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Abstract

The determinants of the different biological activities of progesterone receptors (PRS) vs.
glucocorticoid receptors (GRs), which bind to the same DNA sequences, remain poorly understood.
The mechanisms by which differential expression of a common target gene can be achieved by PR
and GR include unequal agonist steroid concentrations for half maximal induction (ECsp) and
dissimilar amounts of residual partial agonist activity for antisteroids in addition to the more common
changes in total gene induction, or Vmax. Several factors are known to alter some or all of these three
parameters for GR-regulated gene induction and some (i.e., the corepressors NCoR and SMRT)
modulate the ECsq and partial agonist activity for GR and PR induction of the same gene in opposite
directions. The current study demonstrates that other factors (GME, GMEB-2, Ubc9, and STAMP)
can also differentially interact with PRs and GRs or alter several of the above induction parameters
under otherwise identical conditions. These results support the hypothesis that the modulation of
ECsp, partial agonist activity, and Vnax by a given factor is not limited to one receptor in a specific
cell line. Furthermore, the number of factors that unequally modulate PR and GR induction
parameters is now greatly expanded, thereby increasing the possible mechanisms for differential
gene regulation by PRs vs. GRs.
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1. Introduction

The intracellular receptor proteins for glucocorticoid and progesterone steroid hormones are
encoded by different genes but share a common domain organization, and regions of high
homology, with the rest of the steroid/nuclear receptor superfamily. All steroid receptors are
comprised of a hyper-variable N-terminal domain followed by highly conserved DNA binding
domain (DBD) and finally a ligand binding domain (LBD) of varying homology.
Glucocorticoid receptors (GRs) and progesterone receptors (PRs) are closely related. They are
90% identical in the DBD and 55% identical in the LBD (Evans, 1988). As might be expected
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from these degrees of similarily, GRs and PRs preferentially bind different steroids but can
bind to, and activate transcription from, the same hormone response elements (HRESs) (Cato
et al., 1986; Lieberman et al., 1993). In this manner, much of the information contained in the
structure of steroidal glucocorticoids vs. progestins appears to have been lost by activating the
same HREs. Nevertheless, PRs and GRs display very different biological actions in cells and
often regulate different endogenous genes (Wan and Nordeen, 2002). PR and GR can even
have opposite effects, such as in bone where glucocorticoids inhibit (Ziegler and Kasperk,
1998) and progestins promote bone formation (Prior, 1990).

Several explanations have been proposed to account for the different biological activities of
PRs and GRs, despite their binding to the same DNA sequences, including different levels of
the receptor within the cell (Strahle et al., 1989). HRE mutations can variably affect GR vs.
PR transactivation (Ricousse et al., 1996), although these differences appear to be less
pronounced with similar receptor concentrations (Thackray et al., 1998). HRE flanking and
spacer DNA can contribute to the affinity and specificity of receptor binding (Nelson et al.,
1999). The DBD of androgen receptor (AR) has lower (76%) homology with the GR DBD
(Chang et al., 1988), which seems to be sufficient for DNA binding specificity of AR vs. GR
(Massaad et al., 2000; Schoenmakers et al., 2000). Thus subtle differences in HRE sequence
may regulate the relative activities of GR and PR (Thackray et al., 1998). Another source of
heterogeneity in PR vs. GR transactivation is their interactions with the burgeoning number of
transcriptional coactivators, corepressor, and comodulators. Many factors equally affect the
maximal levels of PR- and GR-mediated gene expression, or Vimax (McKenna et al., 1999;
Giannoukos et al., 2001; Hosohata et al., 2003; Webster et al., 2003; Kino et al., 2004; Zhang
etal., 2004; Dong et al., 2005). However, factors that preferentially alter the transactivation of
PR vs. GR are being increasingly described (Tan et al., 2000; Fernandes et al., 2003; Metzger
et al., 2003; Dhananjayan et al., 2006; Georgiakaki et al., 2006; Sanchez et al., 2007; Zhao et
al., 2007). PR is reported to selectively recruit the coactivator SRC-1 and the comodulator CBP
to acetylate K5 on histone H4 while GR preferentially recruits TIF2 and then PCAF to histone
H3 to cause phosphorylation (S10) and acetylation (K14) and demethylation (K9) (Li et al.,
2003). However, it now appears that a more complicated situation exists. The specific p160
coactivator (SRC-1, TIF2, or AIB1) that is utilized by GR is gene- and cell-specific (Trousson
et al., 2007). Furthermore, the protein FLASH was found to bind the coactivators TIF2 and
AIB1, but not SRC-1, and to repress transactivation by GR and PR (Kino et al., 2004). To the
extent that cofactor binding occurs to the N-terminal domain, the low homology of the amino-
terminal halves of GR and PR (<15%) offers an attractive mechanism for selective gene
expression. Thus, the recent demonstration of coactivators and corepressors binding to different
N-terminal regions of GR and PR (Wang et al., 2007) is especially relevant.

All of the above observations concern changes in the total activity, or Vipax, 0f GR vs. PR
complexes. Two other transcriptional properties that have the potential to discriminate between
GR and PR, even if the Vn,« is the same, are the concentration of steroid required for half-
maximal induction/repression (i.e., the ECsg) and the amount of residual agonist activity of an
antisteroid, or the partial agonist activity. Changes in ECsq of gene expression are particularly
important for responses to the subsaturating concentrations of steroid that are present under
physiological conditions. Depending on whether the ECs for gene induction, or repression, is
greater or less than the circulating steroid concentration, the regulated gene response will be
significantly less or more respectively than the half-maximal activity. Thus, an ECs for
induction of a given gene that is 10-fold lower for GR, and 10-fold higher for PR, than the
concentration of circulating steroid will afford >90% of full induction by GR but <10% of the
maximal response by PR. Similarly, changes in the amount of partial agonist activity seen with
the pharmacological concentrations of antisteroid encountered in endocrine therapies can
theoretically increase the residual agonist activity of an antiglucocorticoid while decreasing
the activity of an antiprogestin, or visa versa. Precisely these types of inverse effects have been
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documented for the corepressors NCoR and SMRT on GR and PR regulation of the same
inducible gene in the same cells. These inverted responses were then shown to depend upon
the joint actions of the N- and C-terminal domains of each receptor (Song et al., 2001). These
results are consistent with the demonstration that corepressors interact with N-terminal regions
of both GRs and PRs (Wang and Simons; Jr., 2005; Wang etal., 2007) in addition to the initially
defined requirements of the C-terminal sequences of nuclear (Zamir et al., 1996) and steroid
receptors (Cheng et al., 2002; Wang et al., 2004a; Wang and Simons; Jr., 2005; Frego and
Davidson, 2006; Wu et al., 2006; Kroe et al., 2007; Wang et al., 2007).

It should be recognized that even relatively small differences in ECsg and partial agonist
activity can have significant physiological consequences. The expression of numerous genes
at different developmental stages of Drosophila larvae is exquisitely sensitive to concentration
changes of the hormone ecdysone (Karim and Thummel, 1992). A three-fold change in the
concentrations of Decapentaplegic or activin is sufficient for unequal developmental responses
in Drosophila and Xenopus respectively (reviewed in Gurdon and Bourillot, 2001) while a 2-
to 5-fold change in fibroblast growth factor is sufficient to trigger the differentiation of
presomitic mesoderm into somites in mouse embryos (Dubrulle and Pourquie, 2004).

The objective of this study is to examine the consequences of several other factors previously
shown to alter the ECgq and partial agonist activity of transiently transfected GR complexes
and see if, under the same conditions, divergent responses are observed with the full-length
PR, PR-B. The factors that we selected are: GME, GMEB2, Ubc9, and STAMP. GME, the
first modulatory factor identified (Oshimaand Simons; Jr., 1992), is a cis-acting DNA sequence
that was isolated from the rat tyrosine aminotransferase (TAT) gene and acts in concert with
two proteins that bind to the GME, i.e., GMEB-1 and -2 (Oshima et al., 1995; Zeng et al.,
1998; Chen et al., 2002; Chen et al., 2004). GMEB-1 and -2 are also involved in parvovirus
replication (Christensen et al., 1999; Christensen et al., 2001). Ubc9 is the human homolog of
the E2 ubiquitin-conjugating enzymes of yeast that can transfer a ubiquitin-like molecule,
called small ubiquitin-like modifier-1 (SUMO-1), to proteins in vertebrate cells (Desterro et
al., 1997; Gong et al., 1997). However, Ubc9 also displays non-enzymatic effects on a variety
of cellular actions (Hahn et al., 1997; Chakrabarti et al., 1999; Poukka et al., 1999; Kurtzman
and Schechter, 2001) including GR-mediated transcription (Kaul et al., 2002; Cho et al.,
2005). STAMP is a novel protein that was cloned by its ability to augment the modulatory
activity of the coactivator TIF2 in both GR-mediated induction and GR-regulated repression
of target genes (He and Simons; Jr., 2007). All of these factors are described in this study to
display differences regarding PR-B vs. GR transactivation, thereby expanding the number of
possible factors and mechanisms for eliciting divergent responses from PRs vs. GRs.

2. Materials and Methods

Unless otherwise indicated, all operations were performed at 0 °C or the temperature
recommended by the supplier.

2.1. Chemicals

Dex was obtained from Sigma (St. Louis, MO), and promegestone (R5020) was from
PerkinElmer Life Sciences (Boston, MA). RU486 was a gift from Etienne Baulieu (Paris,
France). Dex-Ox (Pons and Simons; Jr., 1981) was prepared by Craig Thomas (NIDDK, NIH)
and Dex-Mes (Simons; Jr. et al., 1980) was purchased from Steraloids (Newport, RI).
Restriction enzymes and DNA polymerase were from New England Biolabs (Beverly, MA),
Amersham Biosciences (Piscataway, NJ), or Promega (Madison, WI).
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2.2. Plasmids

Renilla null luciferase reporter was purchased from Promega (Madison, WI1). Renilla TS was
a gift from Nasreldin M. Ibrahim, Otto Fréhlich, and S. Russ Price (Emory University School
of Medicine). GREtkLUC (Sarlis et al., 1999), GMEGREtkLUC (Chen et al., 2000), GMEB-2
(Kaul et al., 2000), Ubc9 (Kaul et al., 2002), PR/GR chimera (Song et al., 2001), VP16/
PR395C, /395-634, and /509C (Wang and Simons; Jr., 2005), and STAMP and GAL-DBD
fusions of STAMP fragments (He et al., 2002) have been previously described. The cDNA
plasmids of GR (pSVLGR from Keith Yamamoto, UCSF, San Francisco, CA), MMTVLuc
(pLTRLuc; Gordon Hager, NIH, Bethesda, MD), TIF2 and the B form of human progesterone
receptor (hPR-B; Hinrich Gronemeyer, IGBMC, Strasbourg, France), and VP16 activation
domain fusions of PR fragments (PR-B, PR-A, PR-N535; Dean Edwards, Baylor College of
Medicine, Houston, TX, and PR-N644; Kathryn Horwitz, Univ. of Colorado Health Sciences
Center, Denver, CO) were received as gifts.

GAL/STAMPN518 was constructed by amplifying the fragment with primers 220F3 (5 -
TACGATATCGATGGCCCGGGACCTGGAGGAAAC-3’) and Xb1775R (5’-CGT CTA
GAC ATC AGC AGT CAT TCT GTC CTG G-3’), cutting with EcoRV + Xbal, and inserting
the fragment into the Smal/Xbal digested site of PM plasmid. For GAL/STAMP956C, the
STAMP 956C sequence was amplified by primers ER-3091F (5’-GGA ATT CCT GCC ACG
CTG TCG ATC AGG AAG -3’ and 3’ primer 2 (5’-GCT CTA GAT GCA CCC AGG AGT
GGT GAA CAG G-3’), digesting with EcoRI + Xbal, and inserting the fragment into PM
plasmid cleaved with the same enzymes.

2.3. Cell culture and transfection

Monolayer cultures of Cos-7, CV-1, and 1470.2 cells were grown at 37 °C as described
previously (Szapary et al., 1996; Giannoukos et al., 2001). Cells are transfected for 18 h using
Lipofectamine (Life Technologies, Inc., Gaithersburg, MD) or FuGene6 (Roche Diagnostics,
Indianapolis, IN) as recommended by the supplier. For each well of a 24-well plate, we use
100 ng of reporter (FRLUC, GMEGREtKLUC or GREtKLUC) and 5 or 10 ng Renilla-TS or
Renilla null plus various combinations of other expression vectors. Equal molar amounts of
expression vectors lacking GR, PR, or cofactors (e.g., pPCMX-hSA, pSG5-hSA, VP16, or Gal)
are included to keep the molar amount of each vector constant, with the total transfected DNA
brought to 300 ng/well with pBSK+ unless otherwise indicated. The cells are then treated for
20-24 h with 0.1% ethanol = steroids in media containing 10% FBS and harvested in 1x Passive
Lysis Buffer (150 pl/well; Promega). Cell lysates (50 pl) are used to assay for luciferase activity
using the Dual-Luciferase Assay System from Promega according to the supplier. The data are
normalized for Renilla activity to correct for differences in transfection efficiency. The fold
induction by a steroid is defined as (the activity with steroid)/(the basal level activity seen in
the absence of hormone). The partial agonist activity of a steroid A (expressed as percent) is
defined as follows: 100 x [(the activity with 1 uM steroid A) - (the basal level seen in the
absence of hormone)]/[(the activity with 1 uM Dex) - (the basal level seen in the absence of
hormone)]. The amount of each receptor plasmid used is determined from titration experiments
to be less than that required for maximal gene induction, thus ensuring that the receptor protein
is limiting for each condition. Dose-response curves were generated by KaleidaGraph (Synergy
Software, Reading, PA) as the best fit for Michaelis-Menten kinetics (R? usually >0.95). All
errors are S.E.M. unless otherwise stated.

2.4, Statistical Analysis

Unless otherwise noted, all experiments were performed in triplicate several times. The values
of n independent experiments are then analyzed for statistical significance by the two-tailed
Student’s t test using the program InStat 3.0 for Macintosh (GraphPad Software, San Diego,
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CA). When the difference between the SDs of two populations is significantly different, then
the Mann-Whitney test or the Alternate Welch t test is used.

3. Results

3.1. Effects of the GME on PR- vs. GR-mediated gene induction

A 21 bp element at -3.6 kb of the rat TAT gene, called the GME, modulates the position of the
dose-response curve and the amount of partial agonist activity of GR complexes with
homologous and heterologous promoters and reporters (Oshima and Simons; Jr., 1992; Oshima
and Simons; Jr., 1993; Collier et al., 1996; Jackson et al., 1998; Chen et al., 2000; Kaul et al.,
2000). In CV-1 cells, the GME is most active in modulating GR transcription properties when
placed upstream of the GRE (Zeng et al., 2000). However, gene induction by the full-length
PR (PR-B) is more robust in 1470.2 mouse mammary adenocarcinoma cells than in CV-1 green
monkey kidney cells (Giannoukos et al., 2001). Also, GR and PR show different responses to
corepressors in 1470.2 cells (Song et al., 2001). Therefore, we examined GR induction in
1470.2 cells of transiently transfected GREtKLUC reporter * an upstream 5 GME element.
The GME yields an average of 1.74 £ 0.22 fold (n = 5, P = 0.029) left-shift in the GR dose-
response curve to a lower ECgq (Fig. 1A) and 1.50 + 0.13 (n = 5, P = 0.018) increase in total
activity (Vmay)- The partial agonist activity of the antiglucocorticoid Dex-Ox (Lamontagne et
al., 1984) is weakly but significantly increased from an average of 7.6 + 0.8 to 11.5 £ 0.8% (n
=5; P =0.0072) (Fig. 1A). In contrast, the GME affords neither a decrease in the ECg (0.83
+ 0.18 fold left-shift; n = 5, P = 0.40) nor an increase in Vi (0.92 £0.13; n =5, P = 0.58)
for PR induction of GREtkLUC (Fig. 1B). Importantly, the GME-induced change in ECs for
GR vs. PR is significant at the level of P = 0.013 (n=5). Consistent with the different outcome
of the GME on the PR ECsg and Vax, the GME also has a negligible influence on the amount
of partial agonist activity of the antiprogestin Dex-Mes (Giannoukos et al., 2001) with PR (Fig.
1B; 49.0 £ 4.0% with GME vs. 47.7 + 6.4% without GME, n=5). We conclude that the GME
alters several of the transactivation properties of GRs, but not PRs, with the same reporter in
the same cells.

3.2. Influence of GMEB-2 on GR vs. PR transactivation

Two proteins, GMEB-1 and -2, are involved in the expression of GME activity with GR
(Oshima et al., 1995; Zeng et al., 1998; Kaul et al., 2000). Overexpression of each GMEB,
either alone or in combination, causes a right-shift in the GR dose-response curve of a
GMEGREtkLUC reporter in CV-1 cells, presumably due to squelching. Of the two proteins,
GMEB-2 is the more potent (Kaul et al., 2000). In 1470.2 cells, 100 ng of GMEB-2 plasmid
weakly increases the ECsq for GR induction to higher steroid concentrations for the same
GMEGREtkLUC reporter (0.72 + 0.09 fold left-shift, n = 5, P = 0.040; Fig. 2A) and reduces
the Vimax 10 26 £ 6% (n = 5, P = 0.0003) of the initial activity. The partial agonist activity of
Dex-Ox is concomitantly repressed by 40 + 12% (n =5, P = 0.027; Fig. 2A). Lower
concentrations of GMEB-2 (10 ng) produce a slightly weaker response for ECgq (0.78 + 0.12
fold left-shift, n = 4, P = 0.14), Vinax (down to 50 £14%, n =5, P = 0.023), and partial agonist
activity (31 £ 9% reduction, n =5, P = 0.024). Thus, as was observed in CV-1 cells (Kaul et
al., 2000), all concentrations of GMEB-2 are inhibitory of GR transactivation in 1470.2 cells,
again apparently due to squelching.

In contrast, the effects of GMEB-2 on PR induction properties depend on GMEB-2
concentration. Low levels of GMEB-2 (10 ng of transfected plasmid) yield a weak but
significant left-shift (1.32 £ 0.07 fold, n=4, P = 0.018) and increased partial agonist activity of
Dex-Mes (21 £ 7% increase, n=5, P=0.038) (Fig. 2B). GMEB-2 still decreases the total
transactivation, though, by 60 + 6% (n=5, P=0.0007). However, with higher levels of GMEB-2
(100 ng of plasmid), the dose-response curve shifts in the opposite direction (Fig. 2C, 0.44 +
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0.10 fold left-shift, n=4, P = 0.011), the partial agonist activity of Dex-Mes decreases by 46
3% (n =4, P=0.0008), while the V,ax 0f PR-mediated transactivation is further reduced by 77
+5% (n =4, P =0.0005). Thus, even though the presence of the GME in the regulated reporter
construct does not alter PR induction properties, overexpression of GMEB-2, which binds to
the GME sequence (Oshima et al., 1995;Zeng et al., 1998) and to GR (Kaul et al., 2000), exerts
effects that are GMEB-2 dose-dependent. In summary, two transactivation properties of PR
and GR (i.e., ECgq and partial agonist activity of antisteroids) respond equally to high GMEB-2
concentrations but in opposite manners to low GMEB-2 while the response of V,ax With each
receptor is the same.

3.3. Modulatory activity of Ubc9 with PR vs. GR

Experiments in CV-1 cells have shown that Ubc9 reduces the ECsgq for gene induction to lower
concentrations of agonist steroid, and increases the partial agonist activity of antisteroids, only
when GR concentrations are high (Kaul et al., 2002; Cho et al., 2005; Kim et al., 2006). The
insensitivity to Ubc9 of low concentrations of GR has been ascribed to the presence of an
inhibitory sequence in the N-terminal domain of GR. The absence of this inhibitory sequence
in PRs led us to predict that Ubc9 actions with PRs would not be the same as with GRs (Cho
et al., 2005). The data of Fig. 3 and Table 1 show that exogenous Ubc9 has approximately
equal effects on PR and high concentrations of GR in CV-1 cells. The induction parameters of
the PR/GR chimera, consisting of the PR N-terminal half fused to the GR C-terminal half, are
similarly responsive to added Ubc9 (Fig. 3 and Table 1). In all three cases, the Vmax and partial
agonist activity go up while the ECsq goes down. It should be noted that fold increase in partial
agonist activity with added Ubc9 for GR and PR/GR is much less than the 7.9-fold seen with
PR (Table 1). This is because the average agonist activity without Ubc9 is 24% for GR and
47% for PR/GR, so that the maximum possible increase is only 4- and 2-fold respectively.

To further test our hypothesis that Ubc9 can unequally affect GR- vs. PR-transactivation under
the appropriate conditions, we looked in another cell line, 1470.2 cells, which contain GR but
not PR. More importantly, 1470.2 cells permit gene induction by a wider range of PR
concentrations, thereby permitting a rigorous test of whether Ubc9 can affect both low and
high concentrations of PRs. Transfected GR in 1470.2 cells causes squelching of the induction
of transfected GREtkLUC reporter (data not shown), indicating that the endogenous levels of
GR are already maximal. These are conditions where Ubc9 is expected to significantly decrease
the ECsp and increase both the V2 and partial agonist activity (Kaul et al., 2002; Cho et al.,
2005; Kim et al., 2006). As listed in Table 2, only the Vihax 0f GR induction increases
significantly. In contrast, added Ubc9 convincingly augments the Vax and partial agonist
activity and lowers the ECgg with low concentrations of PR (0.3 ng of plasmid, see ref.
Giannoukos et al., 2001). Thus the inhibitory effects with low amounts of GR in CV-1 cells
are not seen with low PR concentrations in 1470.2 cells, as previously predicted (Cho et al.,
2005). At high PR concentrations, Ubc9 still causes a left-shift in the dose-response curve,
although there is no longer any rise in the partial agonist activity. The amount of partial agonist
activity of Dex-Mes without Ubc9 (59 £ 4%) it is not so high that we could not see a further
increase. Why we do not see such an increase is presently unclear. Nonetheless, the responses
of PR are different from those of GR in that Ubc9 is able to alter the ECsg and partial agonist
activity of low concentrations of PR, but not GR, and Ubc9 shifts the dose-response curve to
lower ECsgs under all conditions, including those where there is a negligible effect on the
ECso of GR-mediated induction.

3.4. Modulation of PR and GR induction properties by STAMP

STAMP was recently discovered as a cofactor that assists TIF2 in modulating GR
transcriptional properties (He and Simons; Jr., 2007). STAMP was also found to interact with
PR in a mammalian two-hybrid assay. We therefore tested our prediction that STAMP would
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alter PR transcriptional properties. In CV-1 cells, GR induction of exogenous GREtkLUC
reporter displays the usual additive effects of STAMP and TIF2 on ECs, partial agonist
activity, and Vmax (Figs. 4A&C). Under the same conditions, PR shows a qualitatively
identical but slightly reduced response (Fig. 4B&C).

We next used a mammalian two-hybrid assay of chimeras of the VP16 activation domain with
full-length PR or GR and GAL4 DBD fused to various STAMP fragments to determine what
region(s) of STAMP interacts with each receptor. As previously seen for GR in CV-1 cells
(He and Simons; Jr., 2007), the C-terminal fragment 834C (amino acids 834-1277) displays
the greatest steroid-inducible response with each receptor in Cos-7 cells (Fig. 5). Thus, the
interactions of STAMP with GR are not dependent upon the cell line used. However, the
importance of regions within STAMP 834C for this interaction varies with the receptor. The
amino acids 956-1127 and 1127C afford 2-19% of the steroid-inducible response of 834C with
PR vs. 39-68% respectively with GR (Fig. 5). This indicates that these regions of STAMP have
unequal effects in mediating the association with PR vs. GR.

Because different RID segments of STAMP are involved in binding to PRs and GRs, we used
the maximally binding segment of STAMP, 834C, in the same mammalian two-hybrid assay
to ask whether the interactions proceeds via similar or non-homologous domains of the two
receptors. No specific binding of the GR N-terminal construct (GRN523; Fig. 6A) to STAMP
was obtained (Fig. 6B). With the C-terminal fragment, GR407C, the amount of steroid-
inducible binding to GAL/STAMP834C was only slightly above the non-specific association
with GAL. Thus no one region of GR retains the ability of full length GR to bind to STAMP.
PR-A, which is missing the first 164 amino acids of PR-B, affords only 50% of the response
with wt PR-B while all response is eliminated with deletion of the first 394 residues (Fig. 6C).
Nevertheless, the isolated N-terminal fragments PR-BN535 and PR-BN645 displayed no
interaction and neither did the C-terminal fragment PR509C (Figs. 6C&D). Therefore, for both
GR (Fig. 6B and ref. He and Simons; Jr., 2007) and PR (Figs. 6C&D), it appears that the entire
receptor sequence is needed for maximal, steroid-inducible interaction with STAMP in this
system.

4. Discussion

The ability of various factors to alter the ECs for gene expression by agonists, and the amount
of residual or partial agonist activity by antagonists, plays a major role in the amount of response
elicited by subsaturating, physiological concentrations of agonist steroid and by the saturating
concentrations of antisteroids used in endocrine therapies respectively. In this study, each factor
(GME, GMEB-2, Ubc9, and STAMP) that we have previously reported to modulate the
ECs, partial agonist activity, and Vax Of GR transactivation (Oshima and Simons; Jr.,
1992; Kaul et al., 2000; Zeng et al., 2000; He et al., 2002; Kaul et al., 2002; Cho et al., 2005;
Kim et al., 2006; He and Simons; Jr., 2007) is found to have some different effect on PR-
mediate induction or receptor binding under identical transient transfection conditions (Table
3A). Assay conditions under which the GME alters all three properties of GRs have negligible,
if any effect, on PRs. High concentrations of GMEB-2 shift the dose-response curve to higher
ECsps for GR and PR, and reduce the partial agonist activity. Low amounts of GMEB-2 cause
opposite responses of the ECs of the two receptors: the ECsg is decreased for PRs but remains
the same, or slightly increases, for GRs (see also below). The disparate consequences of
elevated Ubc9 (changes in PR partial agonist activity and/or ECsq under conditions where no
change is observed for GRs) confirms our earlier predictions that were based on the lack of an
appropriate inhibitory sequence in the N-terminus of PRs (Cho et al., 2005). The effects of
STAMP on PRs and GRs are similar. However, differences in the regions of STAMP that
interact with each receptor suggest that the STAMP sequences mediating, and thus the
conditions producing, these changes can be different. Thus, the GME, GMEB-2, and Ubc9 join
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the corepressors NCoR and SMRT (Song et al., 2001) as factors that can produce unequal
effects on PR- vs. GR-regulated gene induction, while it is likely that STAMP has similarly
selective actions under the appropriate conditions. The additional factors of the present study
greatly increases the number of demonstrated receptor-selective factors and further supports
the hypothesis that many of the cellular differences between PR- and GR-mediated responses
may derive from unequal interpretations of PR and GR interactions with the same cofactors.

The unequal effects of increasing GMEB-2 on the ECsg and partial agonist activity of GRs and
PRs in Fig. 2 is most likely due to differential sensitivities of the receptors to squelching.
Because GMEB-2 binds to the GME (Oshima et al., 1995), which causes a decrease in the
ECsq, and in increase in the partial agonist activity, of GR-regulated transactivation (Oshima
and Simons; Jr., 1992), it was expected that added GMEB-2 would produce the same effect.
The fact that increased GMEB-2 had the opposite effects with GRs (increased ECsg and
decreased partial agonist activity) was ascribed GMEB-2 not being a limiting factor in CV-1
cells and thus squelching when present in higher concentrations (Kaul et al., 2000). The same
squelching effects of GR-mediated gene induction by GMEB-2 are again seen in the present
study in 1470.2 cells. A similar squelching with PR transactivation is also seen here with high
GMEB-2 concentrations. However, the opposite effects on PR gene induction with low
amounts of exogenous GMEB-2 suggest that, in this system, GMEB-2 is not in excess for PR-
regulated transactivation. Thus, the opposite responses of GR and PR to low amounts of
exogenous GMEB-2 indicate a different concentration requirement of GMEB-2 for GR- vs.
PR-controlled expression of the same gene in the same cell.

The modulatory activity of all factors in this study has now been observed in multiple cell lines
with multiple receptors. The GME is active with GRs in Fu5-5 rat hepatoma (Oshima and
Simons; Jr., 1992) and CV-1 (Chen et al., 2000) in addition to influencing GRs and PRs in the
1470.2 cells of the current study. GMEB-2 alters the properties of GRs in CV-1 (Kaul et al.,
2000) and both GRs and PRs in 1470.2 cells (Fig. 2). The initial activity of Ubc9 with GRs in
CV-1 cells (Kaul et al., 2002; Cho et al., 2005) is restricted in 1470.2 cells but is very similar
for PRs in both cell lines (Tables 1 and 2). STAMP modulatory activity with GRs has been
reported in CV-1 and U20S human osteosarcoma cells (He and Simons; Jr., 2007) and with
PRs in CV-1 cells. Thus, the effects of these factors are not limited to a single steroid receptor
or asingle cell line. Further studies are required to determine the breadth of cells and receptors
with which these factors display modulatory activity.

The current studies were conducted with transiently transfected reporter genes and thus cannot
assess possible contributions of chromatin structure and/or reorganization to differences in PR
vs. GR transcription properties (Chen et al., 2006). However, the GME appears to be equally
active with both endogenous and synthetic reporter genes (Oshima and Simons; Jr., 1992;
Szapary etal., 1992; Collier et al., 1996). Furthermore, it is clear from microarray studies that
endogenous genes yield a spectrum of responses that resist generalization (Mittelstadt and
Ashwell, 2003; Rogatsky et al., 2003; Donn et al., 2007; Kininis et al., 2007). Therefore, the
present results establish that various factors can unequally alter the transcription properties of
PR vs. GR in a model system that most likely is recapitulated by some endogenous regulated
genes. In several cases of the present study, the magnitude of the changes is small. However,
it should be remembered that similar differences in the concentration of morphogens have been
shown to by physiologically relevant and to have dramatic effects on the development of flies,
frogs, and mice (Karim and Thummel, 1992; Gurdon and Bourillot, 2001; Dubrulle and
Pourquie, 2004).

The only cis-acting element other than the GME of which we are aware with differential

modulatory activity is a 37 bp element in the distal promoter of the gene encoding the PR,
which affects estrogen receptor induction of the PR gene (Montano et al., 1997). However, we
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have not seen any report that this 37 bp element has differential activity with another receptor.
The GME is part of the upstream enhancer region of the endogenous TAT gene (Oshima and
Simons; Jr., 1992) and its effects with GR appear to be mediated by two proteins, GMEB-1
and -2, that bind to the GME as a heterooligomer (Oshima et al., 1995). The presence of the
GME in other genes is, unfortunately, difficult to predict due to the frequency with which the
four base binding sequence occurs (Oshima et al., 1995; Zeng et al., 1998), usually as a tandem
repeat with a flexible spacing of from 1 to asmuch as 15 bp (Christensen etal., 1999). Therefore,
the frequency with which the GME occurs in other regulated genes to afford possible
differences between PR- and GR-mediated induction is currently unknown.

STAMP was discovered as a cofactor that increased the modulatory activity of the coactivator
TIF2 in GR-mediated induction and repression (He and Simons; Jr., 2007). The more than
additive effects on the ECsp, partial agonist activity, and Vay for GR transactivation are
confirmed here and extended to PR gene induction, although the magnitude of change with PR
is somewhat less for each parameter. The major difference for STAMP actions with PRs vs.
GRs is that two C-terminal regions of STAMP (956-1127, and 1127C) interact strongly with
GR either separately or in combination while both domains have to be present for a strong
association with PR (Fig. 5). While interactions in mammalian two hybrid assays do not
establish a direct interaction between the proteins and can instead result from the mutual
binding to an adapter protein, we suspect a direct interaction on the basis of GR binding to
STAMP also in pulldown and co-immunoprecipitation assays (He and Simons; Jr., 2007).
Establishing the molecular cause for the different binding affinity of PR vs. GR to the C-
terminal domains of STAMP will not be easy, though, because multiple regions of each
receptor are also required (Fig. 6). This, in turn, suggests that STAMP association and activity
with PRs and GRs are sensitive to the overall confirmation of each receptor, which can be
unequally altered by the variety of known binding proteins and DNAs.

A recurrent theme with these modulatory proteins is that the V% can be altered independently
of ECgg and partial agonist activity (Oshima and Simons; Jr., 1993; Szapary et al., 1996;
Szapary et al., 1999; Chen et al., 2000; Zeng et al., 2000; Giannoukos et al., 2001; Song et al.,
2001; He et al., 2002; Kaul et al., 2002; Wang et al., 2004a; Wang et al., 2004b; Cho et al.,
2005; Kim et al., 2006). This phenomenon is again observed here with GMEB-2 (Table 3A).
With both receptors, low amounts of GMEB-2 cause a decrease in Vax but the effects on
ECsq and partial agonist activity are diametrically opposed for PRs and GRs. Even with the
same receptor (PRs), the modulatory activity of GMEB-2 on ECsq and partial agonist activity
is reversed upon increasing the GMEB-2 concentration from 10 to 100 ng of plasmid while
there is little difference on the Vhax Of PRs. These results continue to support our working
hypothesis that different pathways may determine the Vmax VS. ECsg and partial agonist activity
of steroid receptor-mediated gene induction.

In summary, we have documented several new factors (Table 3A) that, like the previously
identified factors (Table 3B), differentially modulate the ECsq, partial agonist activity, and
Vmax Of PR- vs. GR-mediated induction. These are critical parameters for determining the level
of gene transcription in response to a single concentration of both endogenous agonist steroid
and added antisteroid. The unequal changes in these parameters produced by the factors of this
study provide additional mechanistic avenues for PRs and GRs responding differently in the
common environment of intact cells and tissues, thereby differentially altering gene expression
during development, differentiation, homeostasis, and endocrine therapies. It will be
interesting to see if other factors differentially modify gene transcription not only for PR but
also for the closely related mineralocorticoid receptors, which responds similarly to GRs with
added TIF2, SRC-1, and SMRT (Wang et al., 2004b). However, the factor ELL reduces the
ECsq for gene induction by mineralocorticoid receptor by a factor of =10 and increases both
the Vmax for aldosterone and the partial agonist activity of the antagonist spironolactone while
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exhibiting no effect on androgen receptors or PRs and decreasing the Vs for GRs (Pascual-
Le Tallec et al., 2005). GT198 produces a left-shift in GR dose-response curve to lower
ECs values (~2 fold) (Ko et al., 2002). The ability of CBP to modulate GR properties (Szapary
et al., 1999) has been confirmed and shown to reduce the ECsg by ~6-fold, while TRBP
produced a 16-fold left-shift (Ko et al., 2002). Thus the possible receptor-specific modulatory
effects of additional factors remain to be examined.
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Influence of an upstream GME element in the GREtkLUC reporter on receptor-mediated
transactivation. Triplicate wells of 1470.2 cells were transiently transfected with GREtKLUC
+ an upstream GME element plus Renilla null luciferase controls along with (A) no receptor
plasmid (for endogenous GR) or (B) 30 ng of co-transfected hPR-B plasmid. Cells were
induced with varying concentrations of agonist and 1 uM antagonist (Dex and Dex-Ox
respectively in A; R5020 and Dex-Mes in B), and assayed for luciferase and Renilla activities.
The average values, normalized for cotransfected Renilla, were then plotted as percent of
maximal induction above EtOH controls as described in Materials and Methods. The error bars

Mol Cell Endocrinol. Author manuscript; available in PMC 2009 February 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szapary et al.

Page 16

represent the S.D. within a given experiment. Similar results were obtained in four additional
experiments for both receptors.
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Fig. 2.

Response of receptor induction properties of GREtKLUC with different concentrations of
GMEB-2. Triplicate wells of 1470.2 cells were transfected with 100 ng GREtkLUC and 20 ng
Renilla null luciferase reporters to examine the induction properties of endogenous GR (A),
and 30 ng of co-transfected hPR-B cDNA plasmid (B and C), in the presence of different
concentrations of GMEB-2 plasmid: 10 ng in B or 100 ng in A and C. The responses after
treatment with agonist (Dex (A) or R5020 (B, C)), or antagonist (Dex-Ox (A) or Dex-Mes (B,
C)) were determined and plotted as in Fig. 1. Similar results were obtained in four (A) and
three (B, C) additional experiments.
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Fig. 3.

Effect of Ubc9 on PR and GR transactivation properties in CV-1 cells. Triplicate wells of CV-1
cells were transfected with 100 ng GREtkLUC and 20 ng Renilla null luciferase reporters plus
0.03 ng PR-B plasmid, 0.03 ng PR/GR plasmid, or 100 ng GR plasmid + 150 ng Ubc9 plasmid
(total plasmid for GR experiments = 403 ng). The cells were induced and analyzed, and the
results plotted, as in Fig. 1. Similar results were obtained in 2-4 additional experiments.
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Ability of STAMP £ TIF2 to alter PR and GR induction properties in CV-1 cells. Triplicate
wells of CV-1 cells were transfected with 100 ng GREtKLUC and 20 ng Renilla null luciferase
reporters plus 0.3 ng PR (A), or 6 ng GR (B), + 20 ng TIF2 and + 160 ng Flag/STAMP. The
cells were induced and analyzed, and the results plotted, as in Fig. 1. (C) Fold changes in PR
and GR induction parameters by STAMP and TIF2. The average fold-increase in each
parameter from 4-5 experiments like Figs. 4A & B were determined as follows: for EC50s,
fold increase = [EC50]receptor/[EC50] receptor +factor; for partial agonist activity and Vmax
(or total agonist activity), fold increase = activityreceptor+factor/activityreceptor).
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Fig. 5.

Regions of STAMP that associate with PR and GR in two-hybrid assays. (A) Cartoons show
regions of STAMP that are retained in each of the constructs used below. Plasmid names are
that of STAMP followed by the sequence retained, with the letters N and C designating the N-
and C-terminal residues of the receptor respectively. Abbreviations of STAMP domains: TTL
= tubulin tyrosine ligase, CID = coactivator interaction domain, RIDs = receptor interaction
domains, which is comprised of three subdomains I-111 (He and Simons; Jr., 2007). (B&C)
Cos-7 cells were transiently transfected with 86 ng VP16/GR + 1 uM Dex (B) or 1 ng VP16/
PR-B = 20 nM R5020 (C) plus GAL fusions of STAMP segments (molar equivalent to 80 ng
of GAL/STAMP834C) and 100 ng of FRLuc reporter. The average relative luciferase activities
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(n=2-6 for B; = 3-7 for C) were determined as in Fig. 1 and plotted. The values in parentheses
above the bars indicate the fold increased interaction = 1 uM Dex (B) or 20 nM R5020 (C).

Mol Cell Endocrinol. Author manuscript; available in PMC 2009 February 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szapary et al.

A

Glucocorticoid Receptor

AF1 DBD LBD & AF2
1 98 282 440 505 550 795
GR [ EE [ ]

GRN523 L ﬁgg&

GR407C 2
=
©
<

Progesterone Receptor ?é
AF3 AF1 DBD LBD and AF2 o
1 165 456 546 556 642 933 E
] 3
2
. ©
PR-BN535 [ E
PR-BNG44 EEFERRR]  PAE—
PR395C
PR395-634 W77 =
PR509C
VP16/
PR
20 [0 GAL+EtOH
[ GAL + R5020 1
O GAL/'STAMP834C -
L + EtOH ]
16 Bl GAL/'STAMPS34C
r + R5020 b

Relative Luciferase Activity

VP16/:

Relative Luciferase Activity

0 L=/

None

Fig. 6.

7S i
PRB  PRA PR

395C

60

50

40

30

20

10

0

VP16/ :

Page 23

[0 GAL + EtOH
GAL + Dex

GAL/STAMPB34C |
+ EtOH i
B GAL/STAMP834C

+ Dex

_,,,l l%l -.,l

PR-B PR-B
N535

None

%
|
/)

PR-B
N644 395-634 509C

Regions of PR and GR interacting with STAMP in two-hybrid assays. (A) Cartoons show

regions of GR and PR that are retained in each of the constructs used below, with the numbers
above each structure indicate the amino acid position of each domain boundary. Plasmid names
are that of the receptor followed by the sequence retained, with the letters N and C designating
the N- and C-terminal residues of the receptor respectively. (B-D) Cos-7 cells were transiently
transfected with GAL (57 ng) or GAL/STAMP834C (80 ng) plus VP16 fusions of GR segments
(molar equivalent to 86 ng VP16/GR; B) of PR segments (molar equivalent to 1 ng VP16/PR-
B; C&D) and 100 ng of FRLuc reporter + 1 uM Dex (B) or 20 nM R5020 (C&D). The average
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relative luciferase activities from three independent experiments were determined and plotted
as in Fig. 5.
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Table 1
Change in induction parameters with added Ubc9 in CV-1 cells

Fold Increase in Fold Decrease in
Receptor Fold Induction Vmax Partial Agonist Activity ECy,
PR (0.03 ng) 0.78 £0.21 5.12+0.29 7.94 257 4.62 +0.87
(0.35) (0.0001) (0.054) (0.025)
PR/GR (0.03 ng) 0.14 +£0.04 1.91+0.32 1.76 £0.17 10.60 £ 0.83
(0.0022) (0.12) (0.048) (0.0074)
GR (100 ng) 0.15£0.02 147£0.14 3.62+0.42 6.48 +£0.54
(<0.0001) (0.028) (0.0034) (0.0005)

Average values of fold induction, increase in Vmax, and decrease in EC50 from N = 4-5 (PR and GR) and 3 (PR/GR) independent experiments such as

in Fig. 3 are listed. At the same time, the average fold increase in partial agonist activity of 1 uM antiprogestins (Dex-Mes) with PR, and antiglucocorticoid
(Dex-Ox) with PR/GR and GR was determined as described in Materials and Methods. P values for statistical significance are in parentheses.
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Table 2
Modulation of induction parameters with added Ubc9 in 1470.2 cells

Page 26

Fold Increase in

Fold Decrease in

Receptor Fold Induction V max Partial Agonist Activity ECy,
PR (0.3ng) 0.84 +0.08 1.85+0.15 1.28 +0.05 2.58 +0.37
(0.11) (0.0012) (0.0016) (0.0055)
PR (10 ng) 0.54 £0.06 1.47+0.22 0.95 £0.07 3.07£0.64
(0.0014) (0.10) (0.51) (0.032)
GR (endog.) 1.14£0.08 2.74+0.74 0.56+0.18 1.15£0.05
(0.19) (0.10) (0.087) (0.051)

The average values listed are from N independent experiments similar to those of Fig. 3 but now in 1470.2 cells. The experiments were performed and
analyzed as in Table 1 with the indicated amounts of transfected PR plasmid or endogenous GR (n = 7 for 0.3 ng PR, = 5 for 10 ng PR, and = 4 for GR).

P values for statistical significance are in parentheses.
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