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Abstract Progestins are reported to increase the risk of more
aggressive estrogen receptor positive, progesterone receptor
positive (ER+ PR+) breast cancers in postmenopausal wom-
en. Using an in vivo rat model of ER+ PR +mammary cancer,
we show that tumors arising in the presence of estrogen and
progesterone exhibit increased proliferation and decreased
nuclear expression of the cell cycle inhibitor p27 compared
with tumors growing in the presence of estrogen alone. In
human T47D breast cancer cells, progestin increased prolifer-
ation and decreased nuclear p27 expression. The decrease of
nuclear p27 protein was dependent on activation of Src and
PI3K by progesterone receptor isoforms PRA or PRB. Impor-
tantly, increased proliferation and decreased nuclear p27 ex-
pression were observed in invasive breast carcinoma com-
pared with carcinoma in situ. These results suggest that pro-
gesterone specifically regulates intracellular localization of
p27 protein and proliferation. Therefore, progesterone-

activated pathways can provide useful therapeutic targets for
treatment of more aggressive ER+ PR+ breast cancers.

Introduction

There is compelling evidence that progestins (PS), synthetic
molecules with activities similar to the natural hormone pro-
gesterone (P) [1], increase breast cancer risk in postmenopaus-
al women receiving estrogen (E) plus progestin (E + PS)
hormone therapy (HT) compared to women receiving therapy
with E alone [2]. In human breast cancer cell lines in vitro, PS
influence cell proliferation, survival, responsiveness to growth
factors, and cell morphology [3–6]. However, how PS and the
endogenous P contribute to growth of ER+ PR+ breast can-
cers in vivo remains poorly understood.

P action in the breast is conveyed by two progesterone
receptor isoforms, PRA and PRB. PRB regulates expression
of genes required for cell proliferation [7], while PRA controls
expression of genes important for cell adherence, cell mor-
phology, and resistance to apoptosis [6, 8, 9]. In the mouse
mammary gland, PRB is crucial for lobuloalveolar mammary
development during pregnancy, whereas PRA deficiency re-
sults in uterine and ovarian abnormalities and infertility [10,
11]. PRA overexpression leads to alterations in normal epi-
thelial organization of the mouse mammary gland that are
commonly observed in precancerous lesions, suggesting that
P signaling via PRA may contribute to the development of
mammary cancer [12].

Recent studies have shown that the cell cycle inhibitor p27
(Kip1) may play opposing roles in cancer cells depending on
its intracellular localization. In the nucleus, p27 acts as a
potent inhibitor of proliferation in the normal breast and breast
cancer [13, 14]. In the cytosol of breast cancer cells, p27
promotes cytoskeletal remodeling and cell motility [15, 16].
Decreased nuclear and increased cytoplasmic expression of
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p27 is frequently observed in primary breast cancers and
associated with poor clinical outcome [17, 18]. While it is
established that the cytoplasmic localization of p27 is induced
by the PI3/PKB [17–19] or Src phosphorylation [20] in vitro,
the physiological regulators of subcellular p27 localization
in vivo are not known.

Mice are widely used as a model for breast cancer research.
Nevertheless, important differences exist between murine and
human breast tissue; the mouse mammary gland has a differ-
ent histoarchitecture of the adult gland compared to the human
breast [21]. Furthermore, the developmental pattern of PR
expression and PR isoform colocalization differ between the
mouse and the human [22], and mouse mammary cancers are
predominantly steroid receptor negative (ER− PR−), whereas
human breast cancers are predominantly ER+ PR+. In con-
trast, the adult rat mammary glands have prominent ductal–
lobular organization similar to the human breast, and the
developmental profile of PRA and PRB expression and PR
isoform colocalization in the rat closely resemble that in the
human breast [13, 23]. Importantly, the majority of rat mam-
mary cancers are ER+ PR+ and hormone dependent [24].

Using an in vivo rat model of mammary cancers, we have
identified novel molecular mechanisms by which P or PS may
enhance proliferation of ER+ PR+ human breast cancers. We
show here that P and PS promote cytoplasmic localization of
p27 acting via cytoplasmic signaling pathways. This mecha-
nism may explain increased aggressiveness of breast cancers
that develop in premenopausal women who produce endoge-
nous E and P or postmenopausal women receiving E + PS
HRT. These data raise the possibility that blocking
progesterone-activated pathways in patients with ER+ PR+
breast cancer may produce additional therapeutic benefits that
are not achievable by conventional antiestrogen treatments.

Methods

Animals

Fifty-day-old female Sprague–Dawley rats (Charles-River
Laboratory, Raleigh, NC) were ovariectomized, implanted
with silastic pellets containing E (2.5 mg/1 cm) with or with-
out four pellets containing P (50 mg/4 cm) and treated
with a single intragastric dose (50 mg/kg) of 7,12-
dimethylbenz[α]anthracene (DMBA) (N =16 E-treated rats,
N =17 E + P-treated rats). Sham-operated rats (N =19 animals)
received pellets containing cholesterol and served as ovary-
intact (OI) control. Hormone-releasing pellets were replaced
every 10 weeks. These replacement regimens produced sys-
temic hormone levels within the physiological range (Online
Resources 6). Plasma hormone levels were measured as pre-
viously described [41]. For proliferation studies, animals re-
ceived i.p. injection with 5-bromo-2-deoxyuridine (BrdU)

(Sigma, St. Louis, MO) (70 mg/kg) 2 h prior to being eutha-
nized. Normal mammary tissues and tumors were fixed in
10 % buffered formalin and paraffin-embedded for immuno-
histochemical analysis or flash-frozen in liquid nitrogen and
stored at −80 °C for mRNA or protein analysis. Rat tumors
were evaluated by a board-certified veterinary pathologist
(I.M.L) following the criteria from the Annapolis meeting on
mammary pathology of genetically engineered mice [42]. The
total number of palpable tumors was similar among all exper-
imental groups. However, many palpable tumors in OI or E-
treated rats were benign fibroadenomas with or without atyp-
ical hyperplasia.

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 (express-
ing only PRB) were generously provided by Dr. KB Horwitz
(University of Colorado). Cells were grown in minimal essen-
tial media and 5 % fetal bovine serum as described [28]. Cells
were cultured in phenol red and serum-free media for 48 h
prior to treatments with synthetic PS promegestone R5020
(20 nM), PR inhibitor RU486 (100 nM) (both from
PerkinElmer Life Sciences, Boston, MA), estradiol (E,
10 nM) (Sigma, St. Louis, MO), Src inhibitor PP2 (20 μM)
(Calbiochem, La Jolla, CA), PI3 kinase inhibitor LY294002
(10 μM), and MEKK1/2 inhibitor U0126 (10 μM) (both from
Cell Signaling, Beverly, MA) for 24 h. The aliquots of these
kinase inhibitors were tested for their ability to block prolif-
eration (LY and U0126) in primary culture of normal mouse
mammary epithelial organoids in 3-D cultures and for their
ability to block organogenesis and decrease phosphorylated
Src levels (PP2) in 3-D cultures of normal mouse mammary
epithelial organoids [43]. R5020 was used for in vitro studies
because P is rapidly metabolized in vitro [31].

Human Archival Breast Cancer Samples

Human breast cancers were collected in 2000 at Sparrow
Hospital, Lansing, MI. All samples were positive for ERα
and PR. According to corresponding pathology reports, breast
cancer specimens consisted of invasive ductal carcinoma with
variable proportions of intraductal carcinoma in situ. Archival
specimens were obtained with a protocol approved by the
institutional review boards of Michigan State University and
Sparrow Hospital.

Immunoblot, Cell Cycle Analysis, and RT-PCR-Based
Microarray Analysis

Analyses (Rat Cancer Pathway Finder PCR Array, Qiagen,
Frederick, MD) were performed as previously described [41,
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44]. Protein loading in immunoblots was normalized by in-
tensity of β-actin bands. Rat keratin 5 (K5) and keratin 18
primers for RT-PCR were from Qiagen, Frederick, MD.

Immunofluorescent Staining

Cells were fixed in 10% buffered formalin for 30min, washed
with PBS, permeabilized with 0.05 % Triton-X100, blocked
in 1 % BSA, incubated overnight with primary antibody, and
developed with AlexaFluor488-labeled goat anti-rabbit anti-
body (Invitrogen, Carlsbad, CA, 1:400). Immunohistochem-
istry was performed as previously described [13]. The speci-
ficity of anti-PRA antibody has been shown byMote et al. and
Aupperlee et al. [22, 45]. The specificity of anti-rodent PRB
antibody has been demonstrated by Kariagina et al. [13].
Antibodies used in the study are described in Online Resource
(7). Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI). Since the cytoplasmic p27 is poorly
detected by immunocytochemistry, only quantitative analysis
of the immunofluorescent nuclear p27 staining was performed
using MetaMorph software (Molecular Devices, Sunnyvale,
CA).

Quantitation and Statistical Analysis

The number of BrdU, proliferating cell nuclear antigen
(PCNA), Ki-67, and p27 positive cells was quantitated as
previously described [13] and was expressed as the percent
of total epithelial cells with at least 1,000 tumor cells counted.
Results were presented as mean ± SEM and differences were
considered significant atP <0.05 byANOVA/MANOVAwith
Duncan’s post hoc test where appropriate.

Results

E + P Treatment Increases Incidence of ER+ PR+ Mammary
Carcinoma in Carcinogen-Treated Rats

Control OI and ovariectomized rats treated with E alone or E +
P were given carcinogen DMBA to induce mammary cancers.
According to histopathological analysis, OI rats frequently
developed benign fibroadenomas (about 50 % of palpable
tumors). The most common malignant mammary neoplasm
in OI rats was the papillary type of carcinoma (total number of
carcinomas N =11 per 19 rats). In contrast, the predominant
types of lesions in E-treated rats were atypical ductal hyper-
plasia and cribriform ductal carcinoma in situ (DCIS),
with some tumors progressing to cribriform adenocarcinoma
(N =12 carcinomas per 16 rats). E + P treatment significantly
enhanced the development of adenocarcinomas compared
to treatment with E alone (N =29 carcinomas per 17 rats,
P=0.0016, χ2 test=12.839, dF=2). These invasive tumors

varied from cribriform to tubular and papillary type and fre-
quently exhibited features commonly found in more aggres-
sive breast cancers, such as areas of necrosis and infiltration of
inflammatory cells.

Mammary epithelium in both human and rodents consists
of luminal and basal/myoepithelial cells. Luminal cells ex-
press steroid receptors ERα, PRA, and PRB [25]. Basal/
myoepithelial cells that form the outer layer in the normal
mammary gland express α-smooth muscle actin (SMA), tran-
scription factor p63, K5, and keratin 14 (K14) [26]. Mammary
tumors in all three treatment groups expressed ERα (Fig. 1a).
ERα expression frequently colocalized with PRA expression;
however, many PRA-expressing tumor cells did not express
ERα, at least at levels detectable by immunofluorescent stain-
ing (Fig. 1a). Both PRA and PRB were expressed in luminal
tumor cells, whereas PRB was also frequently detected in
basal/myoepithelial tumor cells expressing SMA (Fig. 1b, c).
Experimental treatments did not influence the percentage of
ERα or PRB-expressing cells with the exception of E treat-
ment, which significantly increased the percentage of PRA-
expressing cells (Fig. 1d).

P/PS Increases Proliferation in ER+ PR+ Mammary Cancers
In Vivo

Cell type-specific proliferation was measured by BrdU incor-
poration. The baseline proliferation of luminal tumor cells
was ∼3% in tumors fromOI rats. E + P treatment significantly
increased proliferation of luminal tumor cells compared
with E-alone treatment (Fig. 2a). Proliferation of basal/
myoepithelial tumor cells was significantly greater in tumors
from OI or E + P-treatment groups compared with tumors
from E-treated rats (Fig. 2a), suggesting that P specifically
induced proliferation of basal/myoepithelial tumor cells.

Next, we investigated the roles of E and P in human ERα,
PRA, and PRB-positive T47D breast cancer cells, which are
widely used as model of luminal breast cancer. Consistent
with the results obtained in vivo in rat mammary tumors,
combined treatment with E plus synthetic PS R5020 (E +
R5020) increased proliferation of T47D cells (as measured
by the number of cells in S-phase) compared with either E or
R5020 alone (Fig. 2b). The PR antagonist RU486 efficiently
blocked the proliferation of cells grown without any treatment
and cells stimulated to proliferate by E + R5020.

Cell proliferation is controlled by a number of positive and
negative cell cycle regulatory proteins. The expression of
PCNA mRNA and protein was significantly increased in
E + P-treated tumors (Fig. 2c, d). Levels of other positive cell
cycle regulators (e.g., cyclin D1, E1, and B1) varied among
individual tumors, but averaged levels were not significantly
different among the treatment groups (Online Resource 1).
Levels of phosphorylated Rb protein, which is required for the
cell cycle progression, were not significantly greater in tumors
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from E and E + P-treatment groups compared with tumors
from OI rats (Online Resource 1). Additionally, gene expres-
sion of cell cycle inhibitors p21 and p16 was decreased in
tumors from E and E + P groups compared with OI group
(Online Resource 2). The levels of p21 and p16 proteins in
tumors from all treatment groups were below the level of
detection by immunoblot (data not shown).

P/PS Decreases Nuclear Localization of p27 via Cytoplasmic,
Non-Genomic Signaling

Whole cell protein levels of the cell cycle inhibitor p27 were
variable among individual tumors, but mean levels were sim-
ilar among the treatment groups (Fig. 3a). Importantly, in
tumors from E + P-treated rats, p27 expression was localized
mainly to the cytoplasm compared with predominant nuclear

localization in tumors from OI and E-treated rats (Fig. 3b),
suggesting inactivation of the inhibitory function of p27 on
cell cycle progression [27]. Consistent with the findings
in vivo, R5020 and E + R5020 treatments increased p27
protein in the cytoplasm and decreased p27 protein in the
nucleus without altering total p27 levels in T47D cells
(Fig. 3c, d). To investigate which PR isoform mediated the
effect of P on subcellular localization of p27, we used T47D
cells that lack PR (Y cells), express only PRA (YA cells), or
express only PRB (YB cells) [28]. Treatment with R5020 did
not alter the total cellular p27, but markedly increased p27
protein levels in the cytoplasm (Fig. 3e) and decreased nuclear
p27 protein levels and nuclear p27 staining in both YA and
YB cells (Fig. 3e, f). These results indicate that PS acting
through either PRA or PRB may cause cytoplasmic localiza-
tion of p27. The effect of R5020 to reduce nuclear localization

Fig. 1 Carcinogen-induced rat mammary tumors express steroid recep-
tors in luminal and basal/myoepithelial tumor cells. Tumors were from
carcinogen-treated ovary-intact (OI) or ovariectomized rats treated with
estradiol alone (E) or estradiol plus progesterone (E + P). a Representa-
tive images of staining with anti-ERα (teal , white arrows) and anti-PRA
antibodies (magenta , white and yellow arrows).White arrows indicate a
cell co-expressing ERα and PRA, and yellow arrow indicates a cell
expressing only PRA. b On the left, representative images of staining
with anti-PRA (teal, a white arrow) and anti-keratin 5 antibodies (K5,
red, cytoplasmic stain, yellow arrows) and, on the right, staining with
anti-PRB (teal , white arrow ) and anti-smooth muscle actin (SMA )

antibodies (red , cytoplasmic stain, yellow arrow). An orange arrow
indicates a cell co-expressing PRA and basal/myoepithelial marker K5.
A yellow arrow indicates a cell co-expressing PRB and basal/
myoepithelial marker SMA. Bottom left panel shows staining with anti-
rabbit secondary antibody labeled with Alexa 488, bottom right panel
shows staining with anti-mouse secondary antibody labeled with
Alexa546. a , b Nuclei are stained with DAPI (blue ). Scale bars,
50 μm. c Quantitation of cells expressing steroid receptors (N =5–8
samples/group). *P <0.05, the percent of PRA positive cells is signifi-
cantly greater in tumors from E-treated rats compared with that in OI or
rats treated with E + P
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of p27 was not blocked by PR antagonist RU486, but was
abrogated by inhibitors of Src (PP2) and PI3 kinase (LY)
signaling in both YB (Fig. 3g–i) and T47D cells (Online
Resource 3). When YB cells were treated with a combination
of R5020 and Src or PI3K inhibitors, we observed a noticeable
decrease of cytoplasmic p27 and strong nuclear p27 staining,
while the total levels of p27 was not changed (Fig. 3g–i).
These findings suggest that the regulation of p27 localization
by PS occurs primarily in the cytoplasm via interaction of PS-
bound PR and cytoplasmic kinases. Collectively, these results
demonstrate a strong positive association between a P/PS-
mediated decrease of nuclear p27 protein and increased pro-
liferation in both rat mammary tumors in vivo and human
breast cancer cells in vitro.

Transition of ER+ PR+ Human Breast Cancers from In Situ
to Invasive Carcinoma

Next, we investigated proliferation and p27 expression in
archival samples of ER+ PR+ primary human breast cancers
that contained both a preinvasive DCIS component and an
invasive ductal carcinoma (IDC) component (N =21 patients).
DCIS were composed of luminal cells circumscribed by a
layer of basal/myoepithelial cells expressing K14 and p63

(Fig. 4a–c). The percentage of proliferating cells expressing
PCNA and Ki-67 increased, while the percentage of cells
expressing nuclear p27 decreased in IDC compared with
DCIS (Fig. 4d, Online Resource 4). These data indicate that
the transition from DCIS to invasive tumor is associated with
increased proliferation and decreased nuclear p27 expression.

Discussion

Although a stimulatory effect of P/PS on cell proliferation in
breast cancer cell lines and in mouse cancer models has been
described previously [3, 5, 12], this study provides the first
demonstration that P/PS regulates the intracellular localization
of the cell cycle inhibitor p27 in vivo and in vitro that may
enhance cell proliferation. The treatment with E + P in ovari-
ectomized rats markedly increased incidence of mammary
carcinoma and resulted in tumors with increased proliferation
and decreased expression of nuclear p27 compared with E
treatment. We further showed that PS specifically regulates
intracellular localization of p27 in human breast cancer cells.
Importantly, greater proliferation and decrease of nuclear p27
localization were observed in IDC compared with DCIS,
suggesting that P signaling may accelerate transition to IDC.

Fig. 2 Combined treatment with estrogen plus progesterone increases
proliferation in rat mammary tumors in vivo and human T47D breast
cancer cells in vitro. a , c , d Tumors were from carcinogen-treated ovary-
intact (OI) or ovariectomized rats treated with estradiol alone (E) or
estradiol plus progesterone (E + P). a Quantitation of BrdU + SMA-
luminal cells and BrdU+ SMA+ basal/myoepithelial cells in tumors (N =
8–17 samples/group). *P<0.05, the percent of basal/myoepithelial pro-
liferating cells is greater in tumors fromOI or E + P-treated rats compared
with tumors from E-treated rats. #P<0.05, the percent of luminal prolif-
erating cells is greater in tumors from E + P-treated rats compared with

tumors from OI or E-treated rats. b T47D cells were treated for 24 h with
estradiol (E), synthetic progestin R5020, PR inhibitor RU486, or their
combinations. Bars represent mean ± SEM fold change relative to BM
(N =5–9 samples/treatment). *, #, P<0.05, the percent of cells in S-phase
is increased by R5020 or E + R5020, respectively, compared with basal
media (BM). & P<0.05, the percent of cells in S-phase is decreased by E
+ R5020 + RU486 compared to E + R5020. c , d Relative expression of
PCNA mRNA (c) and densitometry of PCNA immunoblot (d) in tumors
(N =5 tumors/group). Bars represent mean ± SEM fold change compared
with levels in OI tumors
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Since cytoplasmic expression of p27 is strongly associated
with poor prognosis in breast cancer patients, treatments that
prevent p27 localization to the cytoplasm may provide clinical
benefits. Specific contribution of P/PS in breast cancer devel-
opment in vivo and in vitro implies that therapies targeted to P/
PS-activated pathways may complement conventional
antiestrogen treatments. This may be particularly important
for treatment of antiestrogen-resistant ER+ PR+ breast cancers.

While it is recognized that synthetic PS increases the risk of
more aggressive breast cancers in postmenopausal women

receiving combined E + PS HT [2, 29], the current results
indicate that the natural hormone P is also highly effective in
promoting proliferation of mammary tumors in rats and is
likely to act similarly in humans. Furthermore, the continuous
administration of E + P resulted in the development of faster
growing tumors compared with tumors from OI animals,
where the hormonal milieu fluctuates during the estrus cycle.
Indeed, the continuous use of E + PS HRT has been shown to
be associated with a greater breast cancer risk than E + PS
HRT taken in a cyclic manner [30]. It was also shown that the
cyclic intake of E + PS increases the breast cancer risk com-
pared with the cyclic intake of E + P [2]. Because P is
metabolized significantly faster and has a shorter half-life than
synthetic PS [31], the lack of P effects in this study may have
resulted from potentially reduced P levels due to metabolic
inactivation.

The predominant papillary tumor type that develops in OI
rats is not very common in humans. In contrast, mammary
cancers in hormone-treated ovariectomized E or E + P-treated
rats are more similar to human breast cancers in regards to
tumor histopathology. Because ovariectomy completely
blocks development of carcinogen-induced tumors and P
alone does not support mammary cancer development in
ovariectomized rats [32], we conclude that E is a critical factor
for tumor initiation and development. In general, the presence
of E is permissive for P action in vivo because E signaling
stimulates PR expression and, thus, allows robust P action
[33]. However, the majority of lesions in E-treated rats were
DCIS or noninvasive carcinomas. In contrast, E + P treatment
drastically accelerated tumor progression and increased inci-
dence of carcinoma more than twofold. The faster develop-
ment of carcinomas in E + P-treated rats is likely due to a dual
action of P on tumor cells; the direct stimulation of genes

Fig. 4 Invasiveness of human ER+ PR+ breast cancers is associated with
increased proliferation and decreased nuclear p27 expression. Human
breast cancer samples that contained ductal carcinoma in situ and invasive
ductal carcinoma were immunostained with a proliferating cell nuclear
antigen (PCNA) and p63, b Ki-67 and basal/myoepithelial keratin K14,
and c p27 and K14. A–c Carcinoma in situ (top panels) and invasive

tumors (bottom panels).White arrows indicate basal/myoepithelial cells,
yellow arrows indicate PCNA or K-67 positive cells (a , b), or cells
expressing nuclear p27 (c). White dotted lines indicate the margin of
carcinoma in situ. d Quantitation of the percent of PCNA+, Ki-67+, and
nuclear p27+ cells in human tumors. *P<0.05 for comparisons indicated
by brackets . Nuclei are stained with DAPI (blue). Scale bars 50 μm

�Fig. 3 Combined treatment with estrogen and progesterone causes
cytoplasmic localization of p27 in rat mammary tumors in vivo and
T47D cells in vitro. a , b Tumors were from carcinogen-treated ovary-
intact (OI) or ovariectomized rats treated with estradiol alone (E) or
estradiol plus progesterone (E + P). a Immunoblot of p27 in tumor
whole cell extracts (N =5 tumors/group). Numbers above p27 bands
indicate mean ± SEM levels of p27 compared with OI tumors. b
Representative images of p27 immunostaining in tumors. Cytoplasmic
p27 (green, white arrows), nuclear p27 (teal, yellow arrows), and nuclei
(blue). Scale bar 100 μm. c–f T47D cells co-expressing PRA and PRB
were treated with estradiol (E), R5020 (R), or E + R for 24 h. Y, YA, and
YB cells were treated with or without R5020 for 24 h. Representative
images of nuclear p27 staining (teal, yellow arrows). c , e Immunoblot of
p27 in whole cell, nuclear, and cytoplasmic extracts. Numbers above
bands indicate p27 levels in treated cells compared to basal media control
(BM). d , f Representative images of p27 immunostaining in T47D cells
(d) or Y, YA, and YB cells (f). h , i YB cells were treated with or without
R5020 and with or without PR inhibitor RU486, PI3 kinase inhibitor
LY294002 (LY), Src inhibitor PP2, and MEKK1/2 inhibitor (U126). g
Immunoblot of p27 in whole cell and cytoplasmic extracts. The levels of
p27 in whole cell extract were not changed by any treatment. Numbers
above bands indicate p27 levels in the cytosol of treated cells compared to
basal media control (BM). h Representative images of cells stained with
anti-p27 antibody (teal ) and i quantitative analysis of nuclear p27
staining in treated cell relative to BM. * P<0.05 compared to BM. b ,
d , f , h Nuclei are stained with DAPI (blue). Scale bars 50 μm
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required for proliferation and the relief from cell cycle inhibi-
tion by nuclear p27.

In the rat mammary tumors, P indeed increased prolifera-
tion of luminal cells that expressed both PRA and PRB and
basal/myoepithelial cells that expressed PRB only. It has been
reported by others that P acting specifically through PRB
stimulates expression of PCNA in YB cells [7]. Therefore, it
is possible that P acting through PRB homodimers (in basal/
myoepithelial cells) or PRA/PRB heterodimers (in luminal
cells) directly stimulates proliferation by inducing the PCNA
gene. Besides direct induction of proliferation in cells express-
ing PRB, P may stimulate proliferation of PR-negative cells
by inducing paracrine factors. For example, the P-dependent
paracrine factor Wnt-4 has been reported to be important for
proliferation in the normal mouse mammary gland [34]. An-
other P-regulated paracrine factor, receptor activator of nucle-
ar factor kappa B ligand (RANKL), has been demonstrated to
increase proliferation and mammary cancer development in
the mouse and mediates P-induced proliferation in the normal
human breast tissue [35–37]. However, whether or not Wnt-4
and RANKL contribute to breast cancer development or pro-
liferation of breast cancer cells in vivo remains unclear.

High nuclear p27 expression is associated with a state of
proliferative quiescence in the rat mammary gland during
development [13]. In contrast, decreased nuclear p27 expres-
sion is observed during pregnancy when mammary glands
actively proliferate [13]. In agreement with studies in the rat, it
has been shown that decreased nuclear p27 levels may facil-
itate proliferation in human breast cancer cell lines [18].
According to previous reports, prolonged treatment with PS
(for more than 36 h) blocks proliferation in T47D cells due to
accumulation of p27 protein [38]. In contrast, present obser-
vations in the rat mammary tumors in vivo showed that total
cellular p27 protein was not increased by chronic E + P
treatment. It is possible that the long-term regulation of p27
protein in the rat tumors in vivo and regulation of p27 protein
in the T47D breast cancer cells in vitro differ.

Both progesterone receptor isoforms, PRA and PRB, me-
diated the effect of PS on p27 localization to the cytoplasm in
T47D cells. Similar effect of PS was noted in MCF7 breast
cancer cells expressing both PRA and PRB (Online Resource
5). Importantly, the activation of the cytoplasmic kinases Src
and PI3K was required for cytoplasmic localization of p27.
Indeed, both PRA and PRB can produce rapid activation of
cytoplasmic kinases via direct interaction between the SH2
domain of progestin-bound PRA or PRB and Src [39]. Be-
cause PRA predominantly localizes to the nucleus, it is more
likely that PRB, which localizes to both the nucleus and
cytoplasm, mediates the effect of P/PS on p27 localization
in vivo. In addition to Src activation, PS treatment rapidly
activates the PI3 kinase pathway in T47D cells [40]). It has
been shown that the PI3 kinase is required for p27 phosphor-
ylation on Thr157 and that phosphorylated p27 is sequestered

in the cytosol [17–19]. Our findings that activation of both Src
and PI3 kinase are necessary for cytoplasmic localization of
p27 are in agreement with previous reports by other groups.
Importantly, the PR antagonist RU486 did not influence in-
tracellular localization of p27 but completely blocked PS-
induced proliferation (Fig. 2b). This suggests that the major
mechanism by which P induces proliferation involves geno-
mic signaling though activated PR. The genomic induction of
genes driving proliferation such as PCNA is, possibly, a
primary mechanism responsible for proliferation induced by
R5020; however, the non-genomic signaling of PRA or PRB
that leads to activation of Src and PI3 kinases and cytoplasmic
localization of p27 protein may facilitate and enhance tumor
proliferation by releasing inhibition of cyclin-dependent ki-
nases in the nucleus.

In conclusion, the data obtained in vivo in the rat indicate
that physiological levels of the natural hormone P can signif-
icantly contribute to mammary cancer development. ER+
PR+ mammary cancers in ovariectomized E + P-treated rats
may be a useful preclinical model of human IDC for testing
novel therapeutic interventions. Our results obtained in T47D
cells and similarities between ER+ PR+ human and rat mam-
mary cancers strongly suggest that P or PS specifically con-
tribute to the aggressiveness of human breast cancers by
regulating proliferation and intracellular localization of the
cell cycle inhibitor p27. Thus, assessment of the systemic P
levels in breast cancer patients, analysis of PRA and PRB
expression, and evaluation of biomarkers indicative of P sig-
naling may provide novel prognostic tools as well as targets
for interventions in patients with more aggressive ER+ PR+
breast cancers.
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