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Abstract Progestins are reported to increase the risk of inva-
sive breast cancers in postmenopausal women receiving hor-
mone therapy with estrogen plus progestin. We report here
that estrogen and progesterone receptor positive (ER+PR+) rat
mammary tumors arising in the presence of estrogen and
progesterone exhibit increased invasiveness and decreased
expression of E-cadherin protein compared with tumors grow-
ing in the presence of estrogen alone. A similar decrease of E-
cadherin expression was observed in human ER+PR+ inva-
sive ductal carcinoma compared with ductal carcinoma in situ.
In agreement with findings in the rat, estrogen plus progestin
R5020 treatment decreased E-cadherin expression in vitro in
T47D human breast cancer cells. Decrease of E-cadherin
protein was mediated by progesterone receptor B (PRB) and
dependent on the activation of the Wnt pathway. These results
suggest that progesterone signaling via PRB contributes to
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tumor invasiveness and can provide an important therapeutic
target for treatment of invasive ER+PR+ breast cancers.

Introduction

Synthetic progestins (PS), molecules with activities similar to
the natural hormone progesterone (P) [1], have been shown to
increase breast cancer risk in postmenopausal women receiv-
ing estrogen plus progestin (E+PS) hormonal therapy (HT)
compared with women receiving therapy with estrogen (E)
alone [2]. Notably, breast cancers that develop in postmeno-
pausal women with E+PS HT are more invasive and lead to
higher mortality rate [3]. Although it has been reported that PS
increases motility of human breast cancer cells in vitro [4, 5],
it is not known how PS and, more importantly, endogenous P
regulate invasive behavior of tumor cells in vivo.

P action in the breast is mediated by two distinct proges-
terone receptor (PR) isoforms, PRA and PRB. Upon activa-
tion, PRA and PRB stimulate expression of different subsets
of genes leading to different biological outcomes in vitro [6,
7]. PRB is generally a more potent nuclear transcription factor
than PRA [8]. PRB is critical for lobuloalveolar development
of the mammary gland during pregnancy, while PRA function
is essential for normal development of the uterine and ovarian
epithelium [9, 10]. In the normal human breast, PRA and PRB
are expressed in equimolar amounts; however, the PRA/PRB
expression ratio is commonly altered in breast cancers [11].
However, the specific functional roles of the two PR isoforms
in the etiology and biological behavior of mammary cancers
has not been well defined.

The epithelial adhesion protein E-cadherin is a major com-
ponent of tight junctions between mammary epithelial cells.
The decrease or loss of E-cadherin protein is associated with
poor prognosis in breast cancer patients [12]. Numerous
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studies have reported that E-cadherin mRNA expression is
negatively regulated by transcription factors important for
epithelial-to-mesenchymal transition (EMT) [13—-15]. Based
on in vitro studies, it has been proposed that cells composing
ductal carcinoma in situ undergo EMT that is accompanied
with decreased E-cadherin expression and become invasive.
Alternatively, epigenetic mechanisms such as DNA hyperme-
thylation have been shown to decrease E-cadherin mRNA and
protein expression [16, 17].

The adult rat mammary gland has ductal-lobular organization
that is very similar to the human breast. Furthermore, the rat is a
highly relevant model to study P signaling in the normal breast
and in breast cancer because PRA and PRB expression during
development and PR isoform colocalization in the rat mammary
gland closely resemble that in the human breast [18, 19]. In
addition, the majority of mammary cancers induced by carcino-
gen in the rat express estrogen and progesterone receptors (ER+
PR+) and are hormone-dependent [20]. By using the model of
mammary cancer developing in ovariectomized rats treated with
E+P versus E alone, we have identified a novel molecular
mechanism by which exogenous PS or endogenous P may
promote invasiveness in ER+PR+ human breast cancers. This
mechanism may explain why breast cancers that develop in
postmenopausal women receiving E+PS HT are more likely to
metastasize into the lymph nodes than cancers that develop in
postmenopausal women who have not received HT [3]. Our data
strongly suggest that blocking P signaling via PRB in ER+PR+
breast cancer may curtail loss of E-cadherin, thereby preventing
or restraining tumor invasiveness. Such therapies may be partic-
ularly important for women who have not benefited from con-
ventional antiestrogen treatments.

Methods

Animals Fifty-day-old Sprague-Dawley female rats (Charles-
River Laboratory, Raleigh, NC) were ovariectomized, implanted
with Silastic pellets containing E (2.5 mg/1 cm) with or without
four pellets releasing P (50 mg/4 cm) (N=16 and 17, for E and
E+P treatment group, respectively) and treated with a single
intragastric dose (50 mg/kg) of 7,12-dimethylbenz[ ocJanthracene
(DMBA). Carcinogen-treated sham-operated rats received pel-
lets containing cholesterol and served as ovary-intact control
(N=19 rats). Hormone-releasing pellets were replaced every
10 weeks. These replacement regimens produced systemic hor-
mone levels within the physiological range (Online Resource 4).
Plasma hormone levels were measured as previously described
[34]. Normal mammary tissues and tumors were fixed in 10 %
buffered formalin and paraffin embedded for immunohistochem-
ical analysis or flash-frozen in liquid nitrogen and stored at
—80 °C for mRNA or protein analysis. All animal handling
procedures were approved by the Michigan State University
committee on animal use and care.
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Cell Lines Human breast cancer T47D cells co-expressing
PRA and PRB were purchased from ATCC (Manassas, VA).
T47D cell lines, Y (lacking PR), YA (expressing only PRA),
and YB (expressing only PRB) were generously provided by
Dr. KB Horwitz (University of Colorado). Cells were grown
in minimal essential media and 5 % fetal bovine serum as
described [35] and changed to phenol red and serum-free
media for 48 h prior to treatments with synthetic PS
promegestone (R5020, 20 nM), estradiol (E, 10 nM), PR
inhibitor (RU486, 100 nM), Src inhibitor (PP2, 20 uM), Akt
inhibitor IV (5 uM), Wnt antagonist II (IWP-2, 10 uM) that
inhibits Wnt processing and secretion, Wnt antagonist III
(CCT036477, 10 uM) that blocks signaling at [3-catenin
levels (all from Calbiochem, La Jolla, CA), PI3 kinase inhib-
itor (LY294002, 10 uM), MEKK1/2 inhibitor (U0126,
10 uM) (both from Cell Signaling, Beverly, MA), or the
natural Wnt antagonist (Dkk1, 1 pg/ml) (R&D Systems,
Minneapolis, MN) for 24 h. R5020 was used for in vitro
studies because P is rapidly metabolized in vitro [36]. Kinase
inhibitors were tested for their ability to block proliferation
(LY and U0126) in primary culture of normal mouse mam-
mary epithelial organoids in 3-D cultures [37], for their ability
to block organogenesis and decrease phosphorylated Src
levels (PP2) in 3-D cultures of normal mouse mammary
epithelial organoids [37], and their ability to block activation
of their respective kinases (U0126, Akt inhibitor IV) in YB
breast cancer cells treated with 200 ng/ml IGF1 (Cell Sci-
ences, Canton, MA) for 30 min (Online Resource 5).

Human Archival Breast Cancer Samples Archival human
breast cancers were collected in 2000 at Sparrow Hospital,
Lansing, MI in accordance with a protocol approved by the
institutional review boards of Michigan State University and
Sparrow Hospital. Based on pathology reports, all samples
were positive for ERx and PR and consisted of invasive ductal
carcinoma component with variable proportions of intra-
ductal carcinoma in situ.

Histopathological Analysis Rat tumors were evaluated by a
board-certified veterinary pathologist (LM.L) following the
criteria from the Annapolis meeting on mammary pathology
of genetically engineered mice [38].

Immunoblot, Cell Cycle Analysis, and RT-PCR-Based Micro-
array Analysis Analyses were performed as previously de-
scribed [34, 39]. All rat and human primers for RT-PCR were
from Qiagen (Frederick, MD). Protein loading in immuno-
blots was normalized by intensity of 3-actin bands.

Immunofluorescent Staining Cells were fixed in 10 % buff-
ered formalin for 30 min, washed with PBS, permeabilized
with 0.05 % Triton-X100, blocked in 1 % BSA, incubated
overnight with primary antibody, and developed with Alexa
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Fluor 488-labeled goat anti-rabbit antibody (Invitrogen, Carls-
bad, CA; 1:400). Immunohistochemistry was performed as
previously described [19]. Antibodies used in the study are
described in Online Resource 6. Alexa Fluor-labeled second-
ary antibodies were from Invitrogen (Eugene, OR). Nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Quantitative analysis of immunofluorescent staining
with anti-Wnt 1 antibody was performed with MetaMorph
software (Molecular Devices, Sunnyvale, CA).

Quantitation and Statistical Analysis Results were presented
as mean + SEM, and differences were considered significant
at P<0.05 by ANOVA/MANOVA with Duncan's post hoc
test or by x°-test where appropriate.

Results

E+P Treatment Promotes Basal/Myoepithelial Tumor Cell
Phenotype

Control ovary-intact (OI) and ovariectomized rats treated with E
alone or E+P were given carcinogen to induce mammary can-
cers. Mammary epithelium in humans and rodents consists of
two epithelial cell types, luminal and basal/myoepithelial. Lumi-
nal cells express steroid receptors ERot, PRA, and PRB [21] and
keratin 18 (K18) [22]. Basal/myoepithelial cells express «-
smooth muscle actin (SMA), transcription factor p63, and

a K5/K18/DAPI b
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K18+
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Fig. 1 Combined treatment with estrogen plus progesterone alters cellu-
lar composition of rat tumors. Tumors were from ovary-intact (Of) or
ovariectomized rats treated with estradiol alone (£) or estradiol plus
progesterone (£ +P) and treated with seven carcinogen DMBA. a Rep-
resentative images of staining with anti-keratin 5 (K5, green, white
arrows), anti-keratin 18 (K18, red, yellow arrows) antibodies, and 4',6-
diamidino-2-phenylindole (DAPI)-stained nuclei (blue). Scale bar,
50 pm. b Quantitation of tumor cells expressing basal/myoepithelial

% of SMA+ cells

Fold change

keratins 5 (K5) and 14 [23]. Based on expression of luminal
(K18) and basal/myoepithelial (K5 and SMA) markers, all tu-
mors were subdivided into four groups (Fig. la, b). All tumors
from the E-treatment group expressed K18 with less than 5 % of
K5+SMA +cells (K18'K5"%, N=13 tumors). All tumors from
OI group expressed K18 with up to 32 % of K5+SMA+cells
(K18'K5"€" N'=12 tumors). In contrast, the tumors from E+P-
treated rats exhibited marked loss of K18 expression and variable
expression of K5 and SMA. Roughly equal number of tumors
contained ~12 % K5+SMA+cells (K18 K5"°%, N=12 tumors)
or ~25 % K5+SMA+cells (K18 K5"", N=17 tumors). Thus,
endogenous E and P (OI group) or exogenous E+P treatment
promoted expansion of basal/myoepithelial tumor cells. Interest-
ingly, levels of K5 and K18 mRNA were not significantly
different among experimental groups (Fig. lc, d), indicating a
discordance between mRNA levels and protein expression in
tumors.

E+P Treatment Decreases E-Cadherin Protein and Increases
Tumor Invasiveness

The invasiveness of human breast cancers is strongly associated
with decrease or loss of the adhesion protein E-cadherin [12]. E-
cadherin protein was highly expressed in normal epithelial cells
adjacent to tumors in all treatment groups (Fig. 2a). Notably, E-
cadherin protein was significantly decreased in tumors from E+
P-treated rats, both K5 and K5"€", compared to tumors from
OI and E-treated rats (Fig. 2a, b). The decrease of E-cadherin
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marker SMA (N=8-16 samples/group). Tumors with less than 15 % of
basal/myoepithelial cells are K5'°%; tumors with more than 15 % of basal/
myoepithelial cells are K5"&", *P<0.05 for comparisons indicated by
brackets. ¢, d Real-time RT-PCR analysis of tumor ¢ K5 and d K18
mRNA expression (N=5 tumors/group). Only K5"€" tumors were ana-
lyzed in the E+P group. The bars represent the mean+SEM fold differ-
ence compared with mRNA expression in OI tumors that was arbitrarily
taken as one
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Fig.2 Combined treatment with estrogen plus progesterone decreases E-
cadherin protein expression in vivo. a, b Mammary tissue and tumors
were from carcinogen-treated ovary-intact (OI) or ovariectomized rats
treated with estradiol alone (£) or estradiol plus progesterone (E+P). a
Representative images of E-cadherin immunostaining (green, white ar-
rows) in tumors and ducts and lobules surrounding the tumor from an E+
P-treated rat. Nuclei were counterstained with DAPI (blue). Scale bar,
50 um. b Quantitation of the percent of tumors with normal, decreased, or

protein occurred without a change of E-cadherin mRNA expres-
sion (Fig. 2c). Histopathologic analysis indicated that tumors
from E+P-treated rats were also more invasive than tumors from
OI or E-treated rats. The cellular phenotype of invading cells in
the rat mammary cancers was similar among the treatment
groups; invading cells expressed the basal/myoepithelial markers
SMA, p63, and K5 (Fig. 3a, b). Furthermore, invading cells
outside of the primary tumor mass frequently expressed PRB
but did not express PRA, whereas cells within the tumor body
expressed both PRA and PRB (Fig. 3c).

Invasive ER+PR+ Human Breast Cancers Acquire
Expression of Basal/Myoepithelial Marker K5 and Exhibit

Decrease of E-Cadherin Expression

Next, we investigated expression of cell-type specific markers
K18 and K5 and E-cadherin expression in archival samples of
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absent E-cadherin expression when compared to normal mammary ducts
adjacent to the tumor determined by immunostaining (N =10-13 tumors/
group). *P<0.05, the percent of tumors with absence of E-cadherin is
greater in E+P-treatment group than in Ol or E treatment groups. ¢ Real-
time RT-PCR analysis of E-cadherin mRNA expression (N=5 tumors/
group). Only K5"€" tumors were analyzed in the E+P group. The bars
represent the mean+SEM fold difference compared with mRNA expres-
sion in OI tumors

ER+PR+ primary human breast cancers that contained both an
intra-ductal preinvasive in situ tumor component and an inva-
sive tumor component (N =21 patients). Ductal carcinomas in
situ were composed of luminal K18+ cells circumscribed by a
layer of basal/myoepithelial cells expressing K5 (Fig. 4a).
Cells composing of invasive ductal carcinoma acquired ex-
pression of K5 that was ranging from only few K5 expressing
cells in some tumors to the majority of cells expressing K5
(Fig. 4a). K18 was expressed in the majority of tumors, with
some tumors exhibiting loss of K18 expression in some cells
(Fig. 4a, a panel in the middle). Furthermore, invasive tumor
cells frequently co-expressed K5 and K18 (Fig. 4a), indicating
that the predominant phenotype of invasive cells in human
breast cancers is a cell phenotype intermediate between lumi-
nal and basal/myoepithelial cells.

E-cadherin was strongly expressed in the normal mammary
epithelium adjacent to tumor (Fig. 4b). E-cadherin expression
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Fig. 3 Invasive cells in the rat mammary tumors express basal/
myoepithelial markers. Tumors were from carcinogen-treated ovary-in-
tact (OI) or ovariectomized rats treated with estradiol alone (£) or
estradiol plus progesterone (E+P). a H&E staining. Low-power image
ofan invasive tumor (<10, leff panel). Inset indicates the area of the tumor
at higher power (x40, right panel) with a cord of invading cells (red
arrow). b Immunolabeling of invasive cells with anti-K5 (green) and
anti-SMA (red) antibodies (left panel; yellow arrow indicates a basal/
myoepithelial K5+SMA+cell) or with anti-p63 (feal) and anti-SMA

in carcinoma in situ ranged from similar to or decreased
compared with E-cadherin expression in the normal tissue,
whereas a more significant loss of E-cadherin was observed in
IDC (Fig. 4b, c, Online Resource 1). Invasive tumor cells
frequently co-expressed the luminal marker, PRA, and the
basal/myoepithelial marker, K5 (Fig. 4d). Because PRA and
PRB were frequently co-expressed in the same cell (Online
Resource 1), we concluded that cells expressing PRA and K5
are likely to express PRB. Collectively, these data indicate that
the transition from in situ to invasive tumor is associated with
decreased E-cadherin expression, decreased K18 expression,
and increased expression of K5.

E+PS Treatment Decreases E-Cadherin Protein in Breast
Cancer Cells via Activation of the Wnt Pathway

To further investigate the effect of P/PS on E-cadherin protein,
we used humanT47D breast cancer cells that co-express PRA
and PRB. Indeed, treatment with E plus, the synthetic PS
R5020 decreased the levels of E-cadherin precursor and mature
E-cadherin protein (Fig. 5a). Accordingly, immunocytochemi-
cal analysis also showed a drastic decrease of E-cadherin stain-
ing in cells treated with E+R5020 (Fig. 5b). This effect of E+
R5020 was completely abolished by the PR antagonist, RU486
(Fig. 5b). It has been shown that E-cadherin expression in breast
cancer cells is regulated at the level of mRNA transcription by
transcription factors important for EMT such as ZEB1, Twist,

ISMA/DAPI

d v,

p63

Invasivercellsg
' #

(red) antibodies (right panel; white arrow indicates a basal p63+SMA
cell, yellow arrow indicates a basal/myoepithelial p63+SMA+cell). ¢
Immunostaining of PR isoforms in luminal cells in the tumor body and in
invasive basal/myoepithelial cells. Immunolabeling with anti-K5 (red)
and anti-PRA (feal) antibodies (lefi two panels) or anti-PRB (teal)
antibodies (right two panels). White arrows indicate PRA+ or PRB+
tumor luminal cells, yellow arrows indicate basal/myoepithelial cells. b,
¢ White dotted lines indicate the margin of the tumor. Nuclei were
counterstained with DAPI (blue). Scale bars, 50 um

Snail, and Slug [13—15] or by epigenetic mechanisms [16, 17];
however, E-cadherin mRNA levels were not altered by E+
R5020 treatment in T47D cells (Fig. 5¢). We have tested tumors
from ovary-intact rats and from rats treated with E or E+P for
expression of Zebl and Snail by immunohistochemistry. We
found no significant differences in expression of these tran-
scription factors among groups. When we analyzed Twistl
mRNA expression, we found a trend for increased levels of
Twistl in tumors from E alone-treated rats compared to E+P-
treated (data not shown). Overall, we found no evidence that
E+P treatment induces transcription factors involved in EMT.

Next, we investigated which PR isoform mediated the
effect of R5020 on E-cadherin protein. For these studies, we
used PR-negative T47D cells (Y cells) and T47D cells ex-
pressing either only PRA (YA cells) or PRB (YB cells).
Immunoblot analysis showed that treatment with R5020 sig-
nificantly decreased levels of E-cadherin precursor (1.3+0.08-
fold, P <0.05, N=3 experiments) and mature E-cadherin pro-
tein (1.5+0.09-fold, P <0.05) only in cells expressing PRB
(Fig. 5d). This decrease of E-cadherin protein expression was
further confirmed by immunostaining (Fig. 5e). Similarly to
its action in T47D cells, the PR inhibitor RU486 prevented the
decrease of E-cadherin protein expression in YB cells treated
with R5020 (Fig. 51).

Several studies have shown that E-cadherin protein expres-
sion is regulated by the Wnt/3-catenin signaling pathway [17,
24]. Therefore, we investigated the ability of Wnt inhibitors to
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Fig. 4 Invasiveness of human ER+PR+ breast cancers is associated with
increased keratin 5 expression, decreased K18, and decreased E-cadherin
expression. a Human breast cancer samples that contained in situ and
invasive components were immunostained with anti-K5 (K5, green) and
anti-K18 (K18, red) antibodies. Note variable expression and
colocalization of K5 and K18 in invasive tumors. White arrows indicate
luminal K18+KS5 cells; yellow arrows indicate basal/myoepithelial K18-
K5+ cells; red arrows indicate double positive K18+K5 cells. b, ¢
Immunostaining with anti-E-cadherin antibody (green cytoplasmic stain-
ing) in normal duct and lobule adjacent to the tumor, carcinoma in situ,
and invasive carcinoma. Carcinoma in situ exhibited normal E-cadherin
expression (fop panel) or decreased E-cadherin expression (bottom

influence regulation of E-cadherin protein levels by R5020.
We used Dickkopf-related protein 1, a natural antagonist of
the Wnt signaling, CCT036477, an inhibitor of transcription
downstream of 3-catenin, and Wnt inhibitor II that blocks the
release of Wnt proteins from the cells. All three inhibitors
blocked the ability of R5020 to decrease E-cadherin protein
expression (Fig. 5f, Online Resource 2). Consistent with these
results, we found that E+R5020 treatment significantly in-
creased mRNA levels of Wnt-1 and the Wnt-1-inducible gene
RhoU [25] (Fig. 5g, h). Induction of Wnt-1 protein was further
confirmed by immunocytochemistry (Fig. 5i, j). The PR in-
hibitor RU486 completely blocked the induction of Wnt-1,
RhoU mRNAs, and Wnt-1 protein (Fig. 5g—j). Because P/PS
can also activate intracellular signaling pathways such as PI3
kinase and Src, we tested the effect of inhibitors of intracellu-
lar kinases on E-cadherin protein expression. Inhibitors of Src,
Akt, PI3K, and MEK did not block the R5020-induced de-
crease of E-cadherin protein (Online Resource 2), indicating
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1

panel). Invasive carcinomas frequently exhibited loss of E-cadherin
expression in some tumor cells (fop and bottom panels). Cytoplasmic/
membrane E-cadherin (white arrows), cytoplasmic E-cadherin (yellow
arrow). Dotted lines indicate the edge of carcinoma in situ. ¢ Percent of
tumors with normal, decreased, or absence of E-cadherin expression. *P
<0.05, the percent of tumors with the absence of E-cadherin expression is
greater in invasive carcinomas than in carcinoma in situ. d Representative
images of staining with anti-PRA (feal nuclear staining) and anti-K5 (K5,
red cytoplasmic staining) antibody. White arrows indicate cells co-ex-
pressing PRA and K5. Nuclei were counterstained with DAPI (blue). a,
b, d Scale bars, 50 um

Fig. 5 Progesterone decreases E-cadherin protein via activation of the p>
Wnt pathway by progesterone receptor B (PRB). a T47D cells co-
expressing PRA and PRB were treated with estradiol (£), R5020 (R),
or E+R5020 (E+R) for 48 h and assayed by immunoblot. Numbers
above bands indicate average levels of E-cadherin precursor or mature
protein, respectively, compared with basal media (BM). b, ¢ T47D cells
were treated with E, R, E+R, and E+R plus progesterone receptor
inhibitor RU486 for 48 h and assayed by b immunofluorescence (green
cytoplasmic staining) or ¢ processed for mRNA preparation. d, e Y, YA,
and YB cells were treated with or without R5020 for 24 h and assayed by
d immunoblot or e immunostaining. d Numbers above or below E-
cadherin bands indicate levels compared with untreated cells for E-
cadherin precursor or mature protein, respectively. f Representative im-
ages of E-cadherin immunostaining in YB cells treated with or without
R5020 and with or without PR inhibitor RU486 (R+RU486) or Wnt
inhibitors, Dkk1, and CCT. g-j T47D cells were treated with E, R, E+R,
or E+R+RU486 for 48 h. Real-time RT-PCR analysis of g Wnt 1 mRNA
or h RouU mRNA levels. The bars represent the mean+SEM fold
difference compared with mRNA levels in cells cultured in BM. i
Representative images of staining with anti-Wnt 1 antibody and j quan-
titative analysis of Wnt 1 immunofluorescence in treated cells relative to
BM. b, e, f, i Nuclei are stained with DAPI (blue). Scale bars, 50 pm
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Discussion

The present study shows how P signaling contributes to more
aggressive behavior of the rat mammary tumors in vivo. Specif-
ically, E+P treatment as compared with E alone resulted in
invasive mammary cancers accompanied by decreased E-
cadherin levels and expansion of cells with basal/myoepithelial
phenotype. Remarkably, likewise, changes were observed in
invasive primary human breast cancers compared to matched
carcinoma in situ. These similarities between human invasive
breast cancer and E+P-treated rat mammary cancers lead us to
speculate that progestogens (P, PS) play an important role in
development of invasive human breast cancers. While it is well
recognized that synthetic PS increases the risk of more aggres-
sive breast cancers in postmenopausal women receiving E+PS
HT [2, 3], it was considered that P does not increase the risk [26].
The current study indicates that P is highly effective in promot-
ing invasive ER+PR+ mammary tumors in rats, and it is, there-
fore, likely that endogenous P promotes more invasive breast
cancers in humans.

Treatment with E alone was sufficient to induce the devel-
opment of luminal noninvasive tumors. The presence of P was
required for the expansion of basal/myoepithelial tumor cells
that frequently expressed PRB similar to normal rat basal/
myoepithelial cells [19]. The expansion of basal/
myoepithelial cells in tumors from rats treated with E+P is
consistent with previous findings that PS treatment leads to an
expansion of rare K5+ T47D breast cancer cells in vitro [27].
Moreover, it has been shown that, when combined with E,
both PS and P result in accumulation of basal/myoepithelial
cells in xenografts of T47D cells in immunodeficient mice
[28]. Furthermore, PS directly regulates expression of K5
gene in luminal T47D cells [29]. This raises the possibility
that chronic exposure to P or PS causes transdifferentiation of
human luminal K18+ cells into cells co-expressing K5 and
K18, the most common cellular phenotypes observed in inva-
sive ER+PR+ breast cancers, or into cells that lose K18 and
acquire K5 expression.

Invasiveness is a characteristic of aggressive breast can-
cers. Tumors from rats treated with E+P exhibited increased
invasiveness that was associated with the decrease or com-
plete loss of E-cadherin and K18 proteins in the tumor; how-
ever, levels of E-cadherin or K18 mRNA were not affected by
E+P treatment. Furthermore, transcription factors that are
involved in the regulation of E-cadherin mRNA levels, such
as Zebl, Twistl, and Snail, were not increased in tumors from
rats treated with E+P compared to tumors from Ol or rats
treated with E alone. There is some evidence that P may
regulate the translational efficiency of several mRNAs. In-
deed, P specifically shortens poly(A) tail of some mRNA [30]
that may lead to less efficient translation. More recent studies
also have shown that PS induces production of a number of
miRNAs in breast cancer cells [31]. Some of P-dependent
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miRNAs are targeted to 3'UTR of genes and, thus, may
regulate translation efficiency of these genes. Obviously, ad-
ditional studies are required to investigate the exact molecular
mechanism of posttranscriptional loss of E-cadherin and K18
in tumors developed in the presence of E+P. Data obtained in
this study underscore the importance of immunohistochemical
analysis that may provide information unattainable by mRNA
analysis. We propose that P promotes invasiveness of the rat
mammary tumors via two mechanisms. First, P may increase
invasiveness of luminal tumor cells by decreasing E-cadherin
protein expression via activation of the Wnt pathway. This
mechanism may work in both PR-positive and PR-negative
cells, since Wnt-1 may act in a paracrine manner on PR-
negative cells. Second, P may promote expansion of more
invasive basal/myoepithelial cells, via direct activation of
PRB. Since only PRB mediates the effect of P/PS on E-
cadherin, it is important to investigate the PRA/PRB ratio
and understand its role in regulating E-cadherin protein and
invasiveness in an individual breast cancer. However, accurate
assessment of PRB levels is further complicated by the level
of PRB activation, which renders PRB less stable and less
detectable as shown by cytochemistry in R5020-treated YB
(Online Resource 3).

Loss of E-cadherin is a hallmark of invasive behavior of
luminal breast cancer cell lines cultured in vitro. E+P treat-
ment reduced or led to a complete loss of E-cadherin protein in
10 out of 13 (77 %) tumors in the rat. Likewise, decrease or
complete loss of E-cadherin was observed in 15 out of 21
(71 %) invasive human breast cancers. In agreement with the
in vivo rat studies, R5020 treatment decreased E-cadherin
protein in T47D cells, and this effect was mediated exclusive-
ly by PRB. Both RU486 and Wnt inhibitors blocked this
effect of R5020, indicating that both the genomic action of
PRB and the activation of the Wnt pathway were required to
decrease the E-cadherin protein. These results are consistent
with previous reports that P acting through PRB induces Wnt-
1 and Wnt-4 mRNA in YB cells, and loss of Wnt1 blocks soft
agar growth of YB T47D cells [32, 33]. However, other Wnt
proteins may be induced by PS to regulate E-cadherin. For
example, we found the induction of Wnt-2, Wnt-11, and Wnt-
5b mRNA in T47D cells treated with E+P (data not shown).
Collectively, obtained data indicate that P acting through PRB
regulates E-cadherin protein expression or stability in human
breast cancers via activation of the Wnt pathway.

In conclusion, the data obtained herein indicate that phys-
iological levels of the natural hormone P can significantly
contribute to mammary cancer development in this in vivo
mammary cancer model. We propose that hormone-dependent
mammary cancers in ovariectomized E+P-treated rats may
serve as an appropriate preclinical model of human hormone-
dependent invasive carcinoma for testing novel therapeutic
interventions. Our results obtained in T47D cells and similar-
ities between hormone-dependent human and rat mammary
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cancers are consistent with the hypothesis that P/PS specifi-
cally contributes to the aggressiveness of human breast can-
cers. Thus, assessment of the systemic P levels in breast
cancer patients, analysis of PRA and PRB expression, and
evaluation of biomarkers indicative of P and Wnt signaling
may provide novel prognostic tools as well as targets for
interventions in patients with more aggressive hormone-
dependent breast cancers.
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