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The effects of progesterone on target tissues are mediated by
progesterone receptors (PRs), which belong to a family of
nuclear receptors and function as ligand-activated transcription
factors to regulate the expression of specific sets of target
genes. Progesterone antagonists repress the biological actions
of progesterone by "actively" Inhibiting PR activation. This
work discusses the first clinically used progesterone antago-
nist RU486 and closely related compounds in terms of how
these compounds Inhibit progesterone action through het-
erodlmerlzatlon and competition for DNA binding and by the
recruitment of corepressors to promoters of target genes to
repress transcription. We discuss cellular factors that may In-
fluence the activity of these compounds, such as the availability
of coactlvators and corepressors and the context of specific
target promoters In any given cell type. We also discuss steroi-
dal and nonsteroidal antagonist selectivity for PR versus other
steroid hormone receptors and suggest that It may be possible
to develop tissue/ceil specific modulators of PRo Exp Bioi Mad 227:
969-980,2002
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I n women, the steroid hormone PG is a key regulator of
reproductive events associated with the establishment
and maintenance of pregnancy, including uterine and

mammary gland development and also the process of ovu-
lation. PG also has physiological actions in nonreproductive
target tissues such as the brain. The biological actions of PG
are diverse and often opposing. For example, in the cycling
uterus, PG inhibits estrogen-induced proliferation of glan-
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dular epithelial cells during the follicular phase, but later
induces proliferation of stromal cells during the luteal
phase. In the normal mammary gland, PG has proliferative
effects for epithelial ductual side branching and is also re-
quired for the differentiation of lobuloaveolar structures.

During pregnancy, PG causes the uterine lining to un-
dergo decidualization and is necessary for the implantation
and maintenance of the embryo. It also promotes uterine
quiescence by inhibiting contractions of the smooth muscles
of the uterus. It is this physiological action of PG on the
uterus, priming the lining for implantation, which became
the focus of worldwide efforts to improve birth control
methods. Because the interruption of PG synthesis or elimi-
nation of circulating PG is not possible in women by current
methods, efforts were directed toward developing a PG an-
tiprogestin that would decrease or suppress the effects of
PG. Mifepristone (RU486) was the first PG antagonist de-
veloped that exhibited antiprogesterone activity in humans.
Since the first clinical trial in 1982, RU486 has been used in
many clinical studies in the gynecologic and obstetrical
fields.

Numerous clinical studies have been aimed at defining
the optimal dose and schedule of administration of RU486
for the purposes of pregnancy termination. Studies have also
been conducted on using RU486 for expulsion after intra-
uterine fetal death, cervical ripening before surgical abor-
tion, labor induction, emergency postcoital contraception,
and other forms of contraception (1-3). RU486 has also
been investigated for treatment of endometriosis and fi-
broids, meningiomas, and certain progestin responsive tu-
mors such as leiomyosarcomas (reviewed in 2). Clinical
trials have evaluated RU486 as a first-line agent as well as
a second-line agent in the treatment of metastatic breast
cancers. Although partial responses were reported, RU486
had no impact on prolonged disease-free survival, and only
a few patients had transient remission (2).
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The effects of PG on target tissues is mediated by pro-
gesterone receptors (PRs) that function as ligand-activated
transcription factors to regulate the expression of specific
sets of target genes. The focus of this review is on the
mechanism of action of PR antagonists. We first outline the
structure and corresponding functional properties of PR and
the mechanism of action of PR when bound to hormone
agonist. We then summarize what is known about the
mechanism of action of the first clinically used and best
characterized PR antagonist, RU486, and closely related
compounds. We discuss some other steroidal PR antago-
nists in terms of selectively for PR versus glucocorticoid
receptor (GR) and the concept of "active antagonists." Fi-
nally, we describe some nonsteroidal PR antagonists and
their potential usefulness.

Structure and Functional Properties of PR

PR is a ligand-activated transcription factor that be-
longs to a large family of nuclear receptors which include
receptors for the following: (i) steroid hormones (estrogen,
progesterone, glucocorticoid, androgen, and mineralocorti-
coid); (ii) other lipophilic hormones and ligands (thyroid
hormone, retinoic acid, 9-cis retinoic acid, vitamin 03 and
eicosanoids, fatty acids, lipids); and (iii) orphan receptors
that have no known ligand (4-6).

As a member of the nuclear receptor family, PR con-
tains three conserved functional domains, including the N-
terminus, a centrally located DNA binding domain (OBO),
and C-terminal ligand binding domain (LBO) (Fig. I).
Three-dimensional atomic structures of isolated OBO and
LBOs have revealed common motifs for these regions. The
core OBO contains two asymmetric zinc fingers, each with
a zinc ion coordinated by four conserved cysteine residues.
An alpha helix extends between the two zinc fingers, which
make base-specific contacts in the major groove of the
DNA. The PR LBO consists of 12 a-helices and four
~-sheets that fold into a three-layer a helical sandwich con-
taining a central core positioned between helix bundles on
either side. This structure creates a hydrophobic wedge-
shaped cavity in which the steroid hormone (ligand) is bur-
ied. By comparison, little is known about the structure of the
N-terminal domain. Biophysical and biochemical data indi-
cate that the N-terminal domain is in a nonglobular ex-

FIgure 1. Domain organization of the human PR-A and -B isoforms.
N domain, N-terminus; DBD, DNA binding domain; h, hinge; LBD',
ligand binding domain. Transcription activation domains; AF·1, AF-2,
and AF-3. Dimerization domain (01); Inhibitor domain (10); hsp, -heat
shock protein binding region.
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tended conformation with little secondary structure (7, 8).
This is the least conserved region among family members
with respect to both length and amino acid sequence. The N
domain is functionally important because it is required for
full transcriptional activity of steroid hormone receptors and
for many cell- and target gene-specific responses.

Other functional and structural determinants have been
identified within these broader three domains. In addition to
binding steroid hormone, the LBO contains determinants
for dimerization in the absence of DNA, binding of heat
shock proteins (hsps), and for nuclear localization. The
OBO contains a second nuclear localization and dimeriza-
tion domain that is dependent on DNA binding. Steroid
receptors contain at least two transcription activation do-
mains (AFs), AF-I in the N-terminal domain and highly
conserved AF-2 in the C-terminal LBO. These are autono-
mous transferable domains required for the DNA bound
receptor to transmit a transcriptional activation response and
they function as specific binding sites for coactivators. AF-2
located in the LBO is hormone dependent and becomes
activated as a result of the steroid hormone inducing a re-
positioning of the C-terminal most a helix-12 in such a way
as to create a specific hydrophobic binding pocket for mem-
bers of the pl60 family of steroid receptor coactivators
(SRCs). Little is known about AF-I in the N-terminus. It
can function independent of AF-2 in a constitutive manner
or can synergize with AF-2 in a ligand dependent manner.
The coactivators that bind to and mediate the activity of
AF-I are yet not well defined.

The human PR exists as two isoforms, PR-A and PR-B
(94 kOa and 120 kOa, respectively; Fig. I). The two iso-
forms are expressed from a single gene by alternate pro-
moter usage. PR-A differs from PR-B by lacking 164 amino
acids (aa) at the N-terminus (9). Although the two forms of
PR have similar steroid hormone and DNA binding activi-
ties, they have distinct functional activities. In vitro cell
culture experiments have shown that the transcriptional ac-
tivities of the two PR isoforms vary depending on the cell
type and context of the target gene promoter. PR-B in gen-
eral, on classical PRE targets (progesterone response ele-
ment), is a much stronger activator than PR-A. However,
PR-A can be a strong activator under specific cell and target
gene contexts (lO, 11). The stronger activation potential of
PR-B is caused in part by the existence of a third activation
domain (AF-3) within the first N-terminal 164 aa that is
unique to PR-B (Fig. I; 12). Under certain cell and target
promoter contexts PR-A is inactive as a transcription factor
and can function as a ligand-dependent transdominant re-
pressor of other steroid receptors including PR-B, estrogen
receptor (ER), androgen receptor (AR), mineralocorticoid
receptor, and GR. PR-A can act in this repressor mode in
response to binding either progestin agonists or antagonists.
An inhibitory domain (10) responsible for this transrepres-
sor function has been mapped t9. the first 140 N-terminal (aa
165-305) amino acids ofPR-A (Fig. 1).10 is functional and
transferable to other steroid receptors such as chicken PR



and human ER that do not exhibit this transrepressor activ-
ity. The fact that the sequence within ID is present in both
PR isoforms but is only active in the context of PR-A sug-
gests the PR-B-specific N-terminal segment plays a role in
suppressing the ID domain. This suppression is thought to
occur through the PR-B N-terminal segment exerting a
long-distance effect on the conformation of the PR-A N-
terminus. How PR-A can repress transcriptional activity of
other steroid receptors remains unclear. Studies with PR
isoform specific gene knock out mice and transgenic mice
that overexpress either PR-A or PR-B have provided evi-
dence that the two forms of PR have distinct physiological
roles in vivo (13-15). Selective knockout of PR-A in mice
has a strong phenotype in the uterus but not in the mammary
gland, suggesting that the PR isoforms have tissue-specific
roles (13, 14). Transcription factors that harbor both acti-
vation and repression domains or are expressed as truncated
forms capable of functioning as dominant transrepressors
have been identified in several different families of tran-
scription factors. These naturally occurring transrepressors
have important physiological roles in shutting off activation
responses at specific times during development and differ-
entiation or under specific physiological conditions. PR-A
has been suggested to have a similar role among the steroid
hormone receptors that may be particularly relevant in the
uterus where progesterone is known to antagonize the
growth stimulatory activity of estrogen (11, 13, 14).

PG-Induced Activation of PRs

PG and other steroid hormones are lipophilic molecules
capable of readily passing from circulation across the cell
membrane. Once inside a target cell, they bind to and con-

vert their cognate receptor from inactive to active transcrip-
tion factors. Receptor activation involves multiple steps,
including a conformational change and dissociation from a
multiprotein sequestering complex consisting of protein
chaperones including hsps and immunophilins (references
in 16). Receptors then dimerize and bind to specific DNA
sequences within the regulatory promoter region of steroid
responsive genes, referred to as hormone response elements
(HREs). Consensus HREs consist of inverted repeat hexa-
nucelotide sequences separated by three unspecified nucleo-
tides to form a 15-base pair (bp) recognition site, each
bound by a symmetric receptor homodimer. The DNA
bound receptor can either increase or decrease rates of target
gene transcription through additional interactions that facili-
tate assembly or stabilization of the preinitiation complex at
the promoter (Fig. 2).

Receptor interaction with the general transcription ma-
chinery is believed to occur through recruitment of coacti-
vator proteins. Coactivators have no DNA binding activity
and associate with target genes solely through protein in-
teraction with DNA bound receptors. The autonomy of the
receptor LBD permitted the use of genetic and biochemical
approaches to identify ligand-dependent AF-2-interacting
coactivators. These include the p160 family of coactivators
(SRC-1, TlF-2, ACTR, p/CIP, RAC3, and ABB) as well as
CBP/p300. In addition to the p160 family, numerous unre-
lated coactivator proteins have also been identified. includ-
ing RIPI40, ERAPI60, TIF1. hRPF-l. and ARA70 (see
reviews in 4-6). Nuclear receptor interaction domains of
these coactivators have been mapped to a highly conserved
motif (LXXLL), termed the NR box (6). p160 coactivators
possess multiple copies of NR boxes, suggesting that mul-

Figure 2. PGactivation of progesterone receptor. Bindingof PGto the inactivereceptorcomplexinducesa conformation change,whichleads
to immunophilin and hsp dissociation, receptordimerization, DNA binding, and recruitment of coactivators to facilitate communication with the
basal transcription apparatus. PRE, progesterone response element.
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tiple regions of the coactivators interact with the receptors
(17). In addition, the x-ray crystal structure of estrogen
bound ER-LBD in the presence of a peptide containing a
LXXLL motif shows that the NR box binds AF-2 and fits
into the hydrophobic groove formed by the LBD (18). Some
coactivators possess intrinsic enzyme activity for acetyla-
tion (histone acetyltransferase activity-HAT) or methylation
of core histone proteins. These chemical modifications of
core histones can relieve the repressive effects of chromatin
on transcription by relaxing nucleosome structure and facil-
itating access of the general transcription machinery to the
promoter. Gene-targeting studies in mice have confirmed
the coactivator function of the pl60s in a physiological
context. Gene disruption of the mouse SRC-I and SRC-3
resulted in the impaired growth and development of certain
steroid responsive tissues, suggesting that loss of SRCs re-
sults in partial resistance to hormones (19, 20). SRC-3-null
mice also exhibit a short stature phenotype, suggesting that
SRC-3 is also important for regulating normal somatic
growth (21). Interestingly, genetic ablation of the E6-AP
steroid coactivator in mice revealed defects in reproductive
functions that were different from the SRC knockout mice
(22). These differences suggest that different coactivators
mediate a subset of steroid hormone action and support the
hypothesis that coactivators contribute to tissue-specific
hormone action. Although steroid hormone receptors do not
usually interact with corepressors, certain members of the
nuclear hormone receptor superfamily, including retinoid
and thyroid hormone receptors, can actively silence gene
transcription through the recruitment of corepressors that
possess histone deactylase enzyme activity (HDAC).
HDACs mediate the opposite effect of histone acetyltrans-
ferases (HATs) by stimulating a condensation of nucleo-
some structure and impairing access of the general tran-
scription machinery to the promoter.

An additional event that is likely involved in PG-
dependent activation of receptors is phosphorylation. Phos-
phopeptide-rnapping studies indicate the presence of mul-
tiple phosphorylation sites in the N-terminus of human PR,
predominantly on serine residues (23, 24). PR phosphory-
lation increases rapidly after hormone treatment, and a sig-
nificant level of phosphorylation occurs only after the acti-
vated receptors bind to DNA (23, 24). The functional role of
phosphorylation has not been well defined; however, sev-
eral studies have implicated an influence on multiple recep-
tor functions such as DNA binding, transcriptional activa-
tion, and receptor stability. Phosphorylation may also be
involved in mediating cross-talk with other signaling path-
ways (23, 25).

Mechanism of Action of the Antagonist (RU486)
and Related Compounds

Binding Mechanism. The simplest approach to ~~ 
tagonize PG is to effectively compete for binding of the
physiological hormone ligand to PR with an inactive -syn-
thetic analog (steroidal or nonsteroidal). RU486 is among
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the most widely used progestin antagonists. The main struc-
tural characteristics of RU486 that correlate with its antago-
nist activity are the phenyl-aminodirnethyl group at the 11-13
position of the steroidal skeleton (R I) and the carbon II
side chain (R2) (Fig. 3). Although RU486 binds with high
affinity to PR (in fact, it binds PR with a slightly higher
affinity than PG) and effectively competes for PG binding,
it does not make the same contacts in the LBD as agonist.
As evidence for this, truncation of the last 42 amino acids at
the C-terminus of PR abolishes binding to progestin agonist
while retaining binding to progestin antagonist (26). Also, a
single amino acid substitution Gly~Cys at position 722 in
the LBD of human PR abolishes RU486 binding whereas
retaining high affinity binding for PG approximately equal
to that of wild-type PR (27).

Dimerization and DNA Binding by PRo The
mechanism by which RU486 inactivates PR is complex and
remains incompletely understood. The receptor activation
steps of dissociation from hsps, dimerization, and binding to
PREs are not impaired. Although earlier studies suggested
that RU486 might act by stabilizing the inactive PR-hsp
complex and thus prevent PR from interacting with DNA
(3), the preponderance of data does not support this as a
mechanism. In fact, RU486 has been observed to induce a
stronger dimerization of PR and tighter association of PR
with DNA than hormone agonists (28, 29). Additionally,
there is no evidence that RU486 causes PR to make differ-
ent contacts with PREs than PG. Based on DNA footprint-
ing assays, PR was found to make identical base specific
contacts with the HRE of mouse mammary tumor virus in
the presence of agonist and RU486 (30, 31).

We and others have shown that RU486 promotes PR
binding to PREs not just in vitro but also within intact cells
(in vivo). This has been shown by several experimental
approaches, including promoter interference assay, induc-
tion of gene activation mediated by a PR-VPI6 activation
domain chimeric receptor, and by the ability of the PR-
RU486 complex to effectively inhibit, through competition
for PREs, agonist-activated GRs or a constitutively active
truncated PR lacking the LBD (32, 33). Although the ste-
roidal antagonist ZK98299 (Onapristone) was initially cat-

Progesterone RU 486

Figure 3. Chemical structure of progesterone and the progesterone
antagonistRU486 (mifepristone). The positions of the carbons in the
steroid ring are numbered in the progesterone structure. The struc-
ture of RU486 shows SUbstitutions at the 11(3and 17a positions that
are characteristic of steroidal antiprogestins.



egorized as mechanistically distinct from RU486 by pre-
venting PR binding to DNA, this categorization was based
on in vitro gel shift experiments (34). Subsequent gel shift
experiments showed that ZK98299 does induce PR binding
to PREs in vitro, although the tightness of the association is
lower than RU486. Additionally, ZK98299 effectively
stimulated PR binding to PREs in intact cells by the ap-
proaches used to detect the influence of RU486 on PR-DNA
binding in vivo. Thus, we conclude that RU486 and other
structurally related steroid antagonists all work by a similar
mechanism that does not involve inhibiting activation steps
that lead to PR binding to specific target DNAs.

Altered Conformation in the LBO Induced by
RU486 Inhibits AF-2 Coactivator Recruitment. The
mechanism for nonproductive interaction of PR with DNA
in the presence of RU486 is not completely worked out.
However, studies with pl60 coactivators and structure of
LBDs bound to agonist versus antagonist have provided
much insight. RU486 induces a conformation in the C-
carboxyl terminal tail of PR that is distinct from that in-
duced by hormone agonist. This alternate conformation in-
activates AF-2 and does not permit interaction with SRCs
(35). There are several lines of evidence indicating that
RU486 induces an alternate conformation in the C-
terminus. RU486-bound PR altered the electrophoretic mo-
bility of PR-DNA complexes when compared with agonist-
induced complexes in polyacrylamide native gels (36, 37).
A monoclonal antibody to the C-terminus of PR (C262)
recognized PR-bound RU486 but not agonist-bound PR,
suggesting the C262 epitope is accessible in the presence of
RU486 but is not available in the presence of agonist. In
addition, using limited proteolytic digestion analysis, an-
tagonist-bound PR LBD gave a digestion pattern distinct
from agonist bound PR LBD (38). Modeling of the RU486-
bound PR LBD crystal structure predicted that RU486 dis-
places helix 12 (39) and results in helix 12 disrupting the
hydrophobic groove required for coactivator binding. Thus,
the displacement of helix 12 induced by RU486 blocks co-
activator binding to AF-2 and renders the receptor transcrip-
tionally inactive (40).

Influence of RU486 on Amino- and Carboxyl-
Terminal Domain Interaction. Under most cellular and
target promoter conditions, full transcriptional activity of
steroid receptors requires functional synergy between AF-I
and AF-2 (37). Studies with ER (41) and AR (42) suggest
that this functional synergy involves a ligand dependent
intramolecular association between the N- and C-terminal
domains of receptor. Using a mammalian two-hybrid inter-
action system, we observed a hormone-agonist-dependent
functional interaction between N-terminal domains (PR-A
and PR-B) and the hinge LBD (hLBD) of human PR (43).
These interactions appear to involve direct protein contacts
as determined by in vitro protein-protein interaction assays
using purified expressed domains of PR (43). RU486 failed
to induce an interaction between the N-domains and the
hLBD of PR in vitro and functionally inhibited !\LBD in-

teraction with N-domains in whole cells by mammalian
two-hybrid (43). These data indicate that RU486 fails to
induce, or impairs, a physical association between the N-
and Codomains of PR. These data suggest that in addition to
blocking AF-2 coactivator binding, the altered conforma-
tion in the LBD induced by RU486 may contribute to in-
activation of receptor by interfering with physical associa-
tion between the amino and carboxyl domains. N- and C-
domain interaction may also be necessary for formation of
a proper surface for additional coactivator interactions, pos-
sibly involving AF-I coactivators, but this is still unclear at
the present time.

Influence of Antagonists on PR-Mediated
Transactivation Through Interaction With Other
Transcription Factors

The activities and mechanism of action of steroid an-
tagonists on gene transcription have been largely defined by
their ability to influence receptor function through consen-
sus HREs. However, there is increasing evidence that a
number of steroid-regulated genes are not regulated by di-
rect binding of receptor to classic HREs but through recep-
tor interaction with other sequence-specific transcription
factors (Fig. 4). Although this mode of regulation can be
either positive or negative, it is more commonly a pathway
for negative gene regulation by steroid receptors. As a varia-
tion of this mode of regulation are genes that contain com-
posite response elements consisting of a less than optimal
DNA binding site for the steroid receptor (often a HRE
half-site) that overlaps, or is adjacent to, a binding site for
another sequence specific transcription factor (Fig. 4). Ex-
amples of PR cross-talk with other transcription factors are
repression of NF-kB activity (through interaction with
RelA-p65 subunit), inhibition of prolactin-induced Statfi-
mediated activation of the 13 casein gene, repression of AP-l
(fos/jun) activity and potentiation of cIEBP13 mediated gene
activation (44-47). Because NF-kB is activated by various

Figure 4. Different mechanisms for gene regulation by steroid re-
ceptors. Left, direct binding of PR to HREs within promoters of PG-
responsive genes. Middle, composite element consisting of a weak
nonconsensus HRE and a neighboring site for another sequence-
specific transcription factor (TF). Right, tethering response element.
PR interacts with another DNA bound transcription factor through
protein-protein interaction to either enhance or inhibit transactivation.
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cytokines, cross-talk with PR is thought to be involved in
the immunosuppressive effects of progesterone during preg-
nancy. PR cross-talk with AP-I, cIEBP, and Stat5 is thought
to be involved in proliferative and differentiation functions
of progesterone in the mammary gland and uterus, respec-
tively. An important question is how steroid antagonists
influence this mode of PR-mediated gene regulation.
RU486 and ZK98299 were shown to induce PR-mediated
repression of the RelA subunit of NF-KB induction of the
human ICAM-I gene in a manner similar to that of the
progestin agonist R5020 (45). We found that both RU486
and ZK98299 inhibited prolactin Stat5-mediated induction
of a l3-casein reporter gene, similar to the way progestin
agonists (47) and PR-repression of AP-I were reported to be
induced by PG agonist and RU486 (44). Thus, it appears
from these studies that PR antagonists can behave as ago-
nists on target genes regulated through PR interaction with
other transcription factors. There is increasing evidence that
many natural steroid responsive genes do not contain ca-
nonical HREs. Therefore, understanding how antagonists
influence PR-mediated transcription on these indirect ele-
ments is an important consideration in profiling their bio-
logical activity in vivo.

Active Antagonists
RU486 and related steroid antagonists are more potent

than predicted by simple competition for PG binding and
prevention of pl60 coactivator recruitment by inactivation
of AF-2. RU486 effectively antagonizes PG activation of
PR at concentrations that are much less than substoichio-
metric with PG. Three mechanisms appear to contribute to
this unusual potency of RU486 as an antagonist of PG. First,
RU486 promotes a higher affinity interaction of PR with
DNA than the agonist R5020 in vitro (48), and we and
others have shown that antagonists-bound PR can effec-
tively compete with binding of agonist-bound PR to PREs
in vivo. This provides a mechanism for PR-RU486 to inhibit
PR-agonist complexes in trans through competition for
DNA sites. A second contributing mechanism is the ability
of PR bound to antagonist to heterodimerize with PR bound
to R5020. We showed by coimmunoprecipitation assay in
vitro (28) and a mammalian two-hybrid assay with receptor
ligand specificity mutants (49) that PR bound to RU486 can
heterodimerize with PR bound to an R5020. Using electro-
phoretic mobility shift assay (EMSA), we also observed that
mixed R5020IRU486 heterodimers had a significantly re-
duced ability to bind to PREs (28). Our results were similar
to the results of Meyer et al. (37), who found that mixed
R5020IRU486 heterodimers could not bind to PREs using
EMSA. Heterodimerization: could potentially sequester a
portion of cellular PR bound to agonist in an inactive form,
without requiring direct binding of RU486 to PR.

A third contributing factor to the potency of RU486 to
antagonize PG is the ability of PR to recruit corepressorsto
promoters in the presence of RU486. PR in the absence of
ligand, or presence of agonist, has weak affinity for core-

974 PROGESTERONE ANTAGONISTS

pressors. Nuclear receptor corepressor (NCoR) was identi-
fied by yeast two-hybrid assay as a factor that interacts with
RU486-bound PR but not agonist-bound PR (50). Subse-
quent studies revealed a direct physical association between
RU486-occupied PR-B and NCoR in vitro (51) as well as
interactions with NCoR and silencing mediator for retinoic
acid and thyroid hormone receptor (SMRT) in mammalian
cells (52). Evidence suggests that corepressor interaction is
of functional consequence, as was shown by overexpression
of NCoR and SMRT, which suppressed the partial agonist
activity of RU486-bound PR (50). Also, mixed agonists,
which function as weak agonists or antagonists depending
on the cell and promoter context (53), induced an interaction
of intermediate strength with corepressors (52) in the two-
hybrid assay as compared with agonists and more pure an-
tagonists. And antagonist-bound PR-A was shown to have a
higher affinity for SMRT than antagonist-bound PR-B (54),
correlating with transactivation abilities of the PR isoforms.
These observations support a model in which PR has a high
affinity for SMRT or NCoR only in the presence of antago-
nists and that the conformational change induced by ago-
nists increases the affinity of the receptor for coactivators,
an event which is incompatible with PR-corepressor inter-
actions (52). Figure 5 depicts the different mechanisms pro-
posed to contribute to the potency of RU486 and related
compounds as PG antagonists. These include the ability of
the PR-antagonist complex to inhibit PR complexed to PG
in trans through heterodimerization and competition for
binding to PREs. And the ability of PR homodimer-
antagonist complexes that bind to PREs to recruit corepres-
sors to the promoter of target genes and actively repress
gene transcription. This model has lead to the concept that
RU486 and other related steroidal compounds are "active
PG antagonists."

Signal Transduction Cross-Talk Potentiates
Partial Activity of RU486

As with most steroid antagonists, RU486 is not a pure
antagonist. RU486 exhibits partial agonist/antagonist activ-
ity under certain cellular conditions. The A and B isoforms
of PR respond differently to antagonists; RU486-occupied
PR-B can function as a partial weak agonist under certain
cellular conditions whereas RU486-occupied PR-A cannot
(37,55). The partial agonist activity of RU486 is dependent
on an intact AF-I region of the receptor (37).

Our laboratory and the Horwitz group showed that the
protein kinase A activator 8-bromoadenosine 3',5'-cyclic
monophosphate (8-bromo-cAMP), strongly potentiates the
agonist activity of RU486 (and other related progestin an-
tagonists) under cellular and target promoter contexts where
RU486 is a complete antagonist (56, 57). However,
8-bromo-eAMP does not affect ZK98299 activity (56).
Also, RU486 in the presence of 8-bromo-cAMP is only
partially 'effective in antagonizing R5020 action (56). It
should be noted that the activity of 8-bromo-cAMP is not
restricted to antagonists because it will also potentiate the



Figure 5. Mechanism of "active" PR antagonists. PG antagonists compete with agonist for binding to PR and promote the activation steps of
dimerization and binding to specific PREs of target DNA. However, antagonists induce an altered conformation in PR that is transcriptionally
Inactive, resulting in a nonproductive interaction of receptor with DNA. Nonproductive DNA Interaction is caused by PR recruitment of
corepressors instead of coactivators. In addition to this mechanism, the PR antagonist complex can Inhibit the PR agonist complex in trans
by combined mechanisms of competing with the PR agonist complex for binding to PREs and by dlmerization with the PR agonist complex
to produce an inactive mixed ligand dimer.

activity of agonist-bound PR (56, 57). The mechanism by
which 8-bromo-cAMP potentiates PR activity has not yet
been determined. However, it has become increasingly evi-
dent that the target of 8-bromo-cAMP activation is not re-
ceptor phosphorylation itself but receptor-interacting pro-
teins. One such target may be the pl60 coactivator SRC-l.
A recent study with chicken PR (cPR) showed that
8-bromo-cAMP induced phosphorylation of two sites in
SRC-I and that this phosphorylation of SRC-I facilitated
interaction with and activation of cPR (58). cAMP may also
act by disrupting the association of PR with corepressors in
the presence of RU486. It has been reported that cAMP
dissociates, or inhibits, the interaction of antagonist bound
PR with NCoR or SMRT in the mammalian two-hybrid
assay (52). Taken together, these results suggest that cAMP
induced partial agonist activity of RU486 is caused by the
disruption of PR corepressor interactions accompanied by
facilitation of PR-coactivator interactions.

Because the partial agonist activity of RU486 is thought

to be mediated primarily by AF-I, coactivators that bind
AF-l may be responsible for this activity. We and others
have shown that pl60s and associated components of the
coactivator complex (CBP and pCAF) can interact with the
N-terminus of PR and mediate functional enhancement
(17). However, these associations with the N-terminal re-
gions are much weaker than with AF-2, suggesting that
AF-I activity may be mediated by as-yet undescribed pro-
teins. SRA is a recently identified endogenous RNA tran-
script that functions as a selective coactivator for AF-l of
steroid receptors (59). We recently identified a protein, Jun
dimerization protein-2 (JOP-2), which functions as a PR
N-terminal domain coactivator independently of AF-2 and
p160s and can strongly potentiate the partial agonist activity
of RU486 (60). Although JOP-2 directly interacts with the
OBO of PR, and not the N-terminus, it appears to function
as a docking factor to recruit or stabilize other general co-
activator interactions (such as CBP/pCAF) with AF-I in the
N-terminus that lies adjacent to the OBO.
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It has become increasingly evident that the activity of
steroid analogs is determined not only by the ligand and the
receptor but also by the coregulatory proteins and context of
specific target gene promoters available in any given cell
type. Because steroid antagonists are more effective inhibi-
tors of AF-2 than AF-l, the relative balance between core-
pressors and AF-l selective coactivators, may be more im-
portant than that of corepressors and AF-2 coactivators (Fig.
6). In theory, steroid antagonists can exhibit a broad range
of tissue/cell specific agonist/antagonist activities depen-
dent on the many possible combinatorial interactions be-
tween the conformation of receptor induced by ligand, the
cellular availability of coactivators and corepressors and the
composition of the accessible target gene promoters. Be-
cause of this tissuelcell selective activity of steroid antago-
nists, they have become more appropriately termed selec-
tive steroid receptor modulators; SERMs for ER modulators
and SPRMs for PR modulators (61).

Other Steroidal Antagonists-PR Versus
GR Selectivity

Steroidal antiprogestins are chemically characterized
by substitutions at the 1113 and l7a positions of the steroid
ring system of progesterone (Fig. 3). Although many of
these compounds have high affinity for PR and potency as
PR antagonists, they all exhibit some level of cross-
reactivity with GRs. Since the original discovery of RU486,
much effort has been devoted to modifications of chemical
structures with the goal of generating a compound that is PR
specific. Although an antiprogestin that does not bind to the

GR has yet to be developed, studies with steroidal antipro-
gestins other than RU486 have provided insights into pos-
sible chemical modifications of the steroidal skeleton that
may reduce the affinity for GR while maintaining affinity
for PRo

Onapristone (ZK98299), which contains a 13a-
configured retro steroid, has a lower GR binding affinity
than RU486. However, this compound also has a reduced
affinity for PR as well. Although PR binding was also com-
promised, the chemical structure of ZK98299 emphasized
the importance of the stereochemical structure of the D-ring
of the steroid in receptor binding and selectivity. Com-
pounds Org. 31710 and Org. 31806 also showed reduced
GR binding but unlike ZK98299, maintained RU486 levels
of PR binding. Org. 31710 and Org. 31806 have a 17-
spiroether group combined with a 613-methyl group in the
B-ring at position 6 and 7 respectively (62). Functional
properties of these compounds revealed that small substitu-
ents in the B-ring reduce the affinity for GR. The displace-
ment of the dimethylaminophenyl group by acetophenone
groups, as found in ZK112993, also reduced binding to GR
(63).

One of the most important modifications in the steroid
skeleton of antiprogestins in regards to reducing binding to
GR appears to be substitutions at position C-17. Several
compounds contain this modification. Org. 33628 was the
next generation of compounds in the same series as Org.
31710 and Org. 31806 and contains an acetophenone group
at C-ll and a methylene-furan substitution at C-17. These
substitutions not only result in a 25-fold lower binding to

Figure 6. Cell-specific factors that determine activity of PR in response to various ligands. PG agonist or antagonist (~) bind PR and drives
receptor to bind to promoters upstream of progesterone responsive target gene. The transcriptional activity of the receptor-ligand complex is
determined by several cell-specific factors. These include cellular'avallablllty of coactivators and corepressors and PR affinity for coactivators
(SRC/p160 and CBP/p300) or corepressors (such as NCoR or SMRT and associated HDACs) that are determined by the specific Iigand-
induced conformation of the receptor. Additionally the nature at target gene promoters accessible to PR plays an important role. Shown is a
consensus HRE; refer to Figure 4 for other types of elements
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GR as compared with RU486 but also a 2-fold higher af-
finity for PR than RU486 (63). The more recently described
ZK230211 has a 17a-pentafluorethyl side chain at position
C-17. When antiglucocorticoid activity was assessed in vivo
by the ability to reverse thymus involution induced by glu-
cocorticoids, ZK230211 was found to have a markedly re-
duced antiglucocorticoid activity compared to RU486 (64).

Studies by Wagner et at. (65) have suggested an alter-
native mechanistic approach for development of PR selec-
tive antagonists with no GR antagonist activity that does not
rely on widely different affinities of ligands for GR and PRo
The compounds RTI-012 and RTI-022 have similar binding
affinities for PR and GR; however, they act as "active an-
tagonists" of PR and "competitive antagonists" of GR. Both
compounds fail to promote GR translocation and binding to
DNA, whereas they promote efficient interaction of PR with
the target DNA. Because much smaller concentrations of
"active antagonists" than "competitive antagonists" can be
used to effectively inhibit steroid receptor activity, the au-
thors show that at low concentrations of RTI-012 or RTI-
022, a complete functional separation of PR and GR an-
tagonism could be achieved. Thus, the mechanism-based
approach to develop dissociated antiprogestins appears to be
a new and powerful tool in developing antagonists that are
functionally selective for PRo Together with traditional di-
rect binding approaches, it may soon be possible to develop
antiprogestins that are specific for PR with minimal activity
on GR.

Nonsteroidal Antagonists
Currently available antiprogestins all share a common

steroidal skeleton derived from a 19-nor-testosterone back-
bone. These compounds all exhibit some degree of cross-
reactivity with other steroid hormone receptors with poten-
tial for undesirable side effects in vivo. To search for potent
antiprogestins with reduced cross-reactivity with GR and
resultant endocrine side effects, considerable efforts have
been made to discover structurally novel modulators of PRo

Functional high through-put co-transfection assays
have been used to screen natural products that modulate PR
activity. A crude extract of the marine alga Cymopolia bar-
bata was found that inhibits progesterone-stimulated re-
porter gene expression in cells transfected with hPR and an
appropriate reporter gene construct (66). Purification of the
active constituents of the extract yielded the antagonist
(3R)-cyclocymopol monomethyl ether (LG100127) (66,
67). LG I00127 was found to block expression of a proges-
tin target gene, alkaline phosphatase, in the human breast
cancer cell line T47D and was also able to displace eH]
progesterone from binding to hPR. However, cross-
reactivity with other steroid receptors limited the usefulness
of LG10027. Although it did not interact with hGR and
hER, the compound showed reactivity with hAR.

Because the functional cell co-transfection assay was
used successfully to identify the LG100127 compound, it
was also used to screen a defined chemical library. resulting

in the identification of I, 2-dihydro-2,2,4-trimethyl-6-
phenylquinoline pharmacophore (LGOOI447) (68). Investi-
gations into the structure-activity relationships (SAR) of the
LG001447 pharmacophore using a series of 6-aryl-l,2 di-
hydro-2,2,4-tri-methylquinolines identified two compounds
LG120753 and LG120830 which were not only able to
block the effects of progesterone in vitro, but also function
as antiprogestins in vivo after oral administration to rodents
(68). In addition, these compounds had potencies compa-
rable or equal to Onapristone (ZK98299). However, these
compounds displayed limited cross-reactivity with hGR and
hAR (68). Further SAR analysis of the 6-phenyl 1,2-
dihydroquinoline analogues has been performed and yielded
6-thiophene 1,2-dihydroquinoline analogues (69). Although
these compounds behaved as good antiprogestins, they also
displayed antagonist activity for AR and GR.

Tetrahydropyridazines are another class of nonsteroidal
compounds that have shown antiprogestin activity. Discov-
ered in a random screening program in which compounds
were evaluated for the ability to compete with radiolabeled
R5020 for cytosolic PR obtained from rabbit uterus, the
tetrahydropyridazines emerged as novel compounds that
demonstrated only modest binding affinities to PR but
showed no affinity for AR, ER, and GR at concentrations of
up to 10 J.LM (70, 71). Because the tetrahydropyridazines
showed highly selective binding for PR, they were evalu-
ated for agonist and antagonist activity in T47D cell-based
gene transcription assays and for activity on PR-DNA bind-
ing. Many of the tetrahydropyridazines had agonist activity
whereas only a few were shown to have mixed agonistJ
antagonist activity in the T47D cell proliferation assay. Of
the few compounds with antagonist activity in vitro, only
one compound, RWJ26329, behaved as an antagonist in
vivo. RWJ26329 was able to inhibit progesterone-
stimulated uterine transformation of the estrogen-primed
rabbit uterus (71). Mechanistically, little is known of how
RWJ26329 functions as an antagonist. DNA binding studies
with tetrahydropyridazine compounds that behave as PR
agonists suggest that these compounds may not induce the
optimal conformation of the PR required for dimerization
and subsequent binding to DNA. This data is consistent with
the fact that although tetrahydropyridazines are highly se-
lective for PR, they show reduced potency relative to ste-
roidal progestins in all PR-dependent functional assays
tested.

A random screening of a defined chemical library has
identified derivatives of PF1092C, «4aR,5R,6R,7S)-6,7 di-
hydroxy-4a,5,6,7-tetrahydro-3,4a,5-trimethylnaphtho [2,3-
b]furan-2(4H)-one) with antiprogestin activity. Initially dis-
covered as fungal metabolites, two compounds CP8400 and
CP8401, have good to moderate affinity for hPR by in vitro
binding assays and behaved as antagonists in an alkaline
phosphate expression assay in T47D cells (72). Importantly,
these derivatives of PFI092C possess selective affinity for
hPR; with little to no affinity for rat AR, hGR and hER.

Analogs of the antiandrogen, flutamide, have been in-
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vestigated for antiprogestin activity based on the observa-
tion that certain synthetic steroids (e.g., cyproterone acetate)
have dual progestin/antiandrogenic properties (73). The
nonsteroidal antiandrogen hydroxyflutamide was therefore
considered as a starting point for medicinal chemistry aimed
at antiprogestin activity. Various chemical modifications of
flutamide (haloalkyl, aryl, haloalkyl/arylalkyl) were made
that resulted in increased antiprogestin activity as assessed
by abortifacient activity during early pregnancy in pigtailed
monkeys (74). However, these compounds consistently ex-
hibited varying degrees of androgen and antiandrogen ac-
tivity. Hopefully, continuous efforts to establish structure-
activity relationships for non-steroidal compounds will lead
to identification of potent PR antagonists with minimal
cross reactivity with OR and AR.

Summary
PO antagonists repress the biological actions of proges-

terone by "actively" inhibiting PR activation. PR bound to
antagonist can inhibit PR bound to agonist in trans through
heterodimerization and competition for DNA binding. Once
bound to target gene promoters, the PR antagonist complex
can recruit corepressors and actively repress gene transcrip-
tion. Cellular specific factors are also an important deter-
minant of the activity of PR analogs. The agonist/antagonist
activity of compounds like RU486 is thought to be a reflec-
tion of the balance between expression and availability of
coactivators and corepressors and the context of specific
target promoters available in any given cell type. The cur-
rently available PO antagonists have provided insights into
the mechanism of action of PR and suggest that it may be
possible to develop tissue/cell specific modulators of PR
with minimal cross-reaction with OR and other steroid hor-
mone receptors.
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