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The human progesterone receptor (PR) exists as two functionally distinct isoforms, hPRA and hPRB. hPRB
functions as a transcriptional activator in most cell and promoter contexts, while hPRA is transcriptionally
inactive and functions as a strong ligand-dependent transdominant repressor of steroid hormone receptor
transcriptional activity. Although the precise mechanism of hPRA-mediated transrepression is not fully
understood, an inhibitory domain (ID) within human PR, which is necessary for transrepression by hPRA, has
been identified. Interestingly, although ID is present within both hPR isoforms, it is functionally active only in
the context of hPRA, suggesting that the two receptors adopt distinct conformations within the cell which allow
hPRA to interact with a set of cofactors that are different from those recognized by hPRB. In support of this
hypothesis, we identified, using phage display technology, hPRA-selective peptides which differentially modu-
late hPRA and hPRB transcriptional activity. Furthermore, using a combination of in vitro and in vivo
methodologies, we demonstrate that the two receptors exhibit different cofactor interactions. Specifically, it was
determined that hPRA has a higher affinity for the corepressor SMRT than hPRB and that this interaction is
facilitated by ID. Interestingly, inhibition of SMRT activity, by either a dominant negative mutant (C’SMRT)
or histone deacetylase inhibitors, reverses hPRA-mediated transrepression but does not convert hPRA to a
transcriptional activator. Together, these data indicate that the ability of hPRA to transrepress steroid
hormone receptor transcriptional activity and its inability to activate progesterone-responsive promoters occur
by distinct mechanisms. To this effect, we observed that hPRA, unlike hPRB, was unable to efficiently recruit
the transcriptional coactivators GRIP1 and SRC-1 upon agonist binding. Thus, although both receptors
contain sequences within their ligand-binding domains known to be required for coactivator binding, the
ability of PR to interact with cofactors in a productive manner is regulated by sequences contained within the
amino terminus of the receptors. We propose, therefore, that hPRA is transcriptionally inactive due to its
inability to efficiently recruit coactivators. Furthermore, our experiments indicate that hPRA interacts effi-
ciently with the corepressor SMRT and that this activity permits it to function as a transdominant repressor.

The progesterone receptor (PR) is a ligand-activated tran-
scription factor that belongs to the nuclear receptor superfam-
ily of transcription factors (16). In the absence of hormone, the
transcriptionally inactive receptor remains associated with a
large complex of heat shock proteins in the nuclei of target
cells (52). Upon hormone binding, the receptor dissociates
from the heat shock protein complex, dimerizes, and binds to
progesterone-responsive elements (PREs) within the regula-
tory regions of target genes (4, 36). When bound to DNA, the
PR dimer contacts components of the general transcription
machinery, either directly (28) or indirectly via cofactors such
as coactivators and corepressors (21, 45, 51, 59), and either
positively or negatively modulates target gene transcription.

Adding to the complexity of its signal transduction pathway
is the fact that PR exists in humans as two isoforms, hPRA (94
kDa) and hPRB (114 kDa) (33). hPRA is a truncated form of
hPRB, lacking the B upstream sequence (amino acids [aa] 1 to
164). The two isoforms are transcribed from a single gene by
alternate initiation of transcription from two distinct promot-
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ers (20, 30). While the two forms of PR have similar DNA- and
ligand-binding affinities (11), they have opposite transcrip-
tional activities (9, 37, 56, 58, 61). In most contexts, hPRB
functions as an activator of progesterone-responsive genes,
while hPRA is transcriptionally inactive (56, 58). In addition,
hPRA also functions as a strong transdominant repressor of
hPRB (58) and human estrogen receptor (hER) transcrip-
tional activity in the presence of both PR agonists and antag-
onists (18, 38, 58, 61).

Although the precise mechanism underlying the differential
activities of the two human PR isoforms is not fully under-
stood, recent structure-function studies of the two receptor
isoforms suggest that hPRB contains three specific activation
functions (AF-1, -2, and -3) whereas hPRA contains only two.
AF-1, located within the amino terminus, and AF-2, in the
carboxyl terminus, are common to both hPRA and hPRB. The
third putative activation function, AF-3, is located within the B
upstream sequence, a region which is absent in hPRA (47). We
believe that AF-3 contributes to hPRB transcriptional activity
by suppressing the activity of an inhibitory domain (ID) con-
tained within sequences common to hPRA and hPRB. In sup-
port of this view, Giangrande et al. identified within the first
140 aa of hPRA an ID which has been shown to prevent hPRA
from functioning as a transcriptional activator and permits this
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receptor isoform to function as a transdominant repressor of
heterologous steroid receptor transcriptional activity (18). De-
letion of the N-terminal 140 aa (ID) from hPRA results in a
receptor mutant that is functionally indistinguishable from
hPRB (18). Furthermore, Hovland et al. have shown that se-
quences within hPRA which contain an ID inhibit both AF-1
and AF-2 but not AF-3 (25). Cumulatively, these results sup-
port the hypothesis that hPRA, like hPRB, contains all of the
sequences necessary for proper transcriptional activation; how-
ever, hPRA is transcriptionally inactive because in the absence
of AF-3, ID prevents AF-1 and/or AF-2 from activating tran-
scription. Thus, it seems that the role of AF-3 is to override the
inhibitory function of ID, thereby allowing hPRB to activate
transcription (18, 25).

The presence of an ID within hPR, whose function is
masked in hPRB but not in hPRA, suggests that the distinct
functions of the two receptors may be due to the ability of
these proteins to adopt different conformations within the cell.
This hypothesis is further supported by our recent studies
which show that the amino termini of hPRB and hPRA inter-
act differently with the carboxyl terminus of the human PR
ligand-binding domain (hLBD) (54). Specifically, it was shown
that the amino terminus of hPRB, but not that of hPRA,
interacts efficiently with its hLBD both in vivo and in vitro in an
agonist-dependent manner. Thus, the differential interaction
between the carboxyl and amino termini of hPRB and hPRA
may contribute to different cofactor interactions, which in turn
may result in differences in the transcriptional activities of the
two human PR isoforms. A potential mechanistic basis for
these differential effects was revealed recently with the dem-
onstration that the residue Ser294, which lies within the 1D, is
preferentially phosphorylated in the context of hPRB as op-
posed to hPRA (12).

To investigate the potential role(s) of differential cofactor
interactions, we examined the ability of hPRA and hPRB to
associate with different coactivators and corepressors and as-
sessed the effect of these interactions on the receptors’ tran-
scriptional activity. We also investigated whether any of these
factors could be implicated in hPRA-mediated transrepression
of hER transcriptional activity. From these analyses, we found
that antagonist-bound hPRA has a higher affinity for the co-
repressor SMRT than does antagonist-bound hPRB. The phys-
iological significance of this interaction was demonstrated
using a dominant negative variant of SMRT, C’SMRT, to par-
tially reverse hPRA transrepression of hER-mediated tran-
scriptional activity. Furthermore, using both in vivo and in vitro
methodologies, we found that unlike hPRB, hPRA did not
associate efficiently with the coactivators SRC-1 and GRIPI.
Thus, differential cofactor association appears to explain why
hPRA and hPRB manifest distinct transcriptional activities in
target cells.

MATERIALS AND METHODS

Biochemicals. DNA restriction and modification enzymes were obtained from
Promega (Madison, Wis.), Boehringer Mannheim, or New England Biolabs
(Beverly, Mass.). PCR reagents were obtained from Perkin-Elmer or Promega.
17-B-Estradiol and trichostatin A (TSA) were purchased from Sigma (St. Louis,
Mo.). R5020 (promegestone) was purchased from NEN Life Science Products.
RU486 was a gift from Ligand Pharmaceuticals (San Diego, Calif.). ZK98299
was a gift from Schering Pharmaceuticals (Berlin, Germany). Secondary anti-
bodies, Hybond-C Extra (nitrocellulose) transfer membrane, and developing film
were obtained from Amersham (Arlington Heights, IlL.). The polyclonal antibody
raised against hPRA was a gift from Nancy Weigel (Baylor College of Medicine,
Houston, Tex.). The monoclonal antibody raised against glutathione S-trans-
ferase (GST) was purchased from Sigma.

Plasmids. pRST7-ERa and SV40-hPRB were provided by Ligand Pharma-
ceuticals (13); the expression vectors pBKC-hPRA and pBKC-hPRB were re-
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ported elsewhere (16); pBKC-Rev-TUP1 and pBKC-Bgal have been previously
described (35, 60).

The mammalian two-hybrid plasmid pCMX-Gal4-C’'SMRT was a gift from
J. D. Chen (University of Massachusetts, Worcester); Gal4N-RIP13AN4 was
provided by D. D. Moore (Baylor College of Medicine); plasmids pM-hPRA (32)
and pBKC-DBD (18) have been described previously. pM, containing the yeast
Gal4 DNA-binding domain (Gal4DBD), was purchased from Clontech (Palo
Alto, Calif.). pM-GRIP1(NR) was constructed as follows. A PCR-generated
fragment from pCMV.HA/GRIP1 (provided by M. Stallcup, University of South-
ern California, Los Angeles) was subcloned into pM previously digested with
EcoRI and BamHI. The sequences of the oligonucleotides for PCR are 5'-GG
GGAATTCCACAGCCGGCTGCATGACAGC (forward) and 5'-CGCGGAT
CCTTCCGGTAAACCAATATC (reverse). pM-SRC-1(NR) was constructed by
digesting pM with EcoRI and BamHI and subsequent subcloning of a PCR-
generated fragment from pCMX-SRC-1 (provided by B. O’Malley, Baylor Col-
lege of Medicine). The sequences of the oligonucleotides used to generate the
PCR product are 5-CCGGAATTCCCGGGAGACAGTAAATACTCT (for-
ward) and 5'-CGCGGATCCCAGGTTTGGAGTTGATCT (reverse). All PCR-
based cloning was verified by sequencing to assess the fidelity of the resulting
constructs. The mammalian two-hybrid plasmids pVP16 and pVP16-T were
purchased from Clontech; the VP16 fusion constructs pVP16-ERa, pVP16-GR,
pVP16-hPRA, and pVP16-hPRB were provided by Ligand Pharmaceuticals.
pVP16-AhPRA was constructed by digesting the AhPRA fragment from pBKC-
AhPRA (18) with EcoRI and BamHI and subsequent cloning into pVP16 pre-
viously digested with EcoRI and BamHI.

The reporter 5XGal4-TATA-LUC was a gift from X.-F. Wang (Duke Univer-
sity Medical Center, Durham, N.C.). 2XPRE-TK-LUC contains two copies of a
consensus PRE upstream of the thymidine kinase promoter; 3XERE-TATA-
LUC contains three copies of vitellogenin estrogen-responsive element (ERE)
cloned into pGL2-TATA-Inr (Stratagene, La Jolla, Calif.).

The GST fusion plasmid pGEX2TK-C’SMRT was provided by J. D. Chen;
pGEX-5X-1 was obtained from Pharmacia Biotech (Uppsala, Sweden); pGEX.1-
GRIP1 was provided by M. Stallcup. The GST fusion plasmid pGEX-5X-1-SRC-
1(NR) was constructed as follows. The SRC-1(NR) fragment was digested from
pM-SRC-1(NR) with EcoRI and Sall and subcloned into pGEX-5X-1 previously
digested with EcoRI and Sall. pT7-hPRA and pT7-hPRB for in vitro translating
hPRA and hPRB, respectively, and baculovirus-purified hPRA and hPRB pro-
teins were prepared as previously described (54). Baculovirus-expressed ERa
was provided by PanVera Corporation (Madison, Wis.).

Cloning of peptides identified by phage display into a mammalian expression
vector. pMsx has been previously described (10, 43). pM-LX-H10, pM-LX-ES5,
and pM-LX-E10 were constructed by digesting the mBax plasmids, isolated using
a focused phage peptide library (10), with Xhol and Xbal to release the frag-
ments encoding the peptide sequences. The fragments were then ligated into
pMsx previously digested with Sa/l and Xbal. The sequences of the Gal4DBD-
peptide fusion proteins were verified by Perkin-Elmer dye terminator cycle
sequencing.

Mammalian transfection and luciferase assays. HeLa or HepG2 cells were
maintained in modified Eagle’s medium containing 10% fetal calf serum (Life
Technologies, Grand Island, N.Y.). The cells were plated in 24-well plates (coat-
ed with 0.1% gelatin for HepG2 cells) 24 h prior to Lipofectin-mediated trans-
fection as described previously (42). Cells were transfected using a total of 3 g
of DNA per well. After 3 to 5 h of incubation with a DNA-Lipofectin mixture,
the cells were washed and incubated with phenol red-free medium supplemented
with 10% charcoal-stripped fetal calf serum and the appropriate ligand and/or
TSA treatment for 24 h. Luciferase and B-galactosidase assays were performed
as described previously (42).

GST pull-downs. Baculovirus-purified hPRA and hPRB or [*>S]methionine-
labeled hPRA and hPRB, synthesized using a coupled in vitro transcription and
translation system as specified by the manufacturer (Promega), were incubated
for 24 h at 4°C with either GST-Sepharose, GST-C’SMRT-Sepharose, GST-
GRIP1-Sepharose, or GST-SRC-1(NR)-Sepharose, in NETN-A buffer (25 mM
NaCl, 20 mM Tris [pH 8.0], 1 mM EDTA, 0.5% NP-40) containing 1 pM
appropriate ligand. Following incubation, the beads were washed with NENT-B
buffer (50 mM NaCl, 20 mM Tris [pH 8.0], 1 mM EDTA, 0.5% NP-40), and
bound proteins were eluted in sample buffer and analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). The recombinant
GST fusion proteins used for the in vitro pull-down experiments were pro-
duced in Escherichia coli BL21. E. coli was transformed with either pGEX2TA-
CSMRT, pGEX.1-GRIP1, pGEX-5X-1-SRC-1(NR), or pGEX-5X-1, grown to
an Agg of 2.0, and induced with 0.1 mM IPTG (isopropyl-B-p-thiogalactopyr-
anoside) for 2 h. The cells were then harvested, lysed by sonication, and incu-
bated with glutathione-Sepharose beads (Pharmacia Biotech) in phosphate-buff-
ered saline containing 0.1% Tween 20 (PBST). The beads were subsequently
washed, resuspended in PBST, and used for the in vitro interaction studies.

Affinity measurements and enzyme-linked immunosorbent assay (ELISA).
Aliquots (0.02 ng) of baculovirus-expressed full-length hPRA or hPRB were
diluted in 100 pl of 100 mM NaHCO; (pH 8.5) containing 1 M RU486, added
to the wells of a 96-well Immunolon 4 plate (Dynex Technologies, Inc.), and
incubated at 4°C for 24 h. An equal amount of bovine serum albumin (BSA) was
used as a negative control target. The wells were then blocked with 150 pl of 5%
milk plus 0.1% BSA in 100 mM NaHCO; (pH 8.5) for 1 h at room temperature
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(RT). Excess protein was removed with five washes of NENT-B buffer. Increas-
ing concentrations (0 to 12 pg) of bacterially purified GST-C'SMRT diluted in
100 pl of NENT-A containing 1 uM RU486 were added to the immobilized
proteins in each well and incubated at 4°C for 24 h. The unbound protein was
removed by washing five times as mentioned above. Then 100 pl of a 1:1,000
solution of anti-GST antibody was added to each well and incubated at RT for
1 h, after which the wells were washed to remove excess antibody; 100 wl of a
1:5,000 solution of horseradish peroxidase-conjugated anti-rabbit immunoglob-
ulin G secondary antibody was then added to the wells and incubated at RT for
1 h, followed by five washes of NENT-B. The response was detected by incuba-
tion for 30 min at RT in ABTS [2',2"-azinobis(3-ethylbenzthiazoline-6-sulfonic
acid)] plus 0.05% H,0,, and the color change was measured at an optical density
of 405 nm (ODs).

Purification of recombinant hPRA and hPRB. Full-length His,-tagged human
PRA and PRB were expressed in the baculovirus insect cell system and purified
by affinity chromatography with nickel affinity resins (Ni-nitrilotriacetic acid;
Qiagen, Chatsworth, Calif.) as previously described (7). PR was bound to R5020
during expression in Sf9 insect cells and was approximately 90% pure based on
silver staining of the gel used for SDS-PAGE.

Isolation of hPRA-selective peptides. Affinity selection of phage display pep-
tide libraries was performed to identify peptides that could interact specifically
with hPRA bound to R5020. Specifically, 0.2 pg of baculovirus expressed full-
length hPRA bound to R5020 was diluted in 100 pl of 100 mM NaHCOj; (pH
8.5) containing 1 .M R5020, added to the wells of a 96-well Immunolon 4 plate
(Dynex Technologies), and incubated at 4°C for 24 h. An equal amount of BSA
was added to the adjacent well as control target. The wells were then blocked as
mentioned above. Excess protein was removed with five washes of NENT-B
buffer; 25 ul of phage peptide library (with >10'" page particles) diluted in 125
wl of PBST plus 1 uM R5020 and 0.1% BSA was added to the wells, and the
plate was sealed and incubated for 8 h at RT. Nonbinding phage were removed
by washing with PBST. The bound phage was eluted with 100 pl of prewarmed
(50°C) 50 mM glycine-HCI (pH 2.0) followed by 100 pl of 100 mM ethanolamine
(pH 11.0). The first eluent was neutralized by adding 200 pl of 200 mM
Na,HPO, (pH 8.5) and combined with the second eluent. Phage eluted from the
targets were amplified in E. coli DHSaF’ cells for 5 h, and the supernatant
containing amplified phage was collected for use in subsequent rounds of pan-
ning. A total of three rounds of panning were performed. Enrichment of
hPRA-binding phage was confirmed by ELISA as described above. Individual
phage were plaque purified after the second panning, and the peptide sequences
were deduced by DNA sequencing.

RESULTS

hPRA and hPRB repress steroid hormone receptor tran-
scriptional activity by distinct mechanisms. Previously, we
have shown that hPRB is a transcriptional activator while
hPRA functions predominantly as a repressor of progesterone-
responsive promoters (18, 58, 61). The functional differences
between hPRA and hPRB became even more obvious when we
assessed the impact of hPRA and hPRB on ERa-mediated
transcription. This was done by comparing the abilities of
hPRA and hPRB to inhibit estrogen activity in cells expressing
different levels of ERa. Specifically, HeLa cells were trans-
fected with a 3XERE reporter construct and expression vector
for hPRA or hPRB, along with increasing concentrations of an
ERa expression vector. Transcriptional activity was measured
following the addition of increasing concentrations of either
the agonist R5020 (Fig. 1A) or the antagonist RU486 (Fig.
1B). As expected, given our previous findings (61), we noted
that increasing the expression level of ERa did not relieve
inhibition of ER« transcriptional activity by hPRA in the pres-
ence of R5020 or RU486. This indicates that hPRA-mediated
repression of ERa activity occurs in a manner which appears to
be independent of ERa expression level. In contrast, increas-
ing ERa expression levels completely reversed inhibition of
ERa transcriptional activity by R5020-bound hPRB (Fig. 1A).
In addition, the observation that hPRB is a weak repressor of
ERa activity only when bound to agonist (Fig. 1A), not antag-
onist (Fig. 1B), suggests that hPRB probably competes for a
common coactivator required for maximal ERa activity. To-
gether, these data, along with our previous observations, sug-
gest that hPRB, but not hPRA, competes directly with a co-
factor required for ERa transcriptional activity.
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hPRA-selective peptides differentially modulate hPRA and
hPRB transcriptional activity. The finding that hPRA, but not
hPRB, functioned as a transdominant inhibitor of hER signal-
ing and the observation that hPRA was a weak activator of
progesterone-responsive genes suggested that these two PR
isoforms may display different cofactor preferences. We rea-
soned, therefore, that it might be possible to identify peptides
which could competitively block PR-cofactor interactions and
that when expressed in target cells these peptides would have
different effects on hPRA and hPRB signaling. To date, all of
the coactivators which interact with and modulate PR tran-
scriptional activity have been shown to contain a canonical
LXXLL motif. Therefore, we screened a phage display library
which was created in the format X,LXXLLX, for peptides
which interacted with agonist (R5020)-activated hPRA. The
peptides implicated from these screens were then subcloned
into mammalian expression vectors to assess their ability to in-
teract with either hPRA or hPRB in a mammalian two-hybrid
assay (Fig. 2). Specifically, we transiently transfected HepG2
cells with a 5XGal4 reporter construct and expression vectors
for either VP16-hPRA or VP16-hPRB, along with constructs
expressing the receptor-interacting peptides fused onto the
Gal4DBD (Fig. 2A and B). Transcriptional activity was mea-
sured in the absence or in the presence of the agonist R5020.
Interestingly, we observed that while all peptides tested were
capable of interacting with both receptors, subtle binding pref-
erences for either hPRA or hPRB were observed (Fig. 2C).
These data suggest that although hPRA and hPRB may adopt
slightly different conformations within target cells, the coacti-
vator binding pocket required for LXXLL binding is available
on both receptors.

To investigate the effects of these peptides on hPRA and
hPRB function, we tested the effect of expressing the LX-H10
peptide on the ability of these two receptors to activate tran-
scription. We reasoned that if hPRA and hPRB activated tar-
get gene transcription in the same manner, overexpression of
peptides which bound to the major coactivator pocket, present
on both receptors, should inhibit their positive transcriptional
activity. To examine this possibility, we transfected HeLa cells
with a 3XPRE reporter construct along with vectors expressing
either hPRA or hPRB and increasing amounts of a plasmid
expressing the LX-H10 peptide. Transcriptional activity was
measured following the addition of R5020 (Fig. 3). Surprising-
ly, we observed that although LX-H10 binds to both receptors,
it differentially affects their transcriptional activity. Specifically,
we found that expression of the LX-H10 peptide inhibited
hPRB transcriptional activity by approximately 70% but had
only a modest effect on hPRA activity (Fig. 3). A similar result
was obtained with other LXXLL peptides (data not shown).
We conclude from these experiments that the mechanisms by
which hPRA and hPRB activate transcription are not the same
and that the AF-2 coactivator binding pocket does not seem to
be required for hPRA transcriptional activity. Furthermore,
these data suggest that hPRA and hPRB may interact with
different subsets of coactivators within target cells.

The ID present within PR facilitates the interaction of hPRA
with the corepressor SMRT. In addition to results of our pep-
tide studies, data from other studies suggest that the opposing
activities of the two isoforms of human PR may be due to the
ability of the two receptors to interact with different cofactors
within the cell (Fig. 1 and 3; references 18 and 25). To deter-
mine whether hPRA and hPRB bind to different cofactors, we
assessed, using both in vivo and in vitro binding assays, whether
hPRA and hPRB could interact with several corepressors and
coactivators which have been shown to be important for PR
signaling.
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FIG. 1. hPRA and hPRB repress SHR transcriptional activity by distinct mechanisms. HeLa cells were transiently transfected with 1.3 pg of 3XERE-TATA-LUC,
50 ng of pBKC-Bgal, either 103 ng of pBKC-hPRA or 112 ng of pBKC-hPRB, and increasing concentrations of pRST7-ERa (100 ng, 600 ng, or 1,200 ng) or 100 ng
of pPBKC-TUP1 (CONTROL) plus 1,200 ng of pRST7-ERa. Variable amounts of pBSII-KS were used for a total of 3 wg of DNA. Transcriptional activity of the
3XERE-TATA-LUC reporter was measured 24 h after the addition of 107® M 17-B-estradiol alone or in the presence of increasing concentrations of R5020 (A) or
RU486 (B). A control was done in the absence of ligands (not shown). The data are presented as percent activation where 100% represents a measure of 17-B-estradiol
dependent transactivation by hER in the absence of hPRA or hPRB (n = 2). The average coefficient of variation at each point was <15%. NR, no progestins.

We first examined whether there is a difference between the
abilities of hPRA and hPRB to interact with corepressors. This
was done by performing a series of in vivo and in vitro binding
studies to assess the abilities of hPRA and hPRB to interact
with SMRT in the presence of different ligands. The ability of
hPRA to interact in vivo with SMRT was tested using a mam-
malian two-hybrid system (60). Specifically, we evaluated wheth-
er full-length hPRA or hPRB, fused to the heterologous VP16
acidic activation domain, could interact with the nuclear re-
ceptor-interacting domains (NR boxes) of SMRT (C’'SMRT;
aa 981 to 1495) fused to the Gal4DBD (Fig. 4A). The inter-
action between the two isoforms of PR and C’'SMRT was
assayed by measuring the ability of VP16-hPRA or VP16-
hPRB fusions to activate transcription from a Gal4-responsive
reporter plasmid (5XGal4-TATA-LUC) with increasing con-
centrations of different PR ligands. Consistent with our previ-
ous report, hPRB interacted with CSMRT (Fig. 4B) in the
presence of RU486 and ZK98299 but not in the presence of
the agonist R5020 or in the absence of ligand, and the inter-
action between hPRB and SMRT was stronger with the class IT
antagonist ZK98299 (60). Like hPRB, hPRA interacted with
CSMRT when bound to antagonists but not agonists. Inter-

estingly, the interaction of hPRA with C’'SMRT was ~5-fold
stronger than that of hPRB with C’SMRT. The specificity of
this interaction was assessed by showing that there was no
difference in the ability of hPRA and hPRB to interact with the
NR box of NCoR (data not shown). These results indicate that
both hPRA and hPRB associate with SMRT in the presence
of PR antagonists and that antagonist-bound hPRA interacts
more efficiently with the corepressor SMRT than antagonist-
bound hPRB. Interestingly, AhPRA, the deletion mutant of
hPRA lacking the ID (18), does not interact with CSMRT as
efficiently as the full-length receptor (~5-fold) (Fig. 4B). These
observations suggest that in the context of hPRA, ID facilitates
binding to SMRT and that this function of ID is repressed in
hPRB. The VP16-ID fusion alone does not interact with Gal4-
C’SMRT (data not shown), suggesting that ID is not sufficient
for the interaction of hPRA with SMRT. The differences in the
interactions of the various VP16 fusion proteins were not due
to differences in protein expression since all VP16 fusion con-
structs were shown to express at similar levels by Western
immunoblot analysis (data not shown).

The differential interaction of hPRA and hPRB with
C’SMRT was also assessed by in vitro binding analysis (Fig.
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FIG. 2. Interaction of hPRA-selective peptides with hPRA and hPRB in vivo. (A) Schematic of the mammalian two-hybrid assay. (B) Sequences of peptides which
were fused to the Gal4DBD and used in the mammalian two-hybrid assay. These peptides were isolated by affinity selection from an X,LXXLLX, phage display library
using R5020-activated hPRA. (C) HepG2 cells were transiently transfected with 1,000 ng of 5XGal4-TATA-LUC reporter, 200 ng of pBKC-Bgal, either 400 ng of
VP16-hPRA, VP16-hPRB, or VP16 alone, and either 400 ng of a vector encoding Gal4DBD alone or Gal4DBD fused to a peptide; 1,000 ng of pBSII-KS was used
to bring the total amount of DNA per triplicate up to 3 pg. At 24 h after transfection, cells were treated with no hormone or with 10~7 M R5020 for 24 h. Transcriptional
activity was assayed on the 5XGal4-TATA-LUC reporter and represents an indirect measure of the binding of the fusion proteins. Transfections were normalized for efficiency
using an internal B-galactosidase control plasmid (pBKC-Bgal). The data are represented as fold induction over the no-peptide response for each condition tested,
which was set to 1.0. Each data point represents the average of triplicate determinations of the transcriptional activity under the given experimental conditions (n = 3).

5A). Specifically, the ability of *S-labeled hPRA or *S-
labeled hPRB to interact with either bacterially expressed GST
alone or a GST-C’'SMRT fusion protein was assessed. These
studies revealed a specific, robust interaction between hPRA
and C'SMRT in the presence of RU486. As previously re-
ported, hPRB also interacts with CSMRT, albeit in a ligand-
independent manner (60). In agreement with the mammalian
two-hybrid assay, in vitro-translated AhPRA did not interact
efficiently with GST-C'SMRT under any ligand treatment con-
dition (data not shown). In conclusion, these in vitro data cor-
relate with the mammalian two-hybrid data shown in Fig. 4B.

To determine whether the interaction of hPRA and hPRB
with CSMRT was direct, we repeated the GST pull-down ex-
periment using RU486-activated hPRA and hPRB which had
been purified from baculovirus (Fig. 5B). Not surprisingly, a
greater amount of hPRA than hPRB bound to GST-C'SMRT.
Together these data suggest that both hPRA and hPRB bind
to C'SMRT directly and that the interaction of hPRA with
CSMRT is stronger than that of hPRB with C’SMRT.

hPRA has a higher affinity for C’SMRT than hPRB. To
determine whether hPRA has a higher affinity for CSMRT
than hPRB, we used an ELISA to quantitate the binding of the
receptors to C'SMRT (Fig. 5C). Equal amounts of baculovirus-
purified hPRA and hPRB were immobilized onto 96-well
plates and incubated with increasing concentrations of GST-
C’SMRT. Any unbound fusion protein was washed away, and
the amount of GST-C’'SMRT bound was determined using
an antibody against GST. Our binding data best fit a two-site
binding curve, suggesting that the receptors contact
CSMRT at multiple points. The first binding site has 50%
effective concentrations (ECs,) for hPRA and hPRB of 13.4
and 43.1 pM, respectively (Fig. 5C, ECs,-1) suggesting that
hPRA has ~3-fold-higher affinity for CSMRT at this site than
hPRB. This finding further supports our in vivo binding data

(Fig. 4B). In addition to site 1, hPRA and hPRB contact
CSMRT on a second site which has lower capacity but higher
binding affinity than site 1 (Fig. 5C, ECs,-2). Determination of
whether this is in fact the case requires further experimenta-
tion.
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FIG. 3. hPRA-interacting peptides differentially modulate hPRA and hPRB
transcriptional activities. HeLa cells were transiently transfected with 1,500 ng of
3XPRE-TATA-LUC reporter, 50 ng of pBKC-Bgal, either 50 ng of pPBKC-hPRA
or 50 ng of pBKC-hPRB, and increasing amounts of pM-LX-H10 (from 0 to
1,350 ng). Various amounts of pM vector were used for a total of 3,000 ng of
DNA per triplicate. Transcriptional activity was assayed following the addition of
1077 M R5020. Transfections were normalized for efficiency as mentioned above.
The data are represented as percent hPR transcriptional activity where 100% rep-
resents hPR transcriptional activity in the absence of peptide. Each data point
represents the average of triplicate determinations from two separate experiments.
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FIG. 4. The ID facilitates hPRA’s interaction with the corepressor SMRT. (A) Schematic of the mammalian two-hybrid assay. The receptor-interacting domain of
SMRT (C’SMRT; aa 981 to 1495) was fused to the Gal4DBD (aa 1 to 147). hPRA, hPRB, or AhPRA was fused onto VP16 (VP16 acidic activation domain; aa 411
to 455). The fusion constructs were cotransfected into HeLa cells along with a reporter plasmid containing five copies of a Gal4-responsive element (Gal4-RE) upstream
of the luciferase gene. (B) HeLa cells were transiently transfected with 0.5 ug of 5XGal4-TATA-LUC, 50 ng of pBKC-Bgal, 1 pg of pCMX-Gal4-C’'SMRT (Gal4-
C’SMRT), 1 pg of either pVP16-hPRB, pVP16-hPRA, or pVP16-AhPRA, and 0.45 ug of pBSII-KS. Transcriptional activity was assayed on the 5XGal4-TATA-LUC
reporter and represents an indirect measure of the binding of the fusion proteins. Transcriptional activity was measured following the addition of increasing
concentrations of R5020, RU486, or ZK98299. Transfections were normalized for efficiency using an internal B-galactosidase control plasmid (pBKC-Bgal). The data
are represented as fold induction over the no-hormone (No L) response, which was set to 1.0. Each data point represents the average of triplicate determinations of

the transcriptional activity under the given experimental conditions (n = 2).

The dominant negative variant of SMRT, C’'SMRT, can par-
tially reverse hPRA-mediated transrepression of hER tran-
scriptional activity. Recently, we showed that removal of ID
from the A isoform of PR causes hPRA to lose its ability to
transrepress heterologous steroid hormone receptor transcrip-
tional activity (18). This observation, together with the mam-
malian two-hybrid data (Fig. 4B), suggests that ID, in the
context of hPRA, allows human PR to acquire a conformation
that is optimal for corepressor binding and/or ID is one of the
corepressor binding sites present in PR. These observations
suggest that the ability of hPRA to transrepress ERa-mediated
activity may involve the corepressor SMRT.

To test whether SMRT is involved in hPRA-mediated tran-
srepression of hER transcriptional activity, we studied the
effect of overexpressing the dominant negative C'SMRT on
hPRA-mediated transrepression of hER transcriptional activ-
ity. This was accomplished by transiently transfecting HeLa
cells with expression vectors for hER and hPRA and the
3XERE-TATA-LUC reporter construct in the presence of in-
creasing amounts of either Gal4-SMRT, Gal4-C’'SMRT, or
Gal4-AN4 (Fig. 6). In this experiment, increasing amounts of
Gal4-AN4 had no effect on hPRA-mediated transrepression
in the presence of 1077 M RU486 (Fig. 6C). Interestingly,
C’SMRT reversed hPRA-mediated transrepression of ERa
activity in a dose-dependent manner (from 15 to 77% ERa
transcriptional activity). Increasing amounts of Gal4-SMRT
further enhanced the ability of hPRA to repress ERa tran-
scriptional activity (from 20 to 5% ERa transcriptional activ-

ity) (Fig. 6A), directly implicating SMRT in hPRA-mediated
transrepression. Increasing amounts of Gal4-C’'SMRT had no
effect on estradiol-mediated ER« transcriptional activity in the
absence of hPRA (data not shown).

To test the effects of various PR ligands on the ability of
CSMRT to reverse hPRA-mediated transrepression, we trans-
fected HeLa cells as described above and induced them with
107 M estradiol alone or with either 10~7 M R5020, 10~’ M
RU486, or 1077 M ZK98299 (Fig. 7). In the presence of R5020,
CSMRT reversed hPRA-mediated transrepression of ER« ac-
tivity in a dose-dependent manner (from 25 to 46% ERa
transcriptional activity). Reversal of hPRA-mediated transre-
pression by C’'SMRT in the presence of the class I antagonist
RU486 was from 15 to 62% of ERa transcriptional activity.
Interestingly, in the presence of class II antagonist ZK98299,
C'SMRT reversed hPRA-mediated transrepression of hER
activity from 16% to about 80% (Fig. 7). These results
suggest that C’SMRT is better at reversing hPRA-mediated
transrepression when the receptor is bound to antagonists
rather than to agonists. This observation correlates with the
mammalian two-hybrid data that indicate that the interaction
of hPRA with Gal4-C’'SMRT is greater in the presence of
antiprogestins (Fig. 4B).

The deacetylase inhibitor TSA partially reverses hPRA-me-
diated transrepression of hER transcriptional activity. The
transcriptional silencers NCoR and SMRT have been shown to
exist in a complex with the repressor mSin3 and the histone
deacetylase HD-1 (also known as HDACI), suggesting that
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corepressors mediate gene repression by acting as bridging
factors between the receptor and histone deacetylases, thus
recruiting the latter to the receptor-DNA complex (1, 22, 41).
To assess whether histone deacetylases play a role in hPRA-
mediated transrepression of ERa transcriptional activity, we
examined whether the deacetylase inhibitor TSA could reverse
hPRA-mediated transrepression (Fig. 8). We transiently trans-
fected HeLa cells with expression constructs for hER and
either hPRA or a control plasmid together with the 3XERE-
TATA-LUC reporter construct in the presence of 1077 M
estradiol and 107 M RU486 alone or together with increasing
concentrations of TSA. Estradiol-dependent activation of the
3XERE-TATA promoter in HeLa cells expressing hER to-
gether with a control plasmid was not significantly affected
by coaddition of increasing concentrations of TSA (data not
shown). In this experiment, TSA is capable of partially revers-
ing hPRA-mediated transrepression of ERa activity in a dose-
dependent manner. In conclusion, the experiments detailed
above suggest that the strong interaction of hPRA with the
SMRT corepressor complex might be responsible for the in-
ability of hPRA to activate transcription, as well as its ability to
act as a potent transrepressor of heterologous steroid hormone
receptor transcriptional activity.

Inactivation of the nuclear receptor silencer SMRT does not
convert hPRA to a transcriptional activator. The findings de-
tailed above indicate that hPRA forms a strong association
with the corepressor SMRT, implying that hPRA recruits a
repressor complex, composed of SMRT and histone deacet-
ylases, to the promoters of target genes, thereby repressing
transcription of target genes. Furthermore, the association of
hPRA with the SMRT corepressor complex seems to play an
important role in transrepression by hPRA (Fig. 6). To test
whether a complex of SMRT and histone deacetylases with
hPRA was also responsible for the inability of hPRA to
activate transcription, we studied the effect of (i) overexpres-
sion of C’SMRT (Fig. 9A) and (ii) increasing concentrations of
TSA (Fig. 9B) on hPRA-mediated transcription. Specifically,
we transfected HeLa cells with an expression vector for hPRA
or hPRB, alone or in the presence of increasing concentrations
of C’'SMRT, together with the 2XPRE-TK-LUC reporter con-
struct, and induced them with 1077 M R5020 (Fig. 9A). A
control transfection, to assess the basal transcriptional activity
of the reporter in the absence of receptors, was included, and
the value was set to 100%. Clearly, hPRB-mediated transcrip-
tional activity in the presence of ligand was not significantly
affected by increasing C’'SMRT concentrations. In contrast,
while increasing concentrations of CSMRT completely reversed
hPRA-mediated repression of the basal promoter, they failed
to activate hPRA transcription beyond the basal level of the
reporter (Fig. 9A).

To test whether histone deacetylases were also involved in
hPRA repression of progesterone-responsive promoters, we
transiently transfected HeLa cells with an expression vector for
hPRA or hPRB together with the 2XPRE-TK-LUC reporter
construct and induced them with 10~7 M R5020 alone or with
increasing concentrations of TSA (Fig. 9B). hPRB-mediated
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transcriptional activity in the presence of ligand was not af-
fected by increasing TSA concentrations. The basal activity of
the 2XPRE-TK promoter was repressed (63%) by agonist-
activated hPRA, as observed in Fig. 9A. Increasing concentra-
tions of TSA reversed hPRA-mediated repression of basal
activity in a dose-dependent manner. The increase in basal
activity upon TSA treatment suggests that histone deacetylases
are recruited to progesterone-responsive promoters by hPRA.
Not surprisingly, even at the highest concentration of TSA
used, hPRA was unable to activate transcription from the
2XPRE-TK promoter above the inherent basal level (Fig. 9B).
Together, these findings suggest that inhibition of corepressor
function is not sufficient to convert hPRA to a transcriptional
activator. In addition, however, they demonstrate that agonist-
activated hPRA can suppress basal transcription by possibly
recruiting the SMRT repressor complex to the promoters of
target genes.

hPRB, but not hPRA, interacts efficiently with the NR boxes
of the coactivator proteins GRIP1 and SRC-1. It follows, then,
that one possible explanation for why agonist-bound hPRA
fails to activate transcription is that unlike hPRB, hPRA fails
to effectively recruit coactivators. Therefore, hPRB’s ability to
associate with coactivator proteins and displace corepressors
results in an increase in PR transcriptional activity. Conversely,
we propose that even when bound to agonist, hPRA fails to
efficiently recruit coactivators and thus is unable to displace
COTEpIessors.

To analyze the ability of hPRA and hPRB to interact with
coactivator proteins, we used the mammalian two-hybrid sys-
tem. Specifically, we looked at the ability of full-length hPRA
or hPRB fused to the heterologous VP16 acidic activation
domain to interact with the NR box of either GRIP1 [GRIP1
(NR)] or SRC-1 [SRC-1(NR)] fused to the Gal4DBD (Fig.
10A). Interaction between the two isoforms of PR and GRIP1
(NR) and SRC-1(NR) respectively, was assayed by measuring
the ability of VP16-hPRA, VP16-hPRB, and VP16-AhPRA fu-
sions to activate transcription from a Gal4-responsive reporter
plasmid (5XGal4-TATA-LUC) in the presence of R5020. VP16-
ERa fusion protein was used as a positive control. As expect-
ed, ERa interacts with both GRIP1(NR) and SRC-1(NR) in
the presence of estradiol. We also observed a slight interaction
of ERa with the coactivators in the absence of hormone. This
interaction disappeared with the addition of antagonist (data
not shown). hPRB interacts with both SRC-1(NR) and GRIP1
(NR) in the presence of R5020 (625- and 37-fold over control).
Importantly, R5020-bound hPRA forms a weaker interaction
with both SRC-1(NR) and GRIP1(NR) (50- and 8-fold over
control) compared to hPRB. The deletion mutant of hPRA,
lacking ID, which we previously showed to function as a tran-
scriptional activator of progesterone-responsive promoters
(18), formed a slightly stronger interaction with GRIP1(NR)
and SRC-1(NR) compared to wild-type hPRA. The interaction
of AhPRA with the coactivators was not as strong as that of
hPRB with the coactivators, suggesting that the unique amino
terminus of hPRB plays an important role in receptor-coacti-
vator interaction. The mammalian two-hybrid data suggest that

each condition tested. Following incubation at 4°C, the unbound proteins were removed with five washes of NENT-B buffer. The bound receptors were subsequently
visualized by Western analysis using a polyclonal antibody against PR. (C) Equal amounts of BSA and either baculovirus-purified hPRA or hPRB bound to RU486
were immobilized onto 96-well plates and incubated in the presence of increasing concentrations of bacterially purified GST-C’'SMRT. Following incubation at 4°C for
24 h, the unbound fusion protein was removed by washing five times with NENT-B buffer. The amount of bound GST-C’'SMRT was determined by ELISA. The
response was measured at 405 nm after 30 min of incubation with ABTS plus 0.05% H,0,. The OD,s readings for hPRA and hPRB were normalized by subtracting
those obtained with the BSA control and subsequently setting the highest reading value to OD,s = 1. The data were fitted to a two-site binding curve, and the values
for each curve are reported. Hill-1 and Hill-2 for hPRA = 3.66 and 0.33, respectively; Hill-1 and Hill-2 for hPRB = 2.49 and 0.43 respectively. y,,.,-1 and y,.,-2 for

hPRA = 0.272 and 0.098 respectively;

Ymax

-1 and y,,,-2 for hPRB = 0.274 and 0.052, respectively.
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the ability of hPRB and hPRA to interact with coactivators
correlates with the transcriptional activity of both receptors.

The ability of hPRA and hPRB to interact with SRC-1(NR)
and GRIP1(NR) was also assessed in vitro using a GST pull-
down assay (Fig. 10B). Specifically, we determined the ability
of **S-labeled hPRA or **S-labeled hPRB to interact with ei-
ther bacterially expressed GST alone, GST-GRIP1(NR), or
GST-SRC-1(NR). These assays revealed a specific interaction
between hPRB and both GRIP1(NR) and SRC-1(NR) in the
presence of R5020 but not in the presence of RU486 or in the
absence of ligands. Interestingly, under the same conditions,
hPRA did not interact with GRIP1(NR) and SRC-1(NR),
suggesting that additional factors, which are not present in
the crude extracts, may be needed to account for the ability of
hPRA to interact with the coactivators in vivo (Fig. 10A). To
determine whether the association of hPRB with the coactiva-
tors was direct, we carried out a GST pull-down assay using
GST-SRC-1(NR) incubated with baculovirus-purified recep-
tors in the presence of R5020 or RU486 (Fig. 10C). This
analysis revealed that hPRB interacts directly with SRC-1(NR)
in the presence of the agonist R5020 but not the antagonist
RU486 (Fig. 10C). hPR-A and SRC-1(NR) did not interact
under the same conditions (data not shown). Together, these
data indicate that hPRA and hPRB form different interactions
with SRC-1(NR) and GRIP1(NR), implying that the failure of
hPRA to activate transcription may be due to its inability to
efficiently recruit coactivators as well as to its inherent higher
affinity for corepressor proteins (Fig. 4 and 5).

hPRA is not targeted to the ER« coactivator complex. While
the inability of hPRA to form productive interactions with
coactivators may explain why hPRA is transcriptionally inac-
tive, the inherent higher affinity of hPRA, but not hPRB, for
SMRT may be important for hPRA-mediated inhibition of
ERa transcriptional activity (Fig. 6). To further elucidate the
mechanism of hPRA inhibition of ER«a activity, we used both
in vivo and in vitro binding assays to determine whether hPRA
is targeted to the ERa transcription complex, thereby inter-
fering with the ability of ERa to activate transcription. Spe-
cifically, we assessed the ability of VP16-ERa to bind to
Gal4-hPRA in the presence of R5020 and estradiol in a mam-
malian two-hybrid system (Fig. 11). VP16-hPRA was used as a
positive control in this assay. We tested for potential protein-
protein interactions by assessing the ability of Gal4-PRA to
recruit VP16-ERa or VP16-hPRA receptor fusions to DNA,
using a mammalian two-hybrid assay. The results of this anal-
ysis indicated that hPRA-hPRA homodimers were capable of
activating the Gal4-responsive promoter in the presence of
R5020. No association between hPRA and ERa was observed
under the same conditions (Fig. 11), suggesting that ER« is not
targeted to hPRA in vivo. While it is possible that hPRA and
ERa do exist in a complex within cells, it is possible that the
mammalian two-hybrid assay is unable to detect such associa-
tions. Another possibility is that ERa needs to be bound to
DNA in order to recruit hPRA. We are currently in the process
of assessing these possibilities. In conclusion, we are currently
unable to demonstrate a direct association of hPRA with ERa,
suggesting that hPRA interferes with ER« signaling in another
manner, possibly by preventing the association of ERa with a
required factor.

DISCUSSION

Recent insights into the mechanism of steroid hormone ac-
tion have advanced our understanding of PRA action signifi-
cantly and suggested how the two forms of PR, hPRA and
hPRB, manifest their unique regulatory activities in target
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FIG. 6. C'SMRT can partially reverse hPRA-mediated repression of hER
transcriptional activity. HeLa cells were transiently transfected with 1 pg of
3XERE-TATA-LUC, 50 ng of pBKC-Bgal, 450 ng of pRST7-ER«, 300 ng of
pBKC-hPRA, and increasing concentrations (ranging from 0 to 1.2 pg) of either
Gal4-SMRT (A), Gal4-C’'SMRT (B), or AN4, used as a control (C). Various
amounts of pPBKC-DBD were added to balance the amount of input Gal4DBD.
Transcriptional activity of the 3XERE-TATA-LUC reporter was measured 24 h
after the addition of 1077 M 17-B-estradiol and 10~7 M RU486. A control was
done in the absence of ligands (not shown). The data are presented as percent
activation where 100% represents a measure of 17-B-estradiol-dependent trans-
activation by hER in the absence of RU486 (Cont). The average coefficient of
variation at each point was <12% (n = 2).

Cont

cells. Specifically, it has been demonstrated that nuclear hor-
mone receptors, upon binding their cognate ligands, undergo
distinct conformational changes. This event permits the disso-
ciation of the receptors from corepressor complexes, possess-
ing histone deacetylase activity and facilitates their interaction
with coactivator complexes, which display histone acetylase
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FIG. 7. The ability of C'SMRT to reverse hPRA-mediated transrepression is ligand dependent. HeLa cells were transiently transfected as for Fig. 4. Transcriptional
activity was measured 24 h after the addition of 1077 M 17-B-estradiol and either 1077 M R5020, 10~7 M RU486, or 1077 M ZK98299. A control was done in the
absence of ligands (not shown). The data are presented as percent activation where 100% represents a measure of 17-B-estradiol-dependent transactivation by hER
in the absence of progestins or antiprogestins (Cont) for each experimental condition. The average coefficient of variation at each point was <12%. The data from a

single representative experiment are shown (n = 3).

activity. As a consequence, the DNA-bound receptor is able to
positively regulate target gene transcription (19, 23, 48, 50, 55,
60, 62). In support of this model, it has been shown that the
ability of nuclear receptors to repress target gene transcription
correlates with their ability to bind to the corepressors NCoR
and SMRT (21, 60). Conversely, transcriptional activation by
nuclear hormone receptors was observed to correlate with the
recruitment of coactivators to the promoter region of target
genes (19, 24, 29, 43, 49). To determine whether the opposing
transcriptional activities of hPRA and hPRB were due to dif-
ferential cofactor association, we examined the abilities of hPRA
and hPRB to interact with different coactivators and corepres-
sors and assessed the effects of these associations on the re-
ceptors’ transcriptional activities. Using both in vivo and in
vitro methodologies, we found that antagonist-bound hPRA
has a higher affinity for the NR box of SMRT (C’'SMRT) than
antagonist-bound hPRB (Fig. 4 and 5). This interaction ap-
pears to be physiologically relevant since overexpression of
C’SMRT (a dominant negative SMRT) effectively reverses
hPRA-mediated transrepression of ERa transcriptional activ-
ity. In addition, overexpression of SMRT enhanced the ability
of hPRA to inhibit hER-mediated transcriptional activity. Sig-
nificantly, we also observed that unlike hPRB, hPRA did not
associate efficiently with the coactivators SRC-1 and GRIP1.
Thus, the robust interaction of hPRA with SMRT together
with its inability to efficiently engage coactivators appears to
explain why hPRA is a repressor of progesterone-responsive
promoters.

Initially, it was proposed that the differences in the transcrip-
tional activities of hPRA and hPRB were due to a third acti-
vation function, AF-3, present within the extreme amino ter-
minus of hPRB, a region that is absent in hPRA (47). Thus, it
was considered that functional synergy between the activation
functions located in the amino terminus (AF-3 and AF-1) and
the carboxyl terminus (AF-2) was required for maximal hPRB
transcriptional activity. However, unlike AF-1 and AF-2, AF-3
does not demonstrate autonomous activity when fused to a
heterologous DBD (40, 47), suggesting that instead of func-
tioning as a classical AF, AF-3 might be required for proper
AF-1 and AF-2 transcriptional activity. For instance AF-3 may
contribute to hPRB transcriptional activity directly, by enhanc-

ing the activity of AF-1 or AF-2, or indirectly, by suppressing
an inhibitory function contained within sequences common to
both hPRA and hPRB (18, 30). Evidence in support of the
latter hypothesis came from our studies, as well as those of
others, which identified an ID within the amino terminus of
hPRA which, when deleted, resulted in a receptor mutant func-
tionally indistinguishable from hPRB (18, 25, 26). Specifically,
it was demonstrated that the first 140 aa of hPRA are necessary
for its ability to function as a transcriptional inhibitor as well
as a transrepressor of heterologous steroid receptor transcrip-
tional activity (18). Thus, one role of AF-3 is to override the
function of the ID present within the amino terminus of the
receptor, allowing hPRB to activate transcription (18, 25).

In addition to hPR, several other transcription factors have
been shown to contain both activation and repression functions
(2, 3,8, 15, 17, 21, 34). Of particular relevance to our studies
of hPRA, it has been shown in vitro that the ability of ROR«
to repress transcription correlates with the ability of the inhib-
itory domain within RORa to recruit the corepressors NCoR
and SMRT (21). In addition, RORa was shown to preferen-
tially associate with NCoR and not SMRT in vivo. When we
tested the ability of hPRA and hPRB to interact with NCoR
and SMRT in the presence of antagonist, we found that while
both receptors associate with NCoR, hPRA has a higher af-
finity for SMRT than hPRB (Fig. 5C). Furthermore, a deletion
mutant lacking the inhibitory domain, AhPRA, does not inter-
act efficiently with SMRT. This implies that like the case for
RORa, a specific domain within hPRA is required for core-
pressor interactions.

The ability of agonist-activated nuclear receptors to activate
transcription correlates with their ability to displace corepres-
sors and engage coactivators (reviewed in reference 55). Not
surprisingly, therefore, we were able to show in this study that
agonist-bound hPRB, but not hPRA, can form a productive
interaction with coactivators, thus allowing hPRB to activate
transcription from progesterone-responsive promoters. This
suggested that hPRA may be unable to completely dissociate
from corepressors and thus may not be able to recruit coacti-
vators. However, the fact that R5020-bound hPRA was unable
to activate transcription in cells expressing a dominant negative
variant of SMRT, or in the presence of the histone deacetylase
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FIG. 8. The deacetylase inhibitor TSA can partially reverse hPRA-mediated
repression of hER transcriptional activity. HeLa cells were transiently trans-
fected with 1.5 pg of 3XERE-TATA-LUC, 50 ng of pBKC-Bgal, 500 ng of
PRST7-ERa, and either 481 ng of pBKC-hPRA or 467 ng of pPBKC-Rev-TUP1
(not shown). Variable amounts of pBSII-KS were used for a total of 3 pg of
DNA. Transcriptional activity of the 3XERE-TATA-LUC reporter was mea-
sured 24 h after the addition of 1077 M 17-B-estradiol and 10~7 M RU486, alone
or in combination with increasing concentrations of TSA (0, 1075, 1077, and
10~ M). A control was done in the absence of ligands (not shown). The data are
presented as percent activation where 100% represents a measure of 17-B-
estradiol-dependent transactivation by hER in the absence of RU486 (CONT).
The data from one representative experiment are shown (n = 2). The average
coefficient of variation at each point was <10%.
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inhibitor TSA, suggests that dissociation from corepressors is
not sufficient for hPRA to activate transcription (Fig. 8). This
observation, together with the mammalian two-hybrid data,
implies that agonist-bound hPRA, unlike hPRB, does not ef-
ficiently recruit coactivators. It appears, therefore, that the
unique sequences present at the amino terminus of hPRB are
required for proper transcriptional activation.

In most cell and promoter contexts, the transcriptional ac-
tivity of steroid hormone receptors appears to require the
functional synergy between the amino and carboxyl termini of
each individual receptor (6, 39, 40, 46, 53, 57). This synergy
occurs as a consequence of an agonist-dependent association
between the amino and carboxyl AFs of ERa (31), the andro-
gen receptor (5, 14, 27), and hPRA and hPRB, respectively
(54). Interestingly, in the case of hPRA and hPRB, the amino
terminus of hPRB containing AF-3 was shown to interact more
efficiently with the carboxyl terminus of the receptor than the
amino terminus of hPRA lacking AF-3 (54). This agonist-
dependent interaction was enhanced by the addition of SRC-1
and CBP, while dominant negative variants of SRC-1 and CBP
completely abolished this interaction, suggesting that these
coactivators may be required for transcriptional synergy be-
tween the amino-terminal and carboxyl-terminal AFs of the
receptor (54). Interestingly, a role for coactivators as bridging
factors between the amino and carboxyl AFs of receptors is
supported by the observation that SRC-1 can interact with
both the amino and carboxyl termini of PR (44).

Previously, we have shown that the agonist-dependent inter-
action of the PR carboxyl terminus with the amino terminus of
hPRB is more robust than that with the amino terminus of
hPRA, an activity which mirrors their activity as transcriptional
activators (18, 25, 26, 38, 56, 58, 60). Thus, the ability of hPRB
to function as an activator of transcription could be due to the
fact that hPRB, but not hPRA, undergoes a conformational
change which is conducive to coactivator binding. The ability of
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hPRA and hPRB to adopt different conformations within the
cell is also supported by our peptide analysis (Fig. 2 and 3).
The peptide competition data presented in Fig. 3 also suggest
that the two receptors are bound to different cellular factors
which may, in turn, explain their distinct functions within the
cell. For example, hPRB, unlike hPRA, is likely to be associ-
ated with AF-2-type coactivators. It is not surprising, then, that
the LX-H10 peptide, which contains an LXXLL motif com-
mon to these coactivators, was an efficient inhibitor of hPRB
activity but had no effect on hPRA activity when overexpressed
in cells along with the receptors (Fig. 3). This hypothesis is
further supported by additional findings which show that ago-
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FIG. 9. Inactivation of the nuclear receptor silencer SMRT does not convert
hPRA to a transcriptional activator. (A) HeLa cells were transiently transfected
with 1.5 pg of 2XPRE-TK-LUC, 50 ng of pBKC-Bgal, either 52 ng of pBKC-
hPRB, 48 ng of pBKC-hPRA, or 46 ng of pBKC-RevTUPI1, and increasing
concentrations (from 0 to 1 pg) of Gal4-C’SMRT. Various amounts of pBKC-
DBD were added to balance the amount of input Gal4DBD. pBSK-II was added
to normalize the total DNA to 3 pg. The transcriptional activity of these vectors
was assayed on a 2XPRE-TK-LUC reporter and measured after the addition of
1077 M R5020. Transfections were normalized for efficiency as mentioned pre-
viously. R5020-mediated transcriptional activity in the presence of increasing
concentrations C'SMRT was normalized to the no-ligand control for each con-
centration of CSMRT used. Each data point represents the average of triplicate
determinations (* standard error of the mean) from two separate experiments
(n = 2). The control represents basal reporter activity in the presence of control
vector and was set to 100%. (B) HeLa cells were transiently transfected with 1.5
ng of 2XPRE-TK-LUC, 50 ng of pBKC-Bgal, either 50 ng of pBKC-hPRA or 48
ng of pBKC-Rev-TUP1, and various amounts of pBSK-II for a total of 3 pg.
Transcriptional activity of the constructs was measured following the addition of
10~7 M R5020 alone or in combination with increasing concentrations (0, 108,
1077, and 107° M) of the deacetylase inhibitor TSA. Transfections were nor-
malized for efficiency as mentioned above. R5020-mediated transcriptional ac-
tivity in the presence of increasing concentrations of TSA was normalized to the
no-ligand control for each TSA treatment used. Each data point represents the
average of triplicate determinations (* standard error of the mean) from two
separate experiments (n = 2).



VoL. 20, 2000

GRIP(NR)

FOLD INDUCTION
8

T

control ER APRA

SRC-1(NR)

700

600
7 500
Q
[
S 400 O NH
= B H
% 300
Ll
8 200
=]
= 100 l

) |

control ER PRB PRA APRA

DIFFERENTIAL COFACTOR BINDING OF THE HUMAN PR ISOFORMS

3113

B GRIPI(NR) GST GRIPI(NR) GST
5 3
(=9 (=9
T 2 2 < 8 g
N =3 =] =2 =] =3
T T = T
& T £ 2zt 2 Z ZZ

hPRB
hPRA
GST  SRC-1(NR) GST  SRC-I(NR)
g . B
_ o -
s S 2 g S = g § g 8
& 22z 72 z2%& FZz 3¢ R
hPRB
hPRA
C 2 2
Z Z
5 ) <
£ 2 Z
3 = =~ - =
& 8 & 8 8
hPRB

FIG. 10. hPRA interacts weakly with the NR boxes of the coactivator proteins GRIP1 and SRC-1. (A) HeLa cells were transiently transfected with 0.5 pg of
5XGal4-TATA-LUC, 50 ng of pBKC-Bgal, 1 pg of either pM-GRIP1(NR) or pM-SRC-1(NR), 1 g of either pVP16-T, pVP16-ERa, pVP16-hPRB, pVP16-hPRA, or
pVP16-AhPRA, and 0.45 g of pBSII-KS. Transcriptional activity of the luciferase gene was assayed on the 5XGal4-TATA-LUC reporter as in Fig. 2B. Transcriptional
activity was measured following the addition of 1077 M R5020 for PR or 10~7 M 17-B-estradiol for ERa (H); a control was done in the absence of ligands (NH).
Transfections were normalized for efficiency as mentioned previously. The data are represented as fold induction over the control interaction between Gal4-GRIP1
(NR) or Gal4-SRC-1(NR) and VP16-T for each ligand treatment group, which was normalized to 1.0. Each data point represents the average of triplicate
determinations from three separate experiments. The average coefficient of variation at each point was <10% (n = 3). (B and C) GST pull-down assays. The fusion
proteins GST-GRIP1(NR) (top) and GST-SRC-1(NR) (bottom) were immobilized on glutathione beads and incubated at 4°C for 24 h with in vitro-translated
35S-hPRA or 3°S-hPRB in the presence of vehicle (NH), R5020, or RU486 (B) or baculovirus-purified hPRB bound to R5020 or RU486 (C). The bound
baculovirus-purified receptors were analyzed by Western analysis using a polyclonal antibody against PR. An equimolar amount of GST alone was used as a negative

control for each condition tested.

nist-bound hPRB, but not agonist-bound hPRA, directly inter-
acts with the NR boxes of the coactivators GRIP1 and SRC-1
in vitro (Fig. 10B). Although our studies focused on the ability
of hPRA to interact specifically with the previously defined NR
boxes of SRC-1 and GRIP1, it has been reported previously
that both hPRA and hPRB interact with full-length SRC-1A in
the presence of agonist (44). However, in these latter studies it
was not determined whether hPRA and hPRB can bind di-
rectly to the sequences of SRC-1 used in this study. In addition,
the SRC-1(NR) protein used in our studies did not contain the
fourth LXXLL motif found in SRC-1A. Together, these ob-
servations suggest that the two PR isoforms do not interact in
the same manner with SRC-1.

Our working model to explain the opposing transcriptional
activities of hPRA and hPRB is depicted in Fig. 12A. We
propose that hPRB is a transcriptional activator of progester-
one-responsive promoters, since upon binding hormone, hPRB
undergoes a conformational change which allows it to dissoci-
ate from corepressor proteins and recruit coactivators. This
productive interaction with the coactivators allows the receptor
to activate transcription from the promoters of target genes.
Conversely, under the same conditions, hPRA is transcription-
ally inactive because, unlike hPRB, it does not effectively re-
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FIG. 11. hPRA does not associate with the ERa transcription complex. HeLa
cells were transiently transfected with 500 ng of 5XGal4-TATA-LUC, 50 ng of
pBKC-Bgal, 1,000 ng of pM-hPRA, and either 1,000 ng of pVP16-T (control),
pVP16-hPRA, or pVP16-ERa (gray bars). Transcriptional activity was assayed
on the 5XGal4-TATA-LUC reporter following the addition of 1077 M 17-8-
estradiol or 1077 M R5020 and represents an indirect measure of the binding of
the fusion proteins. Transfections were normalized for efficiency as mentioned
above. The data are represented as fold induction over the control interaction
between Gal4-hPRA and VP16-T in the absence of ligands, which was normal-
ized to 1.0 (black bars). Each data point represents the average of triplicate
determinations from three separate experiments.
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FIG. 12. Two distinct models are required to describe the molecular mech-
anism of action of hPRA. (A) Transcriptional activation. Based on the in vivo
and the in vitro binding studies, we propose that hPRA interacts more efficiently
with corepressors and less efficiently with coactivators than hPRB. In the pres-
ence of hormone, hPRB, but not hPRA, undergoes a favorable conformational
change which allows it to displace corepressors (CoR) and recruit coactivator
proteins (CoA), thus allowing hPRB to activate transcription from progesterone-
responsive promoters. HD, histone deacetylase; A, hPRA; B, hPRB. (B) Tran-
srepression. Based on our in vivo transrepression data, we propose that hPRA
transrepresses ERa-mediated transcription by a transcriptional interference
mechanism. In this model, ERa activates transcription by recruiting a complex of
coactivator proteins (ERa CoA complex) to the regulatory region of target
genes. hPRA (A), but not hPRB (B), targets and sequesters a member of the ER«
CoA complex, thus preventing ERa from activating transcription. hPRA transre-
pression of ERa transcriptional activity is further enhanced by the recruitment
by hPRA of the corepressor SMRT (CoR).

cruit coactivators to the promoters of target genes. Thus, the
inability of hPRA to activate target gene transcription does not
appear to be related to its ability to associate with corepressors
such as SMRT. However, our data reveal a central role for
SMRT in hPRA-mediated repression of ERa transcriptional
activity. Thus, we propose that the hPRA-SMRT complex
blocks estrogen action by interfering with the assembly or
function of the ERa-coactivator complex.

Whereas the results of these studies explain why hPRB acts
as a strong transcriptional activator of progesterone-responsive
promoters and why hPRA is transcriptionally inactive in these
contexts, it remains to be determined how the hPRA-SMRT
complex can transrepress ERa transcriptional activity. We be-
lieve that agonist-bound hPRB can interfere with ERa tran-
scriptional activity by squelching a required coactivator protein
(i.e., p160 family of coactivators). It does not appear, however,
that hPRAs transrepression function involves a direct compe-
tition between hPRA and ERa for coactivators. It may well be
that hPRA inhibits the activity of a cofactor required for ERa
action by binding directly at a site distinct from the ERa-
interacting site or indirectly by binding to other proteins within
the ERa-coactivator complex. Distinguishing between these
possibilities is the subject of our current investigations.
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