACTR (600
ng). When indicated, vitamin D (100 nM) was present in the binding reaction
mixtures. The presence of VDR and Ets-1 in the complexes was analyzed by
incubation with 1 pl of specific antibodies («VDR and «Ets, respectively).
Arrowheads, mobilities of the supershifted complexes containing the receptor
heterodimer and Ets-1; arrow, appearance of a retarded complex with the
RXRar2-VDR A heterodimer in the presence of ACTR.

tor activation by Ets-1. It is therefore likely that cooperativity
between Ets-1 and VDR can be influenced by the spacing of
their respective binding sites. However, we have found that the
influence of Ets-1 on the receptor is not restricted to the
prolactin promoter, as it also provokes a ligand-independent
activation of reporter genes in which response elements for the
receptors are fused to an heterologous promoter. The exis-
tence of Ets binding sites in the TK promoter has not been
documented, and no significant stimulation by Ets-1 of this
promoter in the absence of an HRE was found. However,
some stimulation by Ets-1 was observed when such an element
was ligated to the promoter, suggesting that endogenous re-
ceptors could synergize with this transcription factor. Stimula-
tion of these constructs indicates that Ets-1 could be involved
in stimulation of other HRE-containing genes and that there-
fore interaction with this factor could represent a more general
mechanism of receptor activation. However, there were some
differences between the activation of constructs containing the
consensus response elements and the activation of the prolac-
tin promoter. Although Ets-1 clearly increased constitutive
activity of the unoccupied receptors in the VDRE- or ERE-
containing plasmids, incubation with vitamin D or estradiol
caused a further transcriptional stimulation. This was not the
case with the prolactin promoter, in which constitutive stimu-
lation was very strong and did not increase upon ligand bind-
ing. It is possible that this promoter context-specific response
could reflect a differential sensitivity to Ets-1, since stimulation
of the prolactin promoter was also partially ligand dependent
when the receptors were transfected with smaller amounts of
Ets-1.

We have previously shown that truncation of VDR helix 12
abolishes stimulation of the prolactin promoter by vitamin D
and that expression of the coactivators SRC-1 and CBP very
significantly enhances the stimulatory effect of vitamin D me-
diated by the wild-type VDR but not by the AF2 mutant
receptor (5). This suggests that AF2-dependent recruitment of
coactivators indeed mediates ligand-dependent stimulation.
This conclusion is further supported by the results obtained in
the present study with different VDR point mutants. Thus,
mutation of conserved residues both in helix 12 and in helix 3
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which are required for the recruitment of coactivators and AF2
activity of VDR (11) severely compromised vitamin D-depen-
dent transactivation. In contrast, these mutations did not affect
activation of VDR by Ets-1. The finding that Ets-1 causes
stimulation of transcription in the AF2-defective mutants dem-
onstrates that vitamin D and Ets-1 require different regions of
the receptor to achieve their effects upon transcription and
that, in contrast with the actions of vitamin D, activation by
Ets-1 appears to be independent of the AF2 domain.

Previous studies have shown that receptors activated by li-
gand binding as well as constitutively active mutant receptors
show a structural condensation of the LBD that is manifested
as an enhanced resistance to proteolytic digestion (11, 14, 28).
Our data show that, when associated with Ets-1, VDR exhib-
ited a strongly increased resistance to tryptic digestion in the
absence of vitamin D. These data suggest a model in which
interactions between VDR and Ets-1 trigger receptor activa-
tion by means of a conformational change.

The current view of transcriptional regulation by nuclear
receptors is that the conformational changes elicited by ligand
binding allow the recruitment of multicomponent coactivator
complexes (17, 26). Ligand-independent activation by Ets-1
presumably requires similar changes. This notion is supported
by our observation that, as assessed in vitro by gel retardation
assays, interaction of Ets-1 with a receptor which lacks the
C-terminal AF2 domain promotes some recruitment of the
p160 coactivator ACTR in a vitamin D-independent manner.
This is a most striking finding, even though, in contrast with the
results obtained in vivo with the prolactin promoter, in which
a maximal ligand-independent stimulation can be obtained in
the presence of Ets-1, in vitro binding of the coactivator to the
AF2-defective receptor still increased significantly in the pres-
ence of vitamin D. It is conceivable that this apparent discrep-
ancy may simply reflect a lack of optimal folding of the recom-
binant proteins interacting with DNA or the need of additional
factors required for optimal vitamin D-independent, Ets-de-
pendent conformational transitions. On the other hand, these
in vitro data correlate better with the results obtained with the
HRE-containing heterologous promoter (Fig. 4) or with the
prolactin promoter in cells expressing low concentrations of
Ets-1 (Fig. 1B), where, besides an increase in ligand-indepen-
dent stimulation, we also observe a ligand-dependent enhance-
ment of transcription in the presence of Ets-1. This suggests
again that the promoter architecture is important in determin-
ing the response to Ets-1. In the context of the prolactin pro-
moter it is likely that interaction of the receptors not only with
Ets factors but also with GHF-1 could favor the formation of
complexes containing p160 coactivators and CBP, which may
be stabilized by protein-protein interactions. This would lead
to the formation of transcriptionally competent multicompo-
nent complexes and to constitutive prolactin promoter stimu-
lation.

In any case, our data suggest that Ets-1 induces a confor-
mational change in the receptors which creates an active in-
teraction surface with coactivators even in the AF2-defective
mutants. In agreement with our results, recent observations
have shown an AF2-independent recruitment of coactivators
by nuclear receptors. For instance, phosphorylation of ERB
and SF-1 causes direct coactivator recruitment by the ligand-
independent AF1 domain (8, 27), and it has also been dem-
onstrated that members of the pl60 family of coactivators
interact weakly with the N-terminal regions of several recep-
tors (13, 20, 30). However, this is observed with receptors
having a strong constitutive activation function in the N ter-
minus and is not the case with VDR, which has an extremely
short A/B domain with no known AF1 activity (23). On the
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other hand, cyclin D1 can associate with ER and stimulate its
transcriptional functions in the absence of estrogen. By acting
as a bridging factor between ER and coactivators, cyclin D1
can also recruit pl60 coactivators to ER in the absence of
ligand (36). However, it should be noted that we have not
observed an interaction between Ets-1 and ACTR and that
therefore the mechanisms of receptor activation by cyclin D1
and Ets-1 appear to be different.

Taken together, the data presented in this work reveal the
existence of a novel mechanism of receptor activation which
involves interaction with Ets-1 and which can be independent
of the classical ligand activation pathway and of coactivator
recruitment by the AF2 domain. Since Ets transcription factors
are targets of the Ras/mitogen-activated protein kinase signal-
ing pathway and play an important role in the control of
growth, development, and tumorigenesis, the functional inter-
action described here reveals the existence of a novel mode of
cross talk between the nuclear receptors and other signaling
pathways elicited by different extracellular stimuli which could
have important physiological consequences.
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