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ABSTRACT Progesterone receptor (PR) and progestins affect mammary tumorigenesis; how-
ever, the relative contributions of PR isoforms A and B (PRA and PRB, respectively) in cancer
cell migration remains elusive. By using a bi-inducible MDA-MB-231 breast cancer cell line
expressing PRA and/or PRB, we analyzed the effect of conditional PR isoform expression.
Surprisingly, unliganded PRB but not PRA strongly enhanced cell migration as compared with
PR(-) cells. 17,21-Dimethyl-19-norpregna-4,9-dien-3,20-dione (R5020) progestin limited this
effect and was counteracted by the antagonist 11B-(4-dimethylamino)phenyl-173-hydroxy-
17-(1-propynyl)estra-4,9-dien-3-one (RU486). Of importance, PRA coexpression potentiated
PRB-mediated migration, whereas PRA alone was ineffective. PR isoforms differentially regu-
lated expressions of major players of cell migration, such as urokinase plasminogen activator
(uPA), its inhibitor plasminogen activator inhibitor type 1, uPA receptor (uPAR), and B1-
integrin, which affect focal adhesion kinase (FAK) signaling. Moreover, unliganded PRB but
not PRA enhanced FAK Tyr397 phosphorylation and colocalized with activated FAK in cell
protrusions. Because PRB, as well as PRA, coimmunoprecipitated with FAK, both isoforms
can interact with FAK complexes, depending on their respective nucleocytoplasmic traffick-
ing. In addition, FAK degradation was coupled to R5020-dependent turnovers of PRA and
PRB. Such an effect of PRB/PRA expression on FAK signaling might thus affect adhesion/
motility, underscoring the implication of PR isoforms in breast cancer invasiveness and meta-
static evolution with underlying therapeutic outcomes.
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INTRODUCTION

Human progesterone receptor (PR) is a crucial transcription factor
involved in development and differentiation of female reproductive
tissue. It is expressed from a single gene as two isoforms, PRA
(94 kDa) and PRB (116 kDa), at similar level, PRA being truncated for
the 164 N-terminal amino acids of PRB. On hormone binding, PRA
and PRB homodimers or heterodimers exhibit distinct transcriptional
regulatory functions by targeting various subsets of genes (Graham
etal., 2005; Jacobsen et al., 2005; Leo et al., 2005; Khan et al., 2012).
However, unliganded PR is transcriptionally activated by growth fac-
tor stimuli irrespective of hormone status (Labriola et al., 2003). PRA
is mainly localized in the nucleus, whereas PRB continuously shuttles
between nuclear and cytoplasmic compartments (Guiochon-Mantel
etal., 1994; Boonyaratanakornkit et al., 2008). Thus PRB can mediate
either direct transcriptional events or rapid cytoplasmic changes by
interacting with nonnuclear signaling pathways, such as mitogen-
activated protein kinase (MAPK), c-Src, PI3K/Akt, and Janus kinase 2
(JAK2)/signal transducer and activator of transcription 3 (STAT3;
Migliaccio et al., 1998; Proietti et al., 2005; Boonyaratanakornkit
et al., 2007; Hammes and Levin, 2007; Fu et al., 2008b). Therefore it
is likely that both isoforms elicit distinct and coordinated functions in
the two compartments through dynamic processes.

Association of estrogens and progestins has been shown to in-
crease breast cancer risk factor in long-term hormone replacement
therapy patients (Rossouw et al., 2002; Chlebowski et al., 2003,
2010). Moreover, alteration of PRA/PRB expression ratio is fre-
quently observed in breast cancer cells (Graham et al., 1995; Mote
etal., 2002). Elevated PRA expression (McGowan and Clarke, 1999;
Bagheri-Yarmand et al., 2004), as well as loss of PR expression
(Bogina et al., 2011), is generally associated with poor prognosis.
PR also has been implicated in breast cancer metastatic progression
through unclear molecular mechanisms (Weigelt et al., 2005).
Although most breast cancer metastases lack estrogen receptor
(ER) and PR expression, PR has been reported to facilitate metasta-
sis evolution by increasing invasiveness of primary cancer cells
through transcriptional regulation of key proteins involved in cellu-
lar migration and adhesion, such as matrix metalloproteases
(MMPs), vascular endothelial growth factor, the plasminogen activa-
tor (PA) system (Kato et al., 2005; Carnevale et al., 2007), and focal
adhesion kinase (FAK; Fu et al., 2010).

The metastatic process mainly results from alterations in cell mi-
gration and invasiveness through multiple signaling cross-talks such
as extracellular matrix (ECM) degradation and cell adhesion/deadhe-
sion dynamics (Lauffenburger and Horwitz, 1996; Chiang and
Massague, 2008; May et al., 2011; Rosenthal et al., 2011). In this re-
gard, the PA system is strongly activated in aggressive tumor cells
and is frequently involved in the development of metastatic pheno-
type (Chapman, 1997; Bernard-Trifilo et al., 2006; Mitra et al., 2006;
Wei et al., 2007; Michael et al., 2009; Smith and Marshall, 2010).
Urokinase plasminogen activator (uPA), the major actor of the PA
system, is a serine protease targeting plasminogen and several
MMPs, leading to the remodeling of ECM and activating cell migra-
tion. In addition, uPA binds to the membrane-anchored uPA receptor
(uPAR), which exhibits multiple functions in proliferation, migration,
and adhesion-dependent signal transduction. This receptor is cou-
pled to signaling factors such as integrins, c-Src kinases, FAK, plate-
let-derived growth factor receptor, G protein-coupled receptor, and
JAK/STAT (Busso et al., 1994; Stahl and Mueller, 1994; Wei et al.,
1996; Chapman, 1997; Bernard-Trifilo et al., 2006; Mitra et al., 2006;
Mitra and Schlaepfer, 2006; Wei et al., 2007; Michael et al., 2009;
Smith and Marshall, 2010). Moreover, after binding to uPA, the plas-
minogen activator inhibitor type 1 (PAI-1) inhibits uPA serine protease

1364 |

C. Bellance et al.

activity and thus ECM proteolysis. Despite this function, PAI-1 is also
able to promote cell migration (Chazaud et al., 2002; Czekay and
Loskutoff, 2004; Providence and Higgins, 2004; Wilkins-Port et al.,
2007; Fabre-Guillevin et al., 2008), as well as proliferation processes
(Olson et al., 1992; Schneider et al., 2000; McMahon et al., 2001; Jo
et al., 2005), via multiple interactions with ECM components such as
low-density lipoprotein receptor-related protein (LRP) and integrins.
Both PAI-1 and uPA have been validated as major prognostic factors
for breast cancer evolution (Janicke et al., 2001; Harbeck et al., 2004;
Sakakibara et al., 2004; Biermann et al., 2008).

Interaction of uPA-bound uPAR with B1-integrin triggers cluster-
ing of the complex, leading to autophosphorylation of FAK (Tang
et al., 1998; Bernard-Trifilo et al., 2006; Mitra and Schlaepfer, 2006;
Lim et al., 2008). This tyrosine kinase functions as an integrator of
multiple signaling pathways, promoting formation and turnover of
focal adhesion points, membrane ruffling, and cell shape and cy-
toskeletal reorganization involved in cell motility processes (Luo and
Guan, 2010; Schaller, 2010). Under the control of extracellular signal-
ing mediated by integrins and other cell surface receptors, FAK au-
tophosphorylation on the Tyr-397 residue (Y397) creates a binding
site for SH-2—containing proteins such as Src kinase. This association
leads to subsequent phosphorylations of FAK, maximizing its activa-
tion (Luo and Guan, 2010). FAK Y397-dependent activation is
strongly enhanced in metastatic cancer cells as compared with pri-
mary breast tumors (Sood et al., 2004). Moreover, knockdown of FAK
(llic et al., 1995) or mutation on several phosphorylation sites results
in a strong decrease in cancer cell motility (Luo and Guan, 2010).

Various studies highlighted the possible effect of progestins and
PR on such signaling pathways regulating cell migration (Marbaix
et al.,, 1992; Lin et al., 2000, 2001; Vincent et al., 2002; Fu et al.,
2008a, 2010; Hiscox et al., 2010). PR inhibits cell growth and in-
duces cell spreading and focal adhesion in association with modifi-
cations of FAK activity and B1-integrin signaling in metastatic MDA-
MB-231 cells stably expressing both PRA and PRB recombinants (Lin
et al., 2000). In contrast, progesterone (P4) enhances in vitro cell
migration through matrix-coated membranes, although it strongly
inhibits uPA mRNA synthesis (Lin et al., 2001). In nonmetastatic
TA47D cells that endogenously express PRA and PRB, PR-dependent
cellular proliferation involves the activation of the c-Src/p2172/MAPK
signaling pathway (Migliaccio et al., 1998; Carnevale et al., 2007). In
such cells, P4 enhances motility via activation of FAK signaling, rely-
ing on c-Src tyrosine kinase activity (Fu et al., 2010). This function
was also recently reported to be effective in vascular endothelial
cells (Zheng et al., 2012). However, owing to a lack of relevant mod-
els, the relative contributions of PR isoforms PRA and PRB have not
been clearly elucidated.

Here we address these controversial questions using our newly
established cellular model conditionally expressing PRA and/or PRB
in MDA-MB-231 metastatic breast cancer cells (MDA-IPRAB; Khan
et al., 2012). This model allows us to determine the differential ef-
fects of PR isoform induction on cell migration as a function of li-
gand status independent of estrogen signaling. We correlate the
global promigratory effect of PRA and PRB coexpression with PR-
responsive transcriptional modulation of factors involved in cell mi-
gration mechanism, as well as with nongenomic regulations directly
targeting FAK complexes.

RESULTS

PRA and PRB differentially enhance migration

of MDA-MB-231 breast cancer cells

We previously established a bi-inducible cell line derived from met-
astatic breast cancer MDA-MB-231 (PR—, ERa~) cells (Khan et al.,
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FIGURE 1: PRA and PRB differentially enhance migration of MDA-MB-231 breast cancer cells.
(A) MDA-iPRAB cells were incubated with vehicle (PR-), RSL1 (inducing PRA) or Dox (inducing
PRB), or both (inducing PRA and PRB) for 24 h. Immunoblot analysis was performed from
whole-cell extracts using anti-PR antibody recognizing both PR isoforms and anti-tubulin
antibody for loading control. (B) MDA-iPRAB cells were induced as in A for 24 h and treated by
mitomycin C for 1 h. At zero time point wound-healing repair assays were performed in the
presence of either 108 M R5020 or vehicle for various time until 24 h. Photographs of each
wounded area were taken at regular time and distance intervals (left). Results from three
independent experiments are presented (right) as the random distance covered by cells after
10 h treatment (mean = SEM, n = 3). Statistical analyses were done using Mann-Whitney tests

PRB regulates key genes of the PA
system, enhancing cell migration
Movement of cancer cells results in part
from ECM degradation at the leading edge
of cell progression by different proteases
and alteration of cell adhesion/deadhesion
processes, both regulated by the PA system.
To determine whether the effect of PRB on
cell migration might be associated with rel-

(stars).

2012) conditionally expressing PRA and/or PRB. Addition of diacyl-
hydrazine (RSL1) and/or doxycycline (Dox) as nonsteroidal inducers
to MDA-iPRAB cells triggers expression of PRA and/or PRB, respec-
tively (Figure 1, top). This model led us to investigate in a single cell
line the differential effects of PR isoform expression on cell motility
in the absence, as well as in the presence, of ligand. As shown in
Figure 1, the experimental conditions for PR isoform expression
were fixed to a PRA/PRB ratio of 2 after 24 h of treatment, depend-
ing on the relative concentrations of inducers. We then performed
wound-healing repair assays on cycle-arrested cells by incubating
them with 10 M 17,21-dimethyl-19-norpregna-4,9-dien-3,20-di-
one (R5020) or vehicle at various time in the absence of inducers for
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evant transcriptional regulations, we quanti-

fied uPA and uPAR transcripts in iPRAB cells
by real-time quantitative reverse transcription PCR (gqRT-PCR;
Figure 2). Unliganded PRB but not PRA increased urokinase (uPA)
transcripts twofold compared with the basal expression level ob-
served in PR- cells. Moreover, induction of both PRA and PRB en-
hanced threefold uPA mRNA in the absence of hormone. In con-
trast, R5020 down-regulated uPA and uPAR mRNAs in PRB and
PRAB cells compared with ligand-free conditions. Of note, the hor-
mone counteracted the constitutive effect of PRB on uPA transcripts,
in agreement with cell migration observed in wound-healing assays.
We also analyzed expression of B1-integrin, which is required for
matrix-dependent signaling, in particular by interacting with uPAR
and promoting FAK autophosphorylation. As shown in Figure 2,
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FIGURE 2: PRB regulates key genes of the PA system. After 24 h
induction by Dox and/or RSL1 to induce or PRA and/or PRB,
MDA-iPRAB cells were treated (black bars) or not (white bars) by
R5020 (10-8 M) for 6 h. uPA, uPAR, and B1-integrin were quantified by
real-time gRT-PCR as described in Materials and Methods. The data
were normalized to 18S rRNA and expressed as mean = SEM (n = 6).
Statistical analyses using the Student’s two-tailed test are shown by
either crosses, referring to PR— cells with vehicle, or stars, referring to
PR+ (PRA and/or PRB) cells with R5020.

unliganded PRB but not PRA significantly enhanced B1-integrin ex-
pression, whereas R5020 did not provoke any variation in this effect.
Thus B1-integrin synthesis might be constitutively enhanced in PRB-
expressing cells, potentially favoring cell progression.

We next determined whether PRA and PRB can regulate tran-
scription of PAI-1, the main inhibitor of uPA proteolytic functions.
PAI-1 mRNA was induced by R5020 but not by the unliganded PRs
(Figure 3A), suggesting the possible effect of this factor in the rela-
tive antimigratory action of hormone observed in PRB-expressing
cells. As shown in Figure 3B, RU486 inhibited the R5020-induced
expression of the PAI-1 gene, supporting the PRB specificity of the
mechanism. We also determined that neither R5020 nor RU486 had
any effect on such transcription in PR— cells (data not shown). Fur-
thermore, as measured by enzyme-linked immunosorbent assay
(ELISA; Figure 3C), transcriptional induction of PAI-1 transcript by
R5020 was translated into secretion of PAI-1 protein in the culture
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medium, which was inhibited by RU486. To test the effect of PAI-1
on cell migration, we performed wound-healing repair assays on
PR- cells treated by increasing amounts of recombinant PAI-1
(Figure 3D, left). Surprisingly, up to 100 ng/ml PAI-1 strongly en-
hanced migration, whereas higher doses led to decreasing effects,
likely through cell surface desensitization. This promigratory effect
of PAI-1 on malignant cells is supported by previous data (Waltz
et al., 1997; Croucher et al., 2007; Fabre-Guillevin et al., 2008).
Moreover, as shown in Figure 3E, high amounts of PAI-1 failed
to decrease migration of PRB cells. Therefore this ruled out that
R5020-mediated down-regulation of PRB-dependent cell migration
could act via PAI-1 stimulation.

Taken together, these results show that PRA and PRB regulate
the PA system to different extents depending on ligand status.
Mainly, PRB up-regulates uPA and B1-integrin in the absence of
ligand, thus potentially inducing promigratory effects by facilitating
proteolysis of ECM and activating uPAR signaling. In contrast,
although ligand-bound PRB switched off uPA signal, in agreement
with its effect on migration, at the same time it induced PAI-1 gene
transcription and enhanced secretion of PAI-1 protein, having a
promigratory effect on MDA-MB-231 cells. Such effects on promi-
gratory gene expression are consistent with a global promigratory
mechanism triggered by PRB expression in cancer cells, irrespective
of ligand condition.

PRA and PRB differentially affect regulation of FAK activity
Recent studies showed that P4 enhances T47D breast cancer cell
migration via extranuclear activation of FAK (Fu et al., 2010) result-
ing from initial phosphorylation of Y397 residue. Because FAK sig-
naling is involved in the regulation of FA assembly/disassembly, we
asked whether conditional induction of PRA and PRB in MDA-iPRAB
cells could interfere with it. We analyzed FAK phosphorylation at the
Tyr-397 key residue (FAKY*?7P) and total FAK (FAK®®)) expression.
After 24-h induction of expression (Figure 4A), unliganded PRB but
not PRA was able to enhance both FAK"?7P and total FAK®® to a
similar extent, that is, without inducing any change in their ratio. This
suggested that PRB but not PRA might selectively increase FAK ex-
pression in the absence of ligand. Furthermore, the 1-h time course
of hormone-dependent FAK phosphorylation (Figure 4B) revealed
that the liganded PRA was unable to activate FAK, in contrast to PRB
inducing FAK phosphorylation as early as 5 min. Although PRB but
not PRA expression slightly enhanced FAK mRNA level as compared
with PR— cells (Supplemental Figure S2), addition of hormone did
not significantly decrease this level, excluding that hormone-depen-
dent down-regulation of cell migration resulted from any drastic
transcriptional repression of the FAK gene.

These results show that PRA and PRB inductions differentially
affect FAK activity, depending on ligand status. In the absence of
ligand, PRB but not PRA stabilizes FAKY37p, in agreement with unli-
ganded PRB-dependent cell migration observed in wound-healing
assays. In contrast, R5020 leads to rapid increase of PRB-dependent
FAK phosphorylation, excluding that its down-regulating effect on
migration results from direct PRB-dependent inhibition of FAK
activity.

PRB and FAKY397P are colocalized at focal adhesion points

Because PRB-dependent alteration of cell migration was detected
as early as 3 h after exposure to R5020, the early activation of FAK
by liganded PRB should result in enhanced cell migration, contrast-
ing with the data obtained in wound-healing assays. We hypothe-
sized that PRB-specific, FAK-dependent migration could be affected
by variation in cytoplasmic PRB expression. To clarify this point,

Molecular Biology of the Cell
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FIGURE 3: PR isoforms regulate expression of PAI-1. (A) After 24 h induction by Dox and/or
RSL1 or vehicle, MDA-iPRAB cells were treated by 108 M R5020 (black bars) or vehicle (white
bars) for 6 h. PAI-1 mRNA was measured by real-time qRT-PCR as described in Materials and
Methods. Results and statistical analyses are calculated as in Figure 2. (B) MDA-iPRAB cells were
treated with Dox for 24 h to induce PRB expression and as indicated by 10% M R5020 and/or
107¢ M RU486 or vehicle for 6 h. PAI-1 transcript was measured as in A. (C) MDA-iPRAB cells
were induced as in B and treated with 108 M R5020 and/or 10® M RU486 or vehicle for 14 h.
PAI-1 concentration was measured in conditioned medium by ELISA (see Materials and
Methods) (D) MDA-iPRAB cells were grown without inductors for 24 h, and increasing amounts
of soluble recombinant PAI-1 were added to the conditioned medium as described in Materials
and Methods. Cell migration was quantified after 10-h treatment as in Figure 1, and results are
expressed as percentage of basal migration obtained in the absence of PAI-1 (mean £

SEM, n = 3). (E) MDA-iPRAB cells were grown with Dox to express PRB or with vehicle (PR-) for
24 h. After addition of PAI-1 (200 ng/ml) or vehicle in the conditioned medium, cell migration
was measured after 10 h as in D.

translocated in the nucleus in 30 min. In the
absence of PR, FAK was expressed in the
cytoplasm and the nucleus and was espe-
cially condensed in submembrane speckles
corresponding to FAs in the pseudopodia
involved in migration. Of interest, after 24-h
induction of PRB expression, the ligand-free
PRB was repeatedly found in such structures
containing FAK, especially at the leading
edge of migration and also in filamentous
radiant elements such as lamellipodia
(Figure 5). In addition, the number of cell
protrusions with FAK-containing FAs was in-
creased, supporting the notion that the unli-
ganded PRB could somehow potentiate
FAK-dependent migration. However, al-
though FAK"™?7P, as well as the apo PRB,
was also present in the nuclei, no colocal-
ized speckles were detected in merged im-
ages of this compartment. Of interest, upon
hormone exposure, PRB-FAKY7P colocal-
ization was impaired concomitant with nu-
clear translocation of PRB. Time-course ex-
periments showed that the subcellular
localization of PRB was modified as early as
5 min after R5020 exposure (Supplemental
Figure S3). PRB-FAK"3P colocalization in
FAs was completely abolished after 30 min
for 90% of the cells owing to the complete
nuclear translocation of PRB. Of note, some
nuclear speckles were visible in the perinu-
clear region of a few cells, suggesting that
PRB-FAK"77P  complexes might be tran-
siently present in the nuclear compartment.
As opposed to R5020, RU486 antagonist re-
sulted in slower PRB nuclear translocation,
with RU486-bound PRB remaining in the cy-
toplasmic compartment at 30 min (Figure 5,
right). Of interest, PRB-RU486 complexes
were also clearly present in FAKY37P-con-
taining FAs, similar to unliganded PRB.
These characteristics were thus well corre-
lated with the effects on cell migration ob-
served in both ligand conditions. In contrast,
the hormone-dependent decrease in PRB-
mediated migration was likely related to
PRB nuclear translocation, limiting its effect
on FAK phosphorylation.

Similar experiments were performed in
cells treated by RSL1 to induce PRA expres-
sion (Supplemental Figure S4). In contrast to
PRB, unbound PRA was essentially localized

using immunofluorescence experiments at various time intervals af-
ter hormone treatment, we compared PR isoform and FAKY377P dis-
tributions in iPRAB cells. High motility of MDA-MB-231 cells has al-
ready been correlated with their ability to produce cellular protrusions
such as filipodia and lamellipodia. These structures lead to sustained
cell orientation with growing FAs at the leading edge contributing
to cell expansion, as well as cell movement. These elements were
clearly visible in PR— cells (Figure 5, left). Whereas ligand-free PRB
was found to be equally distributed within cytoplasmic and nuclear
compartments, the hormone-bound PRB was, as expected, fully
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in the nuclei with a perinuclear distribution. Although low expres-
sion of PRA was also slightly visible in the cytoplasm, we failed to
identify any condensation points containing unliganded PRA with
FAKY3?7P in pseudopodia. However, several colocalized speckles
were found into the nucleus, supporting that PRA-FAK complexes
could be assembled there. R5020 treatment did not alter cellular
distribution of PRA. Confocal analysis profiles corresponding to
overlain images of Figure 5 and Supplemental Figure S4 are shown
in Supplemental Figure S5, clearly indicating that PRB but not PRA
could be detected in the submembrane FAs present in the leading
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activity. (A) MDA-iPRAB cells were grown in the presence of Dox
(PRB), RSL1 (PRA), or vehicle (PR-) for 24 h and analyzed by Western
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show fold change of values obtained in PR- cells (means + SEM,
Mann-Whitney statistical test). (B) Cells were induced as in A and
then treated or not by 108 M R5020 for the indicated times
(minutes). Cell lysates were analyzed as in A, and data are presented
as fold change of values obtained for the corresponding PR isoform
at zero time point.

edges of migrating cells grown in the absence of ligand or in the
presence of RU486.

Collectively these experiments showed that unliganded PRB but
not PRA is colocalized with autophosphorylated FAKY3?7P in FAs at
the leading edge of migration, strongly suggesting that PRB can
constitutively enhance cell motility via a FAK-dependent mechanism
independent of transcriptional regulations. In contrast, nuclear
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translocation of liganded PRB well correlated with the reduction of
PRB-dependent cell motility by R5020.

PRA and PRB interactions with FAKY3?7 differentially
regulate FAK turnover

To determine whether ligand-dependent cellular colocalization of
PRB and FAK397P might underlie a protein—protein interaction within
the FAs, we immunoprecipitated FAK'? complexes from lysates of
either PRB- or PRA-expressing cells using anti-FAK®®! or anti-PR an-
tibodies. Of interest, as shown in Figure 6A, PRA and PRB were re-
folded in FAK-specific immunoprecipitates in the presence, as well
as the absence, of hormone. Reverse coimmunoprecipitation (colP)
experiments were performed (Supplemental Figure Sé) confirming
that FAKY3?7P was present only when PR isoforms were induced.
Therefore these colPs provide evidence for the abilities of both iso-
forms to interact with complexes containing FAK, independent of
ligand status. This raised the question of whether PRA and PRB
might alternately interact with a shared component of the FAK com-
plexes. As shown in Figure 6 (right inset), induction of PRA expres-
sion in PRB-expressing cells resulted in a drastic decrease in PRB—
FAK complexes, suggesting that PRA could compete with PRB for
the same binding sites.

Given that proteasome-mediated degradation of agonist-bound
PRB is required for its transcriptional activity (Dennis et al., 2005), we
next asked whether PRB-dependent FAK activity could be also con-
trolled by such dynamic processes. FAK expression was analyzed in
iPRAB cells after 10 h of hormonal treatment (Figure 6B). In PRB-
expressing cells and in agreement with previous reports (Lange
et al., 2000; Khan et al., 2011), R5020 induced proteasome-depen-
dent degradation of PRB, with a 50% decrease after 10 h in the
MDA-iPRAB cell line. In contrast, liganded PRA remained stable af-
ter 10 h of hormone treatment in these cells. Of interest, PRB but
not PRA expression clearly led to hormone-dependent decrease of
total FAK as well as FAKY3?7P expression, whereas coexpression of
PRA strikingly prevented this effect. Therefore FAK turnover was at
least partially coupled to hormone-induced PRB degradation long
after PRB nuclear translocation was achieved. Because turnover dy-
namics might be cell specific, experiments were repeated in two
different cell lines expressing PRA or PRB (Figure 6C). As previously
reported (Khan et al., 2011), in endometrial cancer Ishikawa cells
(ERo-) stably transfected by PRB or PRA, both isoforms are rapidly
down-regulated after hormone exposure. In mammary cancer T47D
cells, PRA and PRB are endogenously expressed independent of
estrogen regulation, although ERa is present. In both cell lines, FAK
down-regulation was induced by hormone treatment.

These results, taken together, provide evidence for ligand-inde-
pendent interactions of both PRA and PRB with FAK and establish a
biological link between FAK and PR isoform turnovers depending
on PRA and PRB degradation kinetics.

DISCUSSION

P4 was reported to induce cell spreading and adhesion in MDA-
MB-231 stably expressing both PRA and PRB (Lin et al., 2000, 2001).
In T47D cells endogenously expressing PRA and PRB, P4 increased
cell migration (Fu et al., 2008b, 2010), whereas PRA but not PRB en-
hanced migration in PR-inducible T47D YiA and YiB cells (Jacobsen
et al., 2005). In sharp contrast, our unique bi-inducible cell line al-
lowed us to unambiguously evaluate the relative contributions of
both isoform expressions in the absence, as well as in the presence,
of hormone. In our model, PRB and PRA clearly cooperate through
multiple mechanisms accelerating migration. PRB but not PRA en-
hances uPA transcript level, consistent with a positive effect on cell
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PRB and FAKY3%7P are colocalized in focal adhesion sites. MDA-iPRAB cells were induced (PRB) or not (PR-)
by Dox for 24 h and then treated with either 10 M R5020 or 10-® M RU486 or vehicle for 30 min. Immunofluorescence
microscopy was performed as described in Materials and Methods by analyzing FAK"’P (red) and PRB (green). The
nuclei were counterstained with DAPI (blue). Photographs were taken by using a confocal microscope at 400x

magnification. (a—c) Magnifications to focus on representative structures.

migration in the absence of progestins. Moreover, because addition
of hormone decreased PRB-dependent up-regulation of uPA, this
gene might be only sensitive to unliganded PRB but switched off
by hormone. Therefore unliganded PRB-dependent cell migration
would result from synergetic activations of uPA signaling and FAK
cascade via both transcriptional and nongenomic processes. More-
over, upon hormone addition, PAI-1 synthesis and secretion were
enhanced in PRA- and PRB-expressing cells. Although PAI-1 was ini-
tially considered as aninhibitor of both uPA-mediated ECM proteolysis
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and uPA-inducible uPAR signaling, several reports argued in favor of
other PAI-1 functions linked to endocytic receptor LRP and integrin
signaling, leading to stimulate adhesion/deadhesion dynamics (Waltz
etal., 1997; Croucher et al., 2007; Fabre-Guillevin et al., 2008). More-
over, PAI-1 is considered a metastasis prognostic marker (Leissner
et al., 2006). In this context, because PAI-1 strongly increased migra-
tion of MDA-MB-231 cells at low concentration, this factor might po-
tentially mediate PRB-dependent migration through a paracrine
mechanism affecting FAK activity.
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FIGURE 6: PRA and PRB interact with FAK complexes and regulate their turnover. (A) MDA-
iPRAB cells were induced by RSL1 and/or Dox for 24 h and then exposed to 10-® M R5020 or
vehicle for 1 h. Cell lysates were incubated with either total FAK antibody or nonrelated
antibody (immunoglobulin G). Lysates (input) and immunoprecipitates (IPs) were analyzed by
Western blot for FAKY3?7F, FAKt*®/, PRA, PRB, and tubulin. Framed inset: the colP experiments
were repeated using iPRAB cells induced by either Dox or RSL1 + Dox to induce PRB or

PRA + PRB for 24 h. (B) iPRAB cells were induced by either RSL1 or Dox or both of them and
then treated or not by 10% M R5020 for 10 h. Western blots were performed and quantified as
described in Figure 4A for FAKY397F, FAKtt!, PRA, PRB, and tubulin (mean + SEM, Mann-Whitney
statistical test). (C) Ishikawa cells stably transfected by either PRA or PRB and T47D cells
endogenously expressing PRA and PRB were treated either by 108 M R5020 or vehicle for 24 h.

Western blot analyses were performed as in B.

Independent of regulation of the PA system, PRB directly targets
the FAs through interaction with FAK complexes. PRB clearly colo-
calized with FAKY3?7p, which is required for focal adhesion disassem-
bly (Hamadi et al., 2005; Deramaudt et al., 2011). P4 has been
found to rapidly enhance phosphorylation of Tyr-397-FAK in T47D
cells (Fu et al., 2010), and we confirmed these results here using
R5020 progestin in our bi-inducible cell model. However, in

1370 |

C. Bellance et al.

this compartment.

contrast to this report, our studies argue for
a direct interaction of PRB with FAK com-
plexes, which likely enhances FAK-mediated
motility. Other converging data indicate
that steroid receptors are able to cross-talk
with FAK signaling. In this regard, the
ligand-free ER has been identified in the
same complex as FAK via interaction with
Src tyrosine kinase, which was disrupted by
estrogens (Le Romancer et al., 2008). More-
over, evidence was reported for the interac-
tion of FAK complexes with steroid receptor
coactivator 3 (SRC3) in MDA-MB-231 cells
(Long et al., 2010). Tumor suppressor
BRCA1 colocalizes in FAs, leading to de-
creased cell motility (Coene et al., 2011). Of
interest, PRB interacts with ER (Ballare et al.,
2003), c-Src (Boonyaratanakornkit et al.,
2001), SRC3 (Long et al., 2010), and BRCA1
(Ma etal., 1999; Poole et al., 2006). It is pos-
sible that, even in the absence of ER, cyto-
plasmic PRB might be directly recruited by
FAK concomitant to Src and other partners,
leading to modulation of cell migration in a
coordinated manner.

Under physiological conditions, PRB
trafficking and shuttling are finely tuned
through  hormone-sensitive  regulation
(Guiochon-Mantel et al., 1991; Tyagi et al.,
1998), which might strongly influence cell
migration dynamics. In our cell model, hor-
mone-induced PRB nuclear translocation
led to rapid depletion of PRB in sub—plasma
membrane structures, as well as in cyto-
plasm, which was correlated with decreased
migration rate after a few hours of hormone
treatment. It was also surprising that
hormones induced FAK degradation in
PRB cells. PRB transcriptional hyperactivity
is tightly coupled to its proteasome-
dependent turnover (Dennis et al., 2005).
In a similar manner, the increase in hor-
mone-dependent degradation of PRB-FAK
complexes might be the signature of PRB-
dependent FA disassembly. FAK3%7P trans-
locates to the nucleus, where it can interact
with p53 (Golubovskaya et al., 2005) and
down-regulate its turnover by enhancing
p53 ubiquitination (Lim et al., 2008). Be-
cause PRA strongly interacted with FAK in
cell lysates but neither colocalized with
FAK at FAs nor activated FAK at Tyr-397,
PRA interaction with soluble FAK could
mainly take place in the nuclear compart-
ment. The fact that PRA interfered with

PRB-dependent FAK turnover and could compete with PRB for
binding FAK suggests that such cross-talk might transiently occur
into the nucleus, with important consequences for FAK stability in

We previously reported that RU486 stabilizes PRB through a
MAPK-dependent mechanism (Khan et al., 2011) and concomi-
tantly stabilizes SRC-1, a major coactivator of PRB (Amazit et al.,
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FIGURE 7: Model for PRB-dependent regulation of cell migration. Impaired FAK
phosphorylation at the Y397 site decreases FAK time residence at FAs, leading to reduce cell
retractile activity and migration (migration OFF). Increased stabilization of FAK at FAs leads to
sustained stimulation of phosphorylation cascades initiated by FAKY3? phosphorylation,
interactions with protein partners, and disassembly of FAs (migration ON). Interaction of FAK
with cytoplasmic (cyto) PRB at FAs leads to enhance FAK time residence within FAs (PRB-
dependent migration HIGH). The hormone transiently enhances Y397 phosphorylation,
enhancing migration, and PRB-FAK is released from the FAs and is thus translocated into the
nucleus and/or degraded (PRB-dependent migration LOW). The exchange of PRB with PRA

T

transiently leads to rapid stimulation of
FAKY377P and enhancement in cell motility as
compared with PR- cells. However, hor-
mone-bound PRB cells migrate at a lower
speed than unliganded PRB cells due to en-
hanced nuclear localization. PRB-mediated
cell migration is thus dependent on cytoplas-
mic PRB abundance, which is an intricate
function of PRB neosynthesis, nucleocyto-
plasmic shuttling, and proteasome-depen-
dent degradation, as well as hormone sta-
tus. Of importance, antagonist ligands such
as RU486 that stabilize PR lead to sustained
stimulation of migration compared with hor-
mone-treated cells. In addition, PRA would
extend hormone-dependent migration of
PRB-expressing cells by stabilizing FAK,
leading to constitutively activate migration
at high level. Our model predicts that the
more PRB is stable and shuttles in cyto-
plasm, the more it interacts with FAK and
enhances migration. PRB overexpression
would thus favor mammary cancer cell ex-
pansion, especially in the context of low P4
status or disturbed PRB trafficking or any as-
sociated treatment with RU486-like antago-
nists. Of interest, the more PRA is expressed,
the more it stabilizes FAK and amplifies PRB-
dependent cell migration. Therefore high
expression of PRA might play a critical role
in setting output signals for PRB-dependent
cell migration independent of progestins, in
agreement with the deleterious effects of

within soluble FAK complexes inhibits FAK/PRB codegradation, potentiating the effect of
hormone on PRB-dependent migration (PRB-dependent migration HIGH). The indicated
PR-dependent transcriptional regulations affecting migration may further strengthen these
effects at delayed time. RU486 antagonist counteracts all the previous hormone-dependent
effects and potentiates PRB-dependent cell migration. The triangles indicate R5020 (black),
RU486 (gray), or PRA expression (white) variations leading to extended migration rate at the

indicated high or low level.

2011). RU486 also inhibited the hormone-dependent spread of
MDA-MB-231 cells expressing PRB (Lin et al., 2001). Accordingly,
we found here that this antagonist induced delayed nuclear trans-
location compared with R5020-treated cells and abolished the rela-
tive down-regulating effect of hormones on cell migration. The
promigratory action of RU486 likely resulted from both increased
uPA expression and PRB stabilization, which might favor its interac-
tion with FAK in the cytoplasmic compartment. This highlights the
need for selective PR antagonists that neither induce MAPK-
dependent stabilization of PRB nor inhibit proteasome-dependent
turnover, in contrast to RU486 and most of its derivatives.

Our results are schematically summarized in Figure 7. Induction
of PRB expression enhances cell migration through transcriptional,
as well as nongenomic, processes involving FAK-dependent signal-
ing. Based on the mechanistic model previously proposed for FAK
assembly/disassembly kinetics (Hamadi et al., 2005; Deramaudt
et al., 2011), cell migration might be correlated with FAK time resi-
dence within FAs. In PR-expressing cells, association of stable unli-
ganded PRB with FAK would enhance FAK-dependent cell migra-
tion in a sustained manner by favoring FAK recruitment within
FAs and subsequent activation of migration. Hormone-bound PRB
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high PRA expression level found in a major-
ity of PR+ ER+ breast cancers.

In sum, PRB and PRA differentially affect
cell migration through multiple mechanisms
activating FAK as a function of their relative
expression level in cell compartments. Our
findings argue for the important roles that
PRA/PRB ratio might play in regulation of
cellular movements of PR-expressing cells and suggest a mechanis-
tic scheme for cell motility and metastatic dissemination of ER+ PR+
breast cancers.

MATERIALS AND METHODS

Cell cultures and treatments

MDA-iPRAB cell line deriving from MDA-MB-231 human breast can-
cer cell line (American Type Culture Collection, Manassas, VA) was
previously described (Khan et al., 2012). Briefly, these cells stably
express all components of Rheoswitch (New England BioLabs, Ips-
wich, MA) and T-Rex (Invitrogen, Carlsbad, CA) systems, allowing
controlled expression using RSL1 and Dox nonsteroidal inducers.
They were also stably transfected by two vectors conditionally ex-
pressing either PRA in the presence of RSL1 or PRB in the presence
of Dox in a dose-dependent manner. Cells were grown in DMEM
supplemented with 5% fetal bovine serum (FBS) as previously de-
scribed (Khan et al., 2012) in the presence of Geneticin (500 ug/ml),
blasticidin (2 pug/ml), and Zeocin (100 pg/ml) to maintain selective
pressure on plasmid expression (Khan et al., 2012). At 24 h before
each experiment, cells were starved in DMEM without phenol red
with 5% FBS stripped using the dextran-coated charcoal method
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with 100 U/ml penicillin and 100 pg/ml streptomycin. Then RSL1
(0.25 pM) and/or Dox (2 pM) was added in the medium to induce
PRA and/or PRB expression, respectively. After induction for 24 h,
steroids or vehicle (0.01% ethanol) were added in the medium as
indicated. Ishikawa cells expressing PRA or PRB and T47D cells were
grown as previously described (Khan et al., 2011).

Real-time gRT-PCR

Total RNA was extracted from iPRAB cells treated or not by the indi-
cated ligands for a given time using TRIZOL reagent (Invitrogen),
and equal amounts (1 pg) were reverse transcribed for real-time
gRT-PCR analysis as previously described (Khan et al., 2011). Primers
(300 nM) used are listed in Supplemental Table S1. Quantification of
gene expression was normalized to 185 rRNA and expressed as
means + SEM from six experiments.

In vitro wound-healing repair assays

MDA-iPRAB cell migration was assessed according to a previously
reported method (Chen et al., 2011). Briefly, 10° cells were grown to
confluence into inserts onto graduated plastic microdishes (Ibidi,
Munich, Germany). After induction of PRA and/or PRB expression by
RSL1 and/or Dox for 24 h, cell proliferation was arrested by adding
10 pg/ml mitomycin C (Sigma-Aldrich, St. Louis, MO) for 1 h. The
insert was pulled out, and cell debris was removed by washing with
phosphate-buffered saline (PBS). Width of each wounded area was
measured using grids at three marked positions. The cells were then
treated by 108 M R5020, 10® M RU486, or vehicle. The cultures
were kept at 37°C in a humidified incubator and photographed (40x
magnification) at the indicated times to monitor migration of cells
into the wounded area. Cell migration was quantified as the dis-
tance covered by cells in wound-healed surface from the marked
positions. Results are expressed as mean + SEM of three indepen-
dent experiments.

Immunoblots and immunoprecipitations

MDA-iPRAB cells were harvested in cold PBS and the pellet resus-
pended in lysis buffer (0.1% Triton X-100, 50 mM Tris-HCI, pH 7.5,
5 mM EDTA, 150 mM, NaCl, 0.2% NaF, 1.3% sodium pyrophos-
phate) containing a mixture of phosphatases and proteases inhibi-
tors (Sigma-Aldrich). PAGE electrophoresis and immunoblotting
were performed as previously described (Khan et al., 2011). The
membranes were incubated with the indicated primary antibodies
at 4°C overnight and then incubated with secondary antibody con-
jugated to horseradish peroxidase for fluorescence before being
developing using enhanced chemiluminescence plus detection re-
agents (Amersham Biosciences, Piscataway, NJ) or scanning using
the Odyssey system (LI-COR, Lincoln, NE). For coimmunoprecipita-
tion experiments, the cells were lysed in lysis buffer containing
0.5% Nonidet-P40. Supernatants (1 mg of total proteins) were incu-
bated with 2 pg of antibodies for 5 h at 4°C. The samples were then
mixed with protein G magnetic beads (Millipore, Billerica, MA) ac-
cording to manufacturer’s instructions. Bound immunocomplexes
were boiled in Laemmli loading buffer for 10 min and analyzed by
Western blot. The antibodies used were monoclonal anti-PR (NCL-
LPGR-312/2; Novocastra, Newcastle upon Tyne, United Kingdom),
rabbit polyclonal anti—-FAK C-terminal domain (C20; Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-phospho
Tyr397-FAK (ab4803, Abcam), and anti—a-tubulin (Sigma-Aldrich).

Plasminogen activator inhibitor-1 antigen assays
Cells were grown at 80% confluence in medium containing either
RSL1 or Dox for 24 h. The cells were then treated by 108 M R5020,
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or/and 10 M RU486, or vehicle for 16 h. Conditioned media were
immediately transferred to —20°C until the next step. Total PAI-1 was
measured using ELISA-Kit (Gentaur, Paris) as described by the man-
ufacturer. Results are expressed as mean + SEM from three indepen-
dent experiments.

Immunocytochemistry and confocal imaging

MDA-iPRAB cells were plated onto chambered slides (Lab-Tek,
Rochester, NY), fixed in 4% paraformaldehyde, permeabilized with
0.1% Triton, and saturated with 5% BSA and 0.1% casein in PBS. The
slides were incubated with primary anti-FAKY3?’? rabbit polyclonal
antibody (ab4803; Abcam, Cambridge, MA), anti-PRB monoclonal
antibody let126 (Lorenzo et al., 1988), anti—-PRB and PRA monoclo-
nal antibody (Novocastra, NCL-LPGR-312/2), Cy5-conjugated sec-
ondary anti-rabbit antibody, and Alexa Fluor green—conjugated sec-
ondary anti-mouse (Invitrogen). Nuclei were stained using To-PRO3
(Invitrogen) or 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen),
and the slides were mounted using Fluorescence Mounting Medium
(Dako, Trappes, France). The cells were analyzed by confocal fluo-
rescence microscopy as previously described (Amazit et al., 2011).

Statistical analysis

All data are representative of at least three independent experi-
ments and are presented as mean + SEM. Nonparametric Mann—
Whitney or Student’s two-tailed tests were used to determine sta-
tistical significance of difference between groups using the
software InVivoStat (www.invivostat.co.uk). Statistical significance:
***p < 0.001,**p < 0.01, *p < 0.05.
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