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Progesterone receptor modulators (PRMs) play an important role in women'’s health. They are widely
used in oral contraception or hormone therapy, and provide an attractive treatment approach for gyne-
cological disorders such as uterine leiomyomas, endometriosis or breast cancer. Due to the broad range
of activities, various studies were conducted to assess progesterone receptor antagonists (PAs) and selec-
tive progesterone receptor modulators (SPRMs) with respect to progesterone receptor (PR) agonistic and
antagonistic activities in vivo. These properties are not always adequately reflected in classical in vitro

f’(gy:r/ﬁggnist models, especially differences in the agonistic potential of SPRMs, such as asoprisnil, J1042, and J912, and
SPRM mixed antagonists, such as mifepristone, are not sufficiently substantiated. The effects of PRMs upon gene
Coactivator expression in progesterone target tissues such as breast epithelium and uterus are poorly understood.
Affymetrix GeneChip This study compares the properties of PR ligands using mammalian two-hybrid assays and gene expres-
Marker sion profiling. The protein-protein interaction analyses in HeLa cells provide for specific ligand-induced

PR conformations, whereas Affymetrix GeneChip HG-U133Plus2.0 analyses in T47D breast cancer cells
indicate the transcriptional activity on the level of target genes. The analyses comprise the pure agonist
R5020, the non-steroidal PR modulator PRA-910, SPRMs (J1042, asoprisnil, J912), the mixed antagonist
mifepristone, classical antagonists (onapristone, ZK 137316) and the pure antagonist lonaprisan to con-
sider all types of ligands described before. Marginal differences were identified in coactivator interaction
profiles at all, but significant differences between SPRMs and PR antagonists (PAs) were observed in
recruiting the LXXLL-motif containing peptide (LX-H10), very similar to in vivo activities in endometrial
transformation in the rabbit (McPhail test). Global gene expression profiles demonstrated progesterone-
independent effects for all PR modulators examined and emphasised similarities of asoprisnil and J1042
compared to J912 and all types of PR antagonists. In summary, the data support the popular concept
of PR modulator classification in agonists, selective progesterone receptor modulators, mixed and pure
antagonists. It further refines previous classification models and accentuates unique effects for each PR

modulator.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Progesterone is a key regulator of normal female reproductive
functions, such as ovulation, uterine and mammary gland develop-

Abbreviations: FBS, fetal bovine serum; FC, fold change; GO, gene ontology;
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ment, decidualisation, implantation and maintenance of pregnancy
[1,2]. The diverse effects of progesterone on the female repro-
ductive target tissues are mediated by the progesterone receptor
(PR), a member of the nuclear receptor (NR) family of ligand-
dependent transcription factors [3,4]. Human PR is expressed from
a single gene as two proteins, PR-A and PR-B [5], with distinct func-
tional activities in vitro and in vivo [6,7]. Both isoforms directly
bind to DNA at progesterone response elements (PRE) and recruit
coregulators which enhance or repress transcription via interac-
tion with the general transcription apparatus [8-11]. A number of
coactivators, including the p160 family, have been described to be
important for PR activity. Many of these proteins contain a sig-
nature LXXLL motif (NR box), which is necessary and sufficient
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to permit PR interaction [12]. Hydrophobic binding pockets for
cofactors are induced by ligands which create a conformational
change in the PR [13], thus modulating transcriptional activ-
ity.

Clinically, the PR is an important therapeutic target. Many lig-
ands have been synthesised ranging from pure agonists (e.g. the
synthetic progesterone-analogue R5020), which mimic proges-
terone effects, to pure antagonists (e.g. lonaprisan (ZK 230211)),
which completely reverse progesterone effects. Currently, all PR
modulators (PRMs) used clinically are steroids, although novel non-
steroidal compounds with distinct biological properties have been
generated in recent years [14,15].

Synthetic PR ligands are widely used for oral contraception and
menopausal hormone replacement therapy (HRT) [16-18]. In par-
ticular, PR antagonists and SPRMs have been demonstrated to be
efficacious in the treatment of breast cancer [19,20] and gynecologi-
cal disorders such as endometriosis [21,22] and uterine leiomyomas
[23,24].

The term SPRM is designated to compounds with mixed agonis-
tic/antagonistic properties depending on the specific tissue type.
The molecular mechanism of SPRM-induced gene regulation is
poorly characterised. The most conclusive evidence for a par-
tial agonistic activity of SPRMs, such as J1042, asoprisnil or J912,
comes from studies in the McPhail test. This test assesses the
endometrial proliferation and transformation in immature rabbits.
In contrast to PR antagonists such as mifepristone or onapristone,
which behave as pure antagonists in this assay, SPRMs display
partial agonistic properties [25,26]. Other in vivo models, such
as compound treatment induced alterations of uterine and vagi-
nal morphology in guinea pigs, show a mosaic of progesterone
agonist and antagonist effects for SPRMs [26-28]. Paradoxically,
the guinea pig as a very sensitive in vivo model for residual
progestagenic activity shows partial agonism for the antagonist
mifepristone, too [26]. Recent studies further reveal partial agonism
of mifepristone in ovariectomised mice and lead to its designa-
tion as a mixed antagonist [29]. This heterogeneity with respect
to the ratio of PR agonistic to PR antagonistic activity in vivo,
which is observed for SPRMs, and partially also for mifepristone,
is difficult to reconcile with in vitro data. However, it suggests a
distinction between SPRMs, mixed antagonists such as mifepris-
tone and pure antagonists such as lonaprisan. Several years ago
[25,30], PR ligands were classified based on in vitro activities such
as DNA binding, transactivating activity and behavior in the pres-
ence of protein kinase A activators (cCAMP). A more profound and
specific characterisation of each type of ligand is highly desir-
able.

In order to elucidate PR modulators mode of action on the
one hand, and to refine previous classification systems on the
other hand, firstly, a coactivator interaction study was performed
to provide for specific ligand-induced PR conformations. Secondly,
a global gene expression analysis using Affymetrix GeneChip HG-
U133Plus2.0 arrays was conducted to compare individual ligand
effects on trancription. The analyses include the pure PR ago-
nist R5020, the non-steroidal PR modulator PRA-910, designated
SPRMs (J1042, asoprisnil and J912), the mixed antagonist mifepri-
stone, classical antagonists (onapristone, ZK 137316) and the pure
antagonist lonaprisan (ZK 230211) in order to consider representa-
tive members of all ligand classes described before. We observed
distinctinteraction profiles of SPRMs and antagonists for the LXXLL-
motif containing peptide (LX-H10) and fundamental differences
in the gene expression profiles of T47D cells after treatment.
Furthermore, candidate marker genes for SPRMs were identified
and confirmed by quantitative real-time PCR. The data support
and refine previous classifications and suggest it may be possible
to distinguish PR ligands based on unique gene expression pro-
files.

2. Materials and methods
2.1. Cell culture

The human breast carcinoma cell line T47D was obtained from
the American Type Culture Collection (ATCC; LGC Promochem,
Wesel, Germany). The cells were maintained in phenol red-free
RPMI 1640 (PAA Laboratories, Célbe, Germany) supplemented
with 10% FBS and 100 U/ml penicillin, 0.1 mg/ml streptomycin and
4 mmol/L L-glutamine (all from Invitrogen, Karlsruhe, Germany).
The human steroid receptor-free neuroblastoma SK-NM-C cell lines
stably transfected with the human PR-A or PR-B and the mam-
malian mammary tumor virus promoter linked to the LUC reporter
gene, resulting in clone C23.43 and VIII-1.1, were generated in the
lab of U. Fuhrmann (Bayer Schering Pharma AG, Berlin, Germany)
[31,32]. Cells were maintained in minimum essential medium
(MEM; Invitrogen, Karlsruhe, Germany) supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin, 4mM L-glutamine, 0.1 mM non-essential amino acids and
1 mM sodium pyruvate (PAA Laboratories). The human cervix car-
cinoma cell line HeLa was obtained from the German Resource
Centre for Biological Material (DSMZ, Braunschweig, Germany).
The cells were maintained in phenol red-free Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Invitrogen) supplemented with 10%
FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Fetal bovine
serum (FBS) was purchased from BioWhittaker, Inc. (Walkersville,
MD, USA). All cell lines were cultured at 37 °C with 5% CO5.

2.2. Treatments for gene expression analysis

T47D cells (1,000,000 per dish) were seeded onto 60 cm? dishes
in 10% FBS containing phenol red-free RPMI 1640 and were allowed
to attach for 24h. Cells were then washed twice with PBS and
medium was changed to phenol red-free RPMI 1640 containing 5%
charcoal-stripped FBS. After hormonal starvation for 20 h, equipo-
tent concentrations of PR modulator (10 nM, except PRA-910 in a
concentration of 100 nM) or vehicle (0.1% DMSO) was added for 8 h.
PR antagonists (lonaprisan (ZK 230211), ZK 137316, onapristone,
mifepristone (RU486)) and SPRMs (J912, mesoprogestin (J1042),
asoprisnil (J867)) as well as standard agonist promegestone (R5020)
and non-steroidal PR modulator PRA-910 were synthesised by the
Department of Medicinal Chemistry at Bayer Schering Pharma
Research (Berlin, Germany).

2.3. Transactivation assay

SK-NM-C VIII-1.1 cells (10,000 per well) were seeded onto 96-
well dishes in MEM containing 5% charcoal-stripped FBS. After 48 h
PR ligands were added and incubation was continued for 24 h. To
determine agonistic activity, cells were cultured in the presence of
increasing concentrations (10~1! to 10~6 M) of R5020, PRA-910, PR
antagonists (lonaprisan, ZK 137316, onapristone, mifepristone) and
SPRMs (J912, J1042, asoprisnil). As a negative control for reporter
gene induction, cells were cultured in medium containing vehi-
cle (0.1% DMSO). To determine antagonistic activity, cells were
treated with increasing concentrations of PR modulator in com-
bination with 100 pM R5020. Medium was removed and 160 .l of
luminescence reporter gene assay system Steadylite HTS (Perkin
Elmer, Inc., Waltham, MA, USA) was added to each well. Plates
were incubated for 15min at room temperature to ensure com-
plete cell lysis and luciferase reaction, and were read in a TopCount
NXT (Perkin Elmer, Inc.). LUC expression was given as a normalised
response value relative to the maximal LUC expression produced
by the reference agonist R5020. Data were analysed to obtain the
maximum efficacy, ECs5g and ICsq values using Sigma Plot 8.0 soft-
ware.
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2.4. Mammalian two-hybrid assay

HelLa cells (10,000 per well) were seeded onto 96-well dishes in
phenol red-free DMEM containing 5% charcoal-stripped FBS. After
24 h cells were transfected with FUGENE 6 following the manufac-
turer’s specifications (Roche, Mannheim, Germany). Transfection
mix (10 wl) containing 4ng pCMV-GAL4/cofactor, 2ng pCMX-
VP16/PR or pCMV-NFkB/PR and 75 ng pFR-luc expression plasmid
(Stratagene; LaJolla, CA, USA) in threefold volume of FuGene 6 filled
up with OptiMEM (Invitrogen, Karlsruhe, Germany) was added to
the medium and cells were permitted to recover overnight. Medium
was removed and cells were treated with R5020, PRA-910, PR
antagonists (lonaprisan, ZK 137316, onapristone, mifepristone) and
SPRMs (J912, J1042, asoprisnil) in increasing concentrations (1012
to 10-7 M) for 24 h. Cells were then subjected to the transactiva-
tion assays procedure to obtain luciferase expression as described
in Section 2.3.

2.5. Affymetrix GeneChip® expression profiling experiments

Total RNA of T47D cells was isolated with the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s rec-
ommendations. A DNase I (Qiagen) digestion step was included to
eliminate genomic DNA. The quality of the total RNA was checked
for integrity with RNA LabChips on the Agilent Bioanalyzer 2100
(Agilent Technologies, Inc., USA) and for concentration on the
Peqglab NanoDrop (Peqlab Biotechnology, Erlangen, Germany). Total
RNAin an amount of 2 ug was used to prepare biotinylated and frag-
mented cRNA following the instruction of the Affymetrix One-Cycle
Target Labeling protocol and individual samples were hybridised
on the Affymetrix GeneChip HG-U133Plus2.0 arrays. Chips were
scanned using a GeneChip Scanner 3000 7G, and scanned images
were extracted using the Affymetrix GCOS Software. In total, N=55
arrays were performed, as n=5 biological replicates for all treat-
ments and n=10 biological replicates for DMSO controls were
applied to Affymetrix GeneChip hybridisation and analyses. Expres-
sion analyses were performed using the Expressionist Pro 4.0
software (Genedata AG, Basel, CH). The quality of the data files (CEL
format) containing probe level expression data were analysed with
the Expressionist Refiner software. Subsequently, refined CEL files
were condensed with MAS5.0 and LOWESS normalised using all
experiments as reference.

2.5.1. Unsupervised analysis

Principle Component Analysis (PCA) showing the relationships
between individual samples was performed using the Expressionist
Analyst Pro 4.0 software.

2.5.2. Supervised analysis

The gene expression data were subjected to pairwise compar-
isons using the Expressionist Analyst Pro 4.0 software (Genedata
AG, Basel, CH). Statistical analyses included pairwise comparisons
between control samples treated with vehicle (0.1% DMSO) and
compound treated samples. Probe sets were regarded to be reg-
ulated if they were outside of the triangular region in the Volcano
plot (a plot of fold change (FC) versus t-test p-value) with the cor-
ner values of an fold change of five or higher and a t-test p-value
analogous to ST Q-value <0.01.

2.6. TagMan® quantitative RT-PCR assays

Total RNA from T47D cells was prepared using QIAshredder and
RNeasy Mini Kit (Qiagen). Double-stranded cDNA was synthesised
from 5 g total RNA using SuperScript Il First-Strand Synthesis Sys-
tem (Invitrogen). The expression levels of selected SPRM-regulated
genes (FC>2) were analysed using TagMan® Gene Expression

Assays from Applied Biosystems (#Hs00827141_g1 (AMIGO2,
NM_181847.3), #Hs01651960.m1 (DEFB32, NM_207469.1),
#Hs00173681_.m1 (GPRC5A, NM_003979.3), #Hs00158421_m1
(KCNJ3, NM_002239.2), #Hs00174969_.m1 (PTHLH, NM_198964.1),
#Hs00232313_.m1 (ZBTB16, NM_001018011.1); Foster City, CA,
USA). Gene-specific primers and probes were used with Platinum
qPCR SuperMix-UDG (Invitrogen) and were incubated at 50°C
for 2 min followed by 10 min at 95°C, and then 40 cycles of PCR
as follows: 95°C for 155, then 60°C for 1 min in an ABI PRISM
7000 Sequence Detection System (Applied Biosystems). Data
were analysed using the Sequence Detector Version 2.0 software
(Applied Biosystems) and normalised to the cycle threshold (CT)
value of the housekeeping gene Cyclophilin A (TagMan® Gene
Expression Assay from Applied Biosystems, #Hs99999904_m1
(PPIA, NM_021130.3)) using the A ACT-method. Fold changes were
determined by pairwise comparison of treatment versus vehicle.

3. Results
3.1. Antagonistic activity in a cellular transactivation assay

In general, the agonistic and antagonistic activity of synthetic PR
modulators can be characterised by cellular transactivation assays.
SK-NM-C cells stably expressing the full-length PR-isoform B and a
luciferase reporter gene driven by the mammalian mammary tumor
(MMTV) promoter were used for this analysis. The ligand-induced
PR transactivation was tested for the selected groups of PR antag-
onists and modulators, including the non-steroidal ligand PRA-910
[33-35], the previous described selective progesterone receptor
modulators (J1042, asoprisnil, J912), which exhibit tissue selec-
tive agonistic activity in vivo in some experimental settings [26],
the mixed antagonist mifepristone, that exerts agonistic potential
with respect to specific cellular cues [29], classical antagonists (ZK
137316, onapristone) and the pure antagonist lonaprisan. Cells were
treated with increasing concentrations of the PR ligand alone for
agonistic profiles or in the presence of 100 pM R5020 for antagonis-
tic profiles. All activities were calculated relative to standard agonist
R5020 or standard antagonist mifepristone, respectively. No differ-
ences in transactivating activity between pure antagonists, mixed
antagonists and designated SPRMs were observed. Neither mifepri-
stone, ZK 137316, onapristone, lonaprisan (Fig. 1A, C; Table 3), nor
J1042, asoprisnil, and J912 (Fig. 1B, D; Table 3) exhibited any ago-
nistic activity, but full antagonistic effects in this type of assay.
The SPRMs displayed antagonistic potency comparable to mifepri-
stone. However, PR antagonists differed in potency and lonaprisan
was demonstrated to be the most potent antagonist. In contrast,
PRA-910 displayed reduced antagonistic efficacy (62%) and partial
agonistic effects (52% efficacy, Table 3). The potency of PRA-910 was
markedly lower compared to the standards mifepristone or R5020,
respectively (Fig. 1A, C).

3.2. Different interaction profiles with the LXXLL-motif of
coactivators

Activation or inhibition of progesterone receptor action is a
consequence of PR modulator-induced alterations in the receptor
conformation. Conformational changes are responsible for the for-
mation of a receptor surface with binding pockets and thus affect
the ability of the PR to interact with the DNA, but also with coac-
tivators and corepressors. Using a mammalian two-hybrid assay
system, the interaction properties of full-length PR isoforms and
an assortment of cofactors were analysed for selected PR modula-
tors. In this system, plasmids expressing the full-length human PR
fused to the strong transactivation domain of NFkB in pCMV-AD or
the strong transactivation domain of VP16 in pCMX, respectively,
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Fig. 1. Similar transcriptional activity of PR antagonists and SPRMs in transactivation assays in SK-NM-C VIII-1.1 cells. (A and B) Agonistic activity of ligand-bound PR-B. Cells
were treated for 24 h with vehicle or increasing concentrations (10~'2 to 10-7 M) of PR modulator. (C and D) Antagonistic activity of ligand-bound PR-B. Cells were treated for
24 h with 100 pM R5020 in combination with increasing concentrations (10~'2 to 10-7 M) of PR modulator. Results are triplicates of three independent experiments.

were used in combination with plasmids expressing the respective
cofactor fused to the GAL4-DNA binding domain in pCMV-BD. The
ability of the PR/NFkB or PR/VP16 fusion to activate transcription
from a GAL4-responsive reporter plasmid (pFR-Luc) was utilised as
a readout for the interaction between PR and the cofactor. Analysis
of human cell lines with low or no endogenous expression of pro-
gesterone receptor isoforms A and B (HeLa, SK-NM-C, PC-3, MCF-7,
HEK-293 cells) identified HeLa cells as the cell line with the lowest
expression level of selected coactivators and corepressors on both
mRNA and protein level. Furthermore, HeLa cells were identified
to have low basal GAL4-mediated transcriptional activity (data not
shown).

Tested cofactors included members of the p160 family of steroid
receptor coactivators (SRC-1, SRC-2 and SRC-3) [36-38] in full-
length and truncated forms (ligand binding domain). In a phage
peptide library of (X);LxxLL(X); peptides differing in sequences
flanking the LXxLL core motif of coactivators which is critical for
nuclear receptor interaction, the LX-H10 peptide was identified to
be useful in determining receptor selectivity [9,39]. Therefore, PR
interaction with the LX-H10 peptide was analysed to investigate
PR isoform-specific recruitments. The corepressors NCoR (nuclear
receptor corepressor) and SMRT (silencing mediator for retinoic
acid and thyroid hormone receptors) were used in truncated form
(interaction domains) [40].

For all types of ligands interactions of PR isoforms A and
B with coactivators and corepressors were observed (data not
shown). These interactions were not significantly different for des-
ignated SPRMs (J1042, asoprisnil, ]912) and all types of antagonists
(mifepristone, lonaprisan, ZK 137316, onapristone), except for LX-
H10 peptide interaction. Antagonist-bound PR-B did not exhibit any
recruitment of LX-H10 peptide (Fig. 2A; Table 3), in contrast, SPRM-
bound PR did (Fig. 2B; Table 3). The maximum efficacy of LX-H10

peptide interaction observed for asoprisnil- as well as J1042-bound
PR-B was about 100% and similar to agonist R5020, whereas J912-
induced recruitment of LX-H10 was significantly lower (14%). Thus,
in the mammalian two-hybrid in vitro assay, asoprisnil and J1042
differed from PR antagonists and J912. Secondary, the potency of
recruiting activity was stronger for R5020- than for SPRM-bound
PR. An isoform-specific recruitment of LX-H10 as reported by Gian-
grande et al. [9] was not observed.

3.3. Gene expression profiles

In order to assess whether the reported differences in in vivo
activities and the divergent effects on PR-LX-H10 peptide interac-
tion directly reflect on the gene expression profiles of PR modu-
lators, RNA isolated from T47D cells treated with the different PR
ligands was hybridised onto Affymetrix GeneChip HG-U133Plus2.0
arrays. The study was performed in the progesterone-responsive
human mammary T47D cell line. T47D cells express high levels of
functional PR-B and -A under basal conditions which allows analysis
of progestin action in the absence of estradiol. Furthermore, refer-
ence studies of other global PR ligand expression profiling studies
in T47D cells have been published [41-44] and offered a thorough
basis for the experimental design. Thereby, the selected time point
of 8 h of treatment was determined from previous experiments to
provide for consistently high gene expression of known PR target
genes. Cells were treated with concentrations of PR ligand leading
to full efficacy in transactivation assays (10 nM, except for the non-
steroidal PR modulator PRA-910 (100 nM); see Fig. 1). The initial
simultaneous assessment of the gene expression values in treated
cells (see Section 2.5) revealed uniform overall expression of tran-
scripts, indicating expression profiles which were consistent with
established standards for gene expression analyses.
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Fig. 2. Dissociated effects of SPRMs and PR antagonists for the induced PR-B interaction with the LXXLL-motif bearing LX-H10 peptide in a mammalian two-hybrid assay
system in HelLa cells. Transiently transfected cells were treated for 24 h with vehicle or increasing concentrations (10~'2 to 10-7 M) of PR antagonist (A) or SPRM (B). Results

are triplicates of three independent experiments.

3.4. Supervised and unsupervised analyses

The principle component analysis (PCA) revealed that samples
clustered according to treatment and that the different treatment
groups were separated from each other (Fig. 3A, B). PCA depicts the
variance in gene expression profiles between samples. On the three-
dimensional graphic, the distance between two plotted spheres is
inversely proportional to the degree of similarity between the gene
expression profiles of these two groups, using all probe sets on the
Affymetrix GeneChip HG-U133Plus2.0 array. Firstly, all vehicle con-
trols (n=10) and all treatment samples (each n=5) formed distinct
cluster. The largest variance between samples from different treat-
ments was observed for R5020 and vehicle control, the smallest
variance for antagonists and vehicle control (Fig. 3A). PR modula-
tor PRA-910 samples were most similar to R5020, but had a lower
variance to vehicle control samples. Samples from J1042 and aso-
prisnil treatment were observed to cluster collectively in a fourth
group, slightly apart from all types of PR antagonists. Interestingly,
]912 plotted much closer to antagonists than to J1042 and asoprisnil
samples. In another angular field, a separation with low, but signifi-
cant variance was also observed between J912, mixed, classical and
pure antagonist samples (Fig. 3B).

Hierarchical clustering analysis was conducted using gene
expression data of replicate treatment samples based on pairwise
comparisons (treatment versus vehicle) which resulted in a com-
bined list of 199 probe sets, which are significantly regulated by all
types of antagonists, J]912, asoprisnil and J1042 (fold change >2 and
t-test p-value analogous to ST Q-value <0.01). In cluster areas III, IV

and VI, R5020 and PRA-910 samples segregate from antagonists and
SPRMs according to trend and intensity of gene regulation (Fig. 4).
Partially, J1042 and asoprisnil treated samples cluster with R5020
and PRA-910 samples as indicated by areas Il and V, confirming our
previously reported observation of separation from antagonists in
PCA (Fig. 3A). J912 treated samples were observed to cluster with
antagonists predominantly and therefore, segregate from J1042 and
asoprisnil. Nearly similar effects for all types of ligands were found
in cluster areas I, VII and VIII, except onapristone acting as a very
particular PR ligand.

3.5. Individual expression profiles

To specify the progesterone-independent effects of PR modu-
lators as seen in the PCA, pairwise comparisons (vehicle versus
treatment) were conducted. A total of 1981 significantly regulated
genes was identified for R5020. In Table 1, the PR modulator-
induced expression profiles were organised by similarity to R5020,
based on the variance in the PCA (Fig. 3A). The entire number of
significantly regulated genes in absence of progesterone is pre-
sented in the diagonal. Genes identified in two corresponding sets
(column/row) were shown in the upper right. For example, eleven
mifepristone-regulated genes were also regulated in J912-treated
cells. Genes exclusively identified in one of the two sets (col-
umn/row) are shown in the lower left. The highest similarity was
identified for genes regulated by J1042 and asoprisnil (54% overlap)
and for genes regulated by the pure antagonist lonaprisan and the
classical antagonist ZK 137316 (77% overlap). In general, all SPRMs
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W Lonaprisan [S]
Onapristone [5]
2K137316 [5]
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Fig. 3. Principle Component Analysis (PCA) of T47D cells after PR ligand treatment uncovering relationships between individual samples. Samples are coloured according to
PR ligand treatment and the number of biological replicates is given in brackets. Each plotted sphere represents the expression profile of an individual sample based on the
projection of the data on the first three principal components, accounting for most of the variability in the data (labeled axes). The PCA is shown for two different angular

fields (A, B; 90°-rotation on component 2).
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Fig. 4. Hierarchical clustering analysis of probe sets significantly regulated by PR
antagonists and SPRMs. Fold change >2 and t-test p-value analogous to ST Q-value
<0.01. Red: up-regulated versus vehicle control; green: down-regulated versus vehi-
cle control.

and all antagonists displayed an overlap in regulated genes except
for onapristone. The transcriptional effect of onapristone was mini-
mal whereas other PR antagonists, J1042, asoprisnil and J912 clearly
exhibited progesterone-independent effects on gene expression in
T47D cells (Table 1).

The PR antagonists lonaprisan and ZK 137316 as well as J912
predominantly down-regulated gene expression (>80% of regulated
genes). Mifepristone and asoprisnil tended to result in a down-
regulation of genes (~60% of regulated genes). In contrast, more
than 58% of regulated genes were up-regulated after treatment with
J1042, PRA-910 and R5020.

3.6. SPRM regulated gene transcripts

J1042 and asoprisnil showed very similar profiles in previous
analyses. In addition, the Venn intersection analysis identified 29
unique probe sets significantly changed in expression by asoprisnil
and J1042, but not by J912, mixed antagonist mifepristone, classi-
cal antagonists ZK 137316 and onapristone or the pure antagonist
lonaprisan (Table 2). Gene ontology (GO) assessment and sorting
of differentially expressed genes into similar functional categories
indicated that the products of these genes are mainly involved
in signal transduction and membrane effects, transcriptional and
nucleic acid processing activities, but also hormone activities,
cell cycle control, metabolic processes and defense response. For
one of the genes, C80rf13, the role in biological processes is still
unknown.

3.7. Real-time PCR validation of asoprisnil- and J1042-regulated
gene transcripts

Four up-regulated and two down-regulated genes were selected
for confirmation of differential expression by using quantitative
real-time PCR as an independent method. The genes chosen for
validation were member 3 of subfamily ] of potassium inwardly-
rectifying channels (KCNJ3), member A of group 5 of family C of G
protein-coupled receptors (GPRC5A), the adhesion molecule with
immunoglobulin (Ig)-like domain 2 (AMIGO2), the parathyroid
hormone-like hormone (PTHLH), the zinc finger and BTB domain
containing protein 16 (ZBTB16) and defensin beta 32 (DEFB32).
Therefore, expressed genes represent factors in different biological
processes such as ion flux, membrane-bound receptor signaling,
cell adhesion, hormone activity and transcription. Induction of
KCN]J3- and GPRC5A-transcripts as well as repression of AMIGO2-
transcripts were specific for J1042 and asoprisnil, as well as J]912
(Fig. 5A-C); the latter was not apparent from global gene expres-
sion profiling (Table 2). Neither mixed nor pure antagonists affected
transcription of these genes with statistical significance as expected
from microarray analysis. In particular, the increase in KCNJ3 mRNA
expression was exclusive for the SPRMs J1042, asoprisnil and J912.
Besides the regulation of GPRC5A- and AMIGO2-transcript levels,
R5020 and PRA-910 influenced the transcription of PTHLH, ZBTB16
and DEFB32 (Fig. 5D-F). Additionally, gene expression of AMIGO2
and ZBTB16 was shown to be regulated by R5020 and PRA-910
even stronger than by SPRMs. The effects of J]912 on ZBTB16-, and
also DEFB32- and PTHLH-transcript levels were minimal or absent.
Therefore, ]912 corresponded to PR antagonists with regard to the
regulation of PTHLH, DEFB32 and ZBTB16, but to asoprisnil and
J1042 with regard to the regulation of KCNJ3, GPRC5A and AMIGO2.

In addition, the antagonistic effects of asoprisnil, J1042, the
mixed antagonist mifepristone and the pure antagonist lonaprisan
were analysed. In combined treatments, R5020 was used in a con-
centration which was shown to evoke half maximal transactivation
efficacy (ECsg =100 pM) to enable sustained counter-regulation by
the respective PR modulator. The SPRMs generally dominated the
effects of agonists when applicated concomitantly. Similar effects
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Table 1

PR modulator-regulated probe sets assessed by Affymetrix GeneChip analysis in T47D cells.

DMSO vs. R5020 PRA-910 Asoprisnil Jj1042 Jo912 Mifepristone Onapristone ZK 137316 Lonaprisan
R5020 1981 593 62 53 20 12 1 34 44
PRA-910 1388/52 645 37 37 7 4 1 18 27
Asoprisnil 1919/18 608/43 80 38 14 9 0 17 21
J1042 1928/17 608/33 42/32 70 6 8 0 7 11
Jo12 1961/10 638/23 66/16 64/24 30 11 0 23 23
Mifepristone 1969/13 641/21 71/16 62/17 19/14 25 0 16 15
Onapristone 1979/2 644/2 80/3 70/3 30/3 25/3 3 0 0
ZK 137316 1947/28 627/44 63/45 63/55 7/39 9/46 3/62 62 48
Lonaprisan 1937/45 618/62 59/68 59/78 7/66 10/71 3/89 14/41 89

Cells were treated with vehicle or 10 nM of PR ligand, except PRA-910 in a concentration of 100 nM, for 8 h. Entire number of significant regulated genes was shown in the
diagonal (e.g. 30 genes regulated by J912). Genes found in both corresponding sets of column and row were shown in the upper right (e.g. 11 genes of ]912-regulated genes
were also observed in mifepristone-treated cells). Genes exclusively found in one of the two sets (column/row) were shown in the lower left (e.g. 19 genes of J]912-regulated
genes were not identified in mifepristone-treated cells, 14 genes of mifepristone-regulated genes were not observed in J912-treated cells). Cells were analysed in quintuplicate
(for vehicle control 10-fold), time-separated experiments. Statistical significance was assessed by pairwise comparisons of treatment versus vehicle (FC>2, Volcano: FC>5

and p-value analogous to ST Q<0.01 from t-test).

were obtained for PR antagonists. However, counter-regulation of
R5020 effects was stronger for PR antagonists than for SPRMs.

4. Discussion

In this study, a representative selection of PR modulators
was analysed for specific in vitro characteristics to provide a
more reliable classification system. Synthetic PR ligands are clin-
ically important and commonly used for the treatment of several
gynecological diseases as well as in contraceptives and hormone
replacement therapy. They elicit very specific effects, which could
be evoked by different functional interactions and transcrip-
tional activities. PR ligands exhibit a broad spectrum of activity
ranging from pure antagonists, such as lonaprisan, via mixed
agonist/antagonists, currently known as selective progesterone
modulators (SPRMs), to pure agonists, such as R5020. In recent
years, a classification in type I-IIl PR antagonists has been car-
ried out [25,30] to differentiate between classical, mixed and pure
antagonists (Table 3). Type I antagonists (e.g. onapristone) have
been described to prevent PR binding to DNA. Type Il antagonists
(e.g. mifepristone) promote DNA binding and act as PR antagonists
in transactivation assays under most circumstances. In the pres-
ence of protein kinase A activators (CAMP), they behave like PR
agonists. Type Ill antagonists (e.g. lonaprisan) also promote a strong
binding to DNA, but do not display any PR agonistic activity in the
presence of cCAMP. SPRMs (asoprisnil, J1042, J]912) are all assigned
as type II ligands in this model. Thereby, they are not differenti-
ated from the mixed antagonist mifepristone, although they vary in
some in vivo activities [26]. This demonstrates the prevalent prob-
lem for a reliable classification of PR ligands, especially in vitro with
respect to their in vivo activities. Recent crystallographic observa-
tions for the SPRM asoprisnil have demonstrated that the functional
changes which are associated with compound binding and which
are matched by structural changes in the PR ligand binding domain,
are antagonist-like [45,46]. Finally, classical in vitro assays includ-
ing transactivation assays using the MMTV promoter (Fig. 1) fail to
explain diverse in vivo characteristics and a distinction between
PR antagonists such as mifepristone and SPRMs is not possible,
yet.

This study identified interaction profiles with the LX-H10 pep-
tide, which contains the LXXLL-motif of coactivators [9,39], as
indicative for the agonist-like properties of SPRMs. Mammalian
two-hybrid assays in HeLa cells demonstrated that J1042 and
asoprisnil induce PR interactions with the LX-H10 peptide simi-
lar to R5020, whereas mixed as well as pure antagonists do not
induce recruitment (Fig. 2). The potency and efficacy profiles for
asoprisnil, J1042 and J912 correspond to the partial agonistic activ-
ity of the respective PR ligand in endometrial transformation in

the rabbit (McPhail test) [27], which serves as a reference assay
for PR modulator classification in vivo (Table 3). Thus, the LX-
H10 peptide interaction profile correlates with specific in vivo
properties, although the in vitro assay is rather artificial. The sepa-
ration between SPRMs and PR antagonists might indicate different
receptor conformations, which could lead to different hydrophobic
binding pockets for cofactors and subsequently, to different in vivo
activities by differential gene expression [47,48].

The effects of different cofactor recruitment on the gene expres-
sion profile elicited by nuclear receptors have extensively been
described before [49]. This global gene expression profiling study
further confirms previous results and demonstrates a ligand-
dependent transcriptional regulation of PR target genes. Gene
expression profiles of J1042 and asoprisnil in T47D cells are sig-
nificantly different from R5020 and PRA-910, as expected. They are
also different from mixed as well as pure antagonists, and inter-
estingly, ]912. In the principal component analysis (PCA), vehicle
control, PR antagonists (onapristone, mifepristone, ZK 137316, lon-
aprisan), and J912 samples exert the strongest differential effects
compared to R5020 samples. J1042 and asoprisnil expression pro-
files form a different cluster (Fig. 3) which is more similar to R5020
than antagonists are. J1042-regulated genes are most similar to
asoprisnil-regulated genes. This is consistent with the special role of
J1042 and asoprisnil in vivo, in particular considering their agonis-
tic properties in the guinea pig and in endometrial transformation
in the rabbit (McPhail test) [25,26]. The results from unsupervised
hierarchical clustering as well as analyses for significant regulated
genes confirm these findings. Notably, ]912-modulated genes are
most similar to lonaprisan and ZK 137316 target genes (Fig. 4;
Table 1). Therefore, the highly antagonistic characteristics of ]912
in T47D cell global gene expression profiles should be emphasised
and its previous classification as ‘weak’ SPRM [50] needs to be
relativised. Its weak ‘SPRM’-like effects in the regulation of gene
transcripts such as KCNJ3 and GPRC5A (Figs. 4 and 5A-C) and the
antagonist-like effects in the regulation of gene transcripts such as
PTHLH and DEFB32 demonstrate the difficulties to strictly classify
PR modulators such as J912. In vivo J912 displays various agonistic
properties in the guinea pig model, very similar to asoprisnil and
J1042. However, the antagonistic potentials in endometrial trans-
formation in the rabbit are stronger for J912 than for asoprisnil or
J1042 [25,26]. Thus, in vivo and in vitro, the classification of ]912
depends on the species-specific activity surveyed (Table 3). In addi-
tion to the induced LX-H10 peptide interaction which indicates
different in vitro activities of SPRMs and PR antagonists (Fig. 2A,
B), the induction of KCNJ3-transcription might be used to iden-
tify SPRM-like activity (Fig. 5A; Table 3). The inwardly rectifying
potassium channel (KCNJ3, GIRK1) is activated via stimulation of
G protein-coupled receptors and selective potassium influx could



Table 2
Categorical list of genes significantly regulated by J867 and J1042, but not by J]912 and antagonists.
Identifier Gene name Gene symbol Gene ID Fold change
R5020 PRA-910 1867 J1042 J912 Mifepristone Onapristone ZK 137316 Lonaprisan
Hormone activity
230746_s.at Stanniocalcin 1 STC1 6781 -34 n.c. -34 -24 n.c. n.c. n.c. n.c. n.c.
211756.at Parathyroid hormone-like hormone PTHLH 5744 n.c. -4.4 -3.2 -2.8 n.c. n.c. n.c. n.c. n.c.
Membrane effects
Cell adhesion/cytoskeletal interactions
208353 x.at Ankyrin 1 ANK1 286 n.c. n.c. 22 21 n.c. n.c. n.c. n.c. n.c.
222108.at Adhesion molecule with Ig-like domain 2 AMIGO2 347902 -31.8 -9.9 -29 -2.6 n.c. n.c. n.c. n.c. n.c.
Protein transporter
213413.at Stoned B-like factor STON1 11037 -8.7 -3.0 =21 =21 n.c. n.c. n.c n.c. n.c.
Ion channels
233059.at Potassium inwardly-rectifying channel, KCNJ3 3760 n.d. n.d. 4.7 5.1 n.d. n.d. n.d. n.d. n.d.
subfamily ], member 3
Membrane organisation
214255_at ATPase, Class V, type 10A ATP10A 57194 115 6.0 2.6 2.5 n.c. n.c. n.c. n.c. n.c.
227834.at Taxilin beta TXLNB 167838 -4.5 n.c. -2.5 -23 n.c. n.c. n.c. n.c. n.c.
Signal transduction from membrane
221245.s_at Frizzled homolog 5 (Drosophila) FZD5 7855 33 29 2.3 23 n.c. n.c. n.c. n.c. n.c.
214724 _at DIX domain containing 1 DIXDC1 85458 2.7 n.c. 2.3 2.2 n.c. n.c. -1.2 n.c. n.c.
203108_at G protein-coupled receptor, family C, group GPRC5A 9052 n.c. n.c. 22 23 n.c. n.c. -15 n.c. n.c.
5, member A
215306.at Luteinizing hormone/choriogonadotropin LHCGR 3973 -74 -4.5 -2.2 2.7 n.c. n.C. n.c n.c n.c.
receptor
231120_x.at Protein kinase (cCAMP-dependent, catalytic) PKIB 5570 -5.7 -3.0 -2.4 -2.2 n.c. n.c n.c n.c n.c.
inhibitor beta
223843.at Scavenger receptor class A, member 3 SCARA3 51435 -5.1 -2.1 -2.1 -2.2 n.c n.C. n.c n.c n.c
Ca?* binding proteins
1553392_at EF-hand calcium binding domain 3 EFCAB3 146779 4.7 3.9 2.5 2.1 n.c. n.c -15 n.c n.c.
Nucleic acid and protein processing
DNA replication/transcription/translation
206045_s_at Nucleolar protein 4 NOL4 8715 -10.3 -6.4 -2.2 -2.6 n.c. n.c n.c n.c n.c.
Chaperones/protein folding
203810.at DnaJ (Hsp40) homolog, subfamily B, member DNAJB4 11080 4.4 1.7 24 2.1 n.c. n.c. n.c n.c n.c.
4
Transcription factors
228854 at Zinc finger and BTB domain containing 16 ZBTB16 7704 119.9 108.8 71 59 n.d. n.d. n.d. n.d. n.d.
213293.s.at Tripartite motif-containing 22 TRIM22 10346 62.9 21.5 4.5 34 n.d. n.d. n.d. n.d. n.d.
209211.at Kruppel-like factor 5 (intestinal) KLF5 688 2.7 2.3 2.7 2.4 n.c. n.c. n.c. n.c. n.c.
229228.at cAMP responsive element binding protein 5 CREB5 9586 -4.4 -2.8 -2.8 -2.0 n.c. n.c. n.c. n.c. n.c.
Cell cycle
41644 _at SAM and SH3 domain containing 1 SASH1 23328 3.7 4.5 2.0 2.3 n.c. n.C. n.c n.c n.c.
Metabolism
227361.at Heparan sulfate (glucosamine) HS3ST3B1 9953 5.7 4.3 2.6 2.2 n.c. n.C. n.c n.c n.c.
3-0O-sulfotransferase 3B1
Defense response
243311.at Defensin, beta 32 DEFB32 400830 6.9 4.1 6.6 3.6 n.d. n.d. n.d. n.d. n.d.
Unknown function
226614 _s_at Chromosome 8 open reading Frame 13 C8orf13 83648 n.c. -2.0 2.1 2.0 n.c. n.c. n.c. n.c. n.c.

Genes were organised by primary function according to Gene Ontology (GO). Statistical significance was assessed by pairwise comparisons of treatment versus vehicle control (FC>2, Volcano: FC>5 and p-value analogous to ST
Q<0.01 from t-test). Bold genes were validated independently by TagMan® quantitative real-time PCR. n.c.=no change (FC=1.0, £1.1), n.d. = not detected.
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Fig. 5. Stratification marker of SPRMs validated via quantitative real-time PCR. Left part of diagram: Agonistic profile. T47D cells were treated with vehicle or 10 nM of PR
ligand, except PRA-910 in a concentration of 100 nM, for 8 h. Right part of diagram: Antagonistic profile. T47D cells were treated with 100 pM R5020 plus vehicle or 10 nM
of PR modulator for 8 h. RNA expression level of KCNJ3 (A), GPRC5A (B), AMIGO2 (C), PTHLH (D), ZBTB16 (E), and DEFB32 (F) was analysed via TagMan® gene expression
assay and normalised to the cycle threshold (CT) value of the housekeeping gene cyclophilin A using the A ACT-method. Vehicle control was set to an arbitrary value of one.
Results were represented as ratio of means (+C.I., p-value <0.05) of treatment versus vehicle from duplicates of three independent, time-separated experiments. Statistical

significance was assessed by Student’s t-test (**p-value <0.005; ***p-value <0.001).

represent a signalling pathway activated by PR ligands with special
properties as demonstrated by SPRMs. Further investigation of the
underlying mechanism of KCNJ3-induction and its relevance for the
SPRMs function might be of interest.

The results confirm and extend previous gene expression
studies on PR target genes, including previously described proges-
terone target genes such as periplakin (PPL) [41], hydroxysteroid
(11-beta) dehydrogenase 2 (HSD11B2) [44], transforming growth

factor beta-stimulated protein TSC-22 (TSC22D1), HSP90-binding
immunophilin (FKBP51) and Na*/K*-ATPase alpha 1 subunit
(ATP1A1) [43]. The comparison of steroidal and non-steroidal PR
ligands supports the unique gene regulation profile of the non-
steroidal PR modulator PRA-910 which has been described to be
different from agonists and antagonists [42]. Its predominantly
agonistic properties in gene expression and cofactor interaction
analyses are consistent with previous reports on agonistic activity
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Table 3

In vitro and in vivo activities for classification of PR modulators.

Gene expression in T47D cells (8 h of treatment) Endometrial

Mammalian

In vitro transactivation (MMTV promoter)

DNA

Previous classification

transformation in the
rabbit (McPhail test)

two-hybrid (LX-H10

interaction)

binding

Global (PCA
cluster)

AMIGO2 PTHLH

KCNJ3

+ cAMP

Standard

Type

Character

4+
n.e.

W
W

Wi
Wi
G
W
!

+++
o+

+++

n.d. +++

Agonist

R5020
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Partial agonist

SPRM
SPRM
SPRM

PRA-910

[(ORENagal

T

+++
+++

s

+ + + 4+

e,

4

Asoprisnil
J1042
J912

Antagonist

Mifepristone
ZK 137316

Antagonist

Antagonist

Lonaprisan

Antagonist

Onapristone

=not evidenced, n.d.=not determined.

no change, n.e.

=down-regulated, <> =

up-regulated, |

=no effect, } =

effect, —

full agonistic effect, +=

=

in vitro [34]. However, these properties are contrary to its almost
antagonistic activity in vivo [35,51,52].

In addition, the concept of steroidal PR antagonists subclassifica-
tion [25] was confirmed by significant differences in the expression
profiles of lonaprisan, ZK 137316, mifepristone and onapristone
(Fig. 3B). The minimal regulation of transcription by onapristone is
consistent with the previous model of type I antagonists preventing
PR binding to DNA [30]. Mifepristone represents a type of antago-
nist with small agonistic potential (Fig. 4), similar to its species-
and tissue-specific partial PR agonistic activities in vivo which have
been described previously [29,53-56]. Although mifepristone is a
well-characterised antagonist, binding to PR and actively impairing
its gene-regulatory activity [57], it separates from pure antago-
nists such as lonaprisan, and also from ZK 137316 and onapristone.
Lonaprisan-treated samples cluster apart, together with ZK 137316-
treated samples (Fig. 3B). In contrast to onapristone, lonaprisan
promotes PR binding to DNA, because it significantly affected tran-
scription (Table 1). The predominant down-regulation of genes
(>80%) is consistent with previous reports on lonaprisan to be a
very strong antagonist [32] (Table 3).

In summary, the presented data support the concept of
classifying PR modulators into pure agonists (R5020), selective
progesterone receptor modulators (J1042 and asoprisnil), mixed
antagonists (mifepristone), and pure antagonists (lonaprisan).
However, they also point to transition states between SPRMs and
antagonists for J912, and between mixed and pure antagonists for
ZK 137316 (Table 3). The PR modulators seem to be capable to induce
a continuum of differential PR signaling effects [26]. All tested com-
pounds display unique activities under standardised conditions,
which likely correlate with different in vivo properties. Moreover,
some of the in vitro activities, like the induction of LX-H10 interac-
tion and a gene expression fingerprint, might be useful to predict
‘SPRM’-like activities in vivo.
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