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Progesterone is an important regulator of growth and
differentiation in breast tissues. In this study, the effect
of progesterone on cell differentiation was evaluated in
the estrogen receptor-negative and progesterone recep-
tor (PR)-negative MDA-MB-231 cell line which was trans-
fected with PR-complementary DNA. Morphological
changes were analyzed at the ultrastructural level by
scanning and transmission electron microscopy. Pro-
gesterone-treated PR-transfected cells exhibited a more
protracted and well spread morphology with an in-
crease in organelles such as mitochondria and rough
endoplasmic reticulum as compared to the rounded
form of control vehicle (0.1% ethanol)-treated PR-trans-
fected cells. Vehicle and progesterone-treated MDA-MB-
231 cells transfected with the pSG5 plasmid (transfec-
tion control cells) had similar rounded morphology as
control vehicle-treated PR-transfected cells. Immunoflu-
orescence staining revealed that expression of E-cad-
herin, a differentiation marker, was more prominent in
progesterone-treated cells. Expression of keratin and
vimentin but not 3-catenin was up-regulated in proges-
terone treated cells when evaluated by immunoblotting.
As signal transducers and activators of transcription
(STAT) molecules have been implicated in mammary
differentiation, we analyzed the expression of Stat 1, 3,
5a, and 5b proteins and found a significant up-regula-
tion of the Stat 5b protein in progesterone-treated cells.
We have provided in vitro evidence of the close associ-
ation of PR with differentiation in breast cancer. It is
likely that the Stat 5b protein may play a major role in
progesterone-induced differentiation in breast cancer
cells. (Am J Pathol 2003, 162:1781-1787)

Steroid hormones play pivotal roles in the development of
the mammary gland.” The requirement for progesterone
in normal mammary gland lobular-alveolar development
has been verified by the failure of normal breast devel-

opment in mice lacking progesterone receptors.? Pro-
gesterone binds to intracellular progesterone receptors
(PR) which belong to the nuclear receptor superfamily of
transcription factors.® When activated, PR binds to pro-
gesterone responsive elements in promoters, stimulating
gene transcription and enhancing proliferation and differ-
entiation of normal breast epithelium.’ In a similar man-
ner, steroid hormones could affect cancer risk by con-
trolling cell division, differentiation and susceptibility.*

Progesterone has been reported to either potentiate
growth, have no effect on or inhibit proliferation in breast
cancer cells.>®° There is also in vitro evidence that pro-
gesterone could induce cellular differentiation in breast
cancer. In the PMC 42 breast cancer cell line, cells have
been demonstrated to form hollow organoids in culture
which are similar to in vivo breast structures, on stimula-
tion by a combination of hormones including estrogen,
progesterone, dexamethasone, insulin, and prolactin.®
Genes expressing CD9/MRPP-1 (motility-related protein
1), CD-59/protectin and desmoplakin (the products of
which are associated with epithelial differentiation), were
observed to be up-regulated in progestin-treated T 47D
cells.”

To delineate the specific effects of progesterone from
estrogen, we have established an estrogen receptor
(ER)-independent expression of PR by stable transfection
of the PR cDNA into ER-negative and PR-negative MDA-
MB-231 breast cancer cells.®#®'" We have previously
observed that progesterone treatment of progesterone
receptor transfected MDA-MB-231 human breast cancer
cells induced morphological changes which are sugges-
tive of cell differentiation.’” Progesterone-treated PR-
transfected MDA-MB-231 cells became more protracted
and showed increased expression of stress fibers and
focal adhesion proteins such as talin and paxillin, repre-
senting increased focal contacts of cells. In this study, we
evaluated the morphological changes at the ultrastruc-
tural level in progesterone-treated PR-transfected MDA-
MB-231 breast cancer cells. Expression of differentiation
markers such as E-cadherin and keratin, and cytoskeletal
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proteins such as B-catenin and vimentin were analyzed in
vehicle-treated and progesterone-treated PR-transfected
cells by immunofluorescent staining and Western blot
analysis. To elucidate whether the differentiation process
was mediated by signal transducers and activators of
transcription (STAT) molecules, the levels of Stat 1, 3, and
5 proteins were determined.

Materials and Methods

Cell Culture

MDA-MB-231 cells, obtained from the American Type
Culture Collection at passage 28, were cloned using a
96-well plate by the single-dilution method and clone 2
was selected for transfection studies. All of the cells were
routinely maintained in DMEM supplemented with dex-
tran charcoal-treated 5% fetal calf serum, 2 mmol/L glu-
tamine and 40 mg/L gentamicin.

Transfection of PR cDNA

MDA-MB-231 cells were transfected with PR expression
vectors hPR1 and hPR2 (which were generous gifts from
Professor P. Chambon) as previously described.®9 "
Vectors hPR1 and hPR2 contained human PR cDNA en-
coding PR isoform B and isoform A, respectively, in pSG5
plasmid. Vector pBK-CMV (Stratagene, La Jolla, CA)
containing the neomycin-resistant gene was co-trans-
fected with hPR1 and hPR2 into MDA-MB-231-CL2 cells.
Neomycin-resistant clones were screened for PR using
the PR enzyme immunoassay (EIA) kit (Abbott Laborato-
ries, Abbott Park, IL). Clone ABC28 expressing ~ 660
fmol PR per mg protein was used in this study. MDA-MB-
231 cells, which were stably transfected with both vectors
pBK-CMV and pSG5 (clone pSG5-c15), served as trans-
fection controls.

Progesterone Treatment of Cells

Cells were treated with 0.1 umol/L progesterone or vehi-
cle (0.1% ethanol) for 24 to 72 hours. Progesterone was
from a 1000-fold stock in ethanol.

Scanning Electron Microscopy (SEM)

Cells were grown on glass slides and fixed in 5% glutar-
aldehyde in a 0.1 mol/L cacodylate buffer (pH 7.2) as
previously described."" This was followed by osmication
in 1% osmium tetroxide in the same buffer for 30 minutes.
The cells were then dehydrated in increasing concentra-
tions of methanol until absolute level before drying in the
Balzers critical point dryer (Baltec, Fustentum Liechten-
stein). All of the cells were coated with 20 nm of gold in a
Balzers sputter coater (model SCD 004) and examined in
a Philips SEM 515 scanning electron microscope (Eind-
hoven, Holland).

Transmission Electron Microscopy (TEM)

Cell cultures grown on chambered coverglass slides
were fixed with 2% paraformaldehyde and 3% glutaral-
dehyde in 0.1 mol/L of phosphate buffer (pH 7.4) for 30
minutes. This was followed by osmication in phosphate-
buffered 1% osmium tetroxide for 1 hour at room temper-
ature. After washing with deionized water, samples were
dehydrated in an ascending series of ethanol and em-
bedded in araldite. Ultrathin sections were cut, mounted
on formvar-coated nickel grids and doubly stained with
lead citrate and uranyl acetate before viewing in a Philips
CM 120 transmission electron microscope.

Immunofiuorescence Staining

Cells were grown on glass coverslips in six-well plates for
48 hours before receiving treatment with control vehicle
(0.1% ethanol) or 0.1 wmol/L progesterone. After rinsing
with phosphate-buffered saline (PBS), the cells were
fixed in 4% paraformaldehyde and permeabilized with
0.2% Triton X-100. This was followed by incubation with
2% fetal calf serum in PBS for 1 hour to block nonspecific
binding. All of the subsequent incubations with antibod-
ies were carried out in PBS containing 2% fetal calf
serum. For co-immunostaining of F-actin and E-cadherin,
mouse monoclonal antibody to E-cadherin (Transduction
Laboratories, Lexington, KY) were incubated with the
cells overnight at 4°C, followed by incubation with Cy5-
conjugated anti-mouse IgG and FITC-phalloidin (Sigma,
St. Louis, MQO) at room temperature for 1 hour. After
washing in PBS, the coverslips were mounted on slides
with fluorescence mounting media from DAKO (Carpin-
teria, CA). Stained cells were viewed and photographed
using the Zeiss confocal laser scanning microscope
model LSM 510. The staining of E-cadherin was quanti-
tated by counting the number of E-cadherin spots. Five
fields were analyzed for both control and progesterone-
treated cells. Each field contained 3 to 10 cells, and a
total of 32 control and 24 progesterone-treated cells were
analyzed.

Evaluation of Keratin, Vimentin, and B-Catenin
Protein Expression

The cells were lysed with 200 wl of cold lysis buffer (50
mmol/L Hepes, 150 mmol/L NaCl, 1% Triton X-100, 5
ng/ml pepstatin A, 5 ug/ml leupeptin, 2 wg/ml aprotinin, 1
mmol/L PMSF, 100 mmol/L sodium fluoride and 1 mmol/L
sodium vanadate, pH 7.5). After standing on ice for 20
minutes, the protein supernatants were collected by cen-
trifugation at 13,000 X g for 20 minutes and the protein
concentrations were determined using a protein assay kit
(Bio-Rad). 20 ug of the protein were analyzed for keratin,
a mixture of clone AE1 and AES at a ratio of 4:1 (DAKO),
vimentin (DAKO) and B-catenin (Transduction Laborato-
ries) by Western blotting using the ECL detection kit
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Figure 1. Scanning electron micrographs of progesterone-treated ABC28 (PR-transfected MDA-MB-231) cells (A) which are more flattened than vehicle- (0.1%
ethanol) treated ABC28 cells (B) after 48 hours of treatment. Bar, 30 um. Progesterone-treated and vehicle-treated MDA-MB-231 cells transfected with the pSG5
plasmid (C and D, respectively) looked similar to vehicle treated ABC28 cells. Bar, 50 wm.

(Amersham Biosciences, Inc.). The Western blot experi-
ments were done in duplicate.

Statistical Analysis

The GraphPad Prism software was used for analysis.
Student’s t-test was used to determine the significance in
comparing means.

Results

Morphological Changes at the Ultrastructural
Level

Progesterone-treated ABC28 cells (PR-transfected MDA-
MB-231 cells) appeared more flattened and well spread
than vehicle-treated control cells at 24 hours of treatment.
The round-to-flat change was much more obvious after 48
hours of progesterone treatment (Figure 1A and B). The
vehicle-treated cells maintained a rounded morphology,
had a smaller surface area and were more easily detach-
able from the substratum as compared to the flat, pro-
tracted progesterone-treated cells. Progesterone-treated
and vehicle-treated MDA-MB-231 cells transfected with the
pSG5 plasmid had a similar appearance to that of vehicle-
treated ABC28 cells (Figure 1, C and D). Transmission
electron microscopy revealed the presence of more cyto-

plasmic organelles such as rough endoplasmic reticulum
and mitochondria in progesterone-treated ABC28 cells
when compared with vehicle-treated ABC28 cells (Figure 2)
and progesterone-treated or vehicle-treated transfection
controls (not shown). Some of the progesterone-treated
ABC cells showed the presence of bundles of tonofibrils
after 48 hours of treatment (Figure 3). It is likely that these
intermediate filaments represent keratin production.’?

Expression of E-Cadherin by
Immunofluorescence Staining

The E-cadherin staining in ABC28 cells appeared as
aggregated spots. Minimal staining of the adhesion mol-
ecule E-cadherin was observed in vehicle-treated cells.
There was an obvious increase in E-cadherin immunoflu-
orescent staining in progesterone-treated cells, as com-
pared with vehicle-treated controls cells (Figure 4A and
B). It was notable that the E-cadherin immunofluores-
cence was localized in the cytoplasm rather than on the
plasma membrane. A mean of 23 E-cadherin staining
spots was noted as compared to only 4 spots for control
cells (P < 0.001). The staining in the nuclei may be
non-specific as it was noted in both control and proges-
terone-treated cells. For negative control cells, no E-
cadherin staining was evident.
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Figure 2. Transmission electron micrographs showing more rough endoplasmic reticulum (arrows) in progesterone-treated ABC28 cells (A) as compared to
vehicle treated ABC28 cells (B) after 48 hours of treatment. Progesterone-treated ABC28 cells exhibited more mitochondria (C) than vehicle-treated controls (D).
Bar, 1 um.

Expression of B-Catenin, Keratin, and Vimentin as much as 1.8-fold and 2.7-fold when evaluated at 72
Proteins hours, respectively. However, there was down-regulation

of B-catenin expression in progesterone-treated cells by
Figure 5 is a representative Western blot for B-catenin, about 20% to 30%. There was an increase of band inten-
keratin and vimentin. In progesterone-treated ABC28 sity for B-catenin and keratin with time in the control cells.

cells, keratin and vimentin expression were enhanced by This may reflect the cellular response in terms of cell



Figure 3. Transmission electron micrograph showing a progesterone-treated
ABC28 cell with a bundle of tonofilaments after 48 hours of treatment
(arrow). Bar, 1 um.

density as both proteins are also involved in cell-cell
adhesion.

Expression of Stat 1, 3, 5a, and 5b Proteins

Progesterone-treated ABC28 breast cancer cells showed
a gradual time-dependent increase in Stat 1 expression
by 19% to 37% as compared with vehicle-treated cells
(Figure 6). The Stat 3 and Stat 5a expression levels were
fairly similar in both progesterone-treated and control
cells. However, Stat 5b expression in progesterone-
treated cells showed increased levels as early as 12
hours, increasing by 2.6-fold at 24 hours and more than
fourfold by 48 hours.
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Discussion

In the present study, a round-to-flat change of cell shape
after progesterone treatment in ABC28 cells was shown
by SEM whereas vehicle and progesterone-treated trans-
fection control cells had the same rounded morphology
as control ABC cells. TEM revealed that ABC28 cells
treated with progesterone contained more organelles such
as mitochondriae (which produce ATP via oxidative phos-
phorylation) and rough endoplasmic reticulum (which is
important for protein synthesis), morphological changes
which are regarded as a indicative of cell differentiation,'?
as compared to vehicle-treated ABC28 cells and MDA-MB-
231 cells transfected with control vector.

This was further supported by the demonstration of
differential expression of the cell adhesion molecule E-
cadherin in control and progesterone-treated ABC28
cells. E-cadherin, a transmembrane glycoprotein which is
localized in the adherens junctions of epithelial cells, is a
calcium-dependent adhesion molecule which is critical in
epithelial junction formation.' E-cadherin expression is
regarded as an epithelial cell differentiation marker.'1®
Reduction of E-cadherin expression has been related to
loss of cellular differentiation and acquisition of invasive
and metastatic potential in human head and neck tu-
mors,'” breast cancer,'®° bladder tumors,?° and gastric
carcinoma.?' Enhanced E-cadherin expression was
demonstrated in progesterone treated ABC28 cells as
compared with vehicle treated ABC28 cells. Although it
has been reported that MDA-MB-231 cells (parental cells
of ABC28) do not express E-cadherin,®® we observed
minimal expression in the control ABC28 cells. Positive
immunoreactivity of E-cadherin was localized in the cy-
toplasm rather than its normal location at the cell mem-
brane in both control and progesterone-treated cells.
Altered localization of E-cadherin has been previously
observed in cervical cancers®® and esophageal tu-
mors.?* The cytoplasmic localization of E-cadherin in the
ABC28 cells may reflect the presence of abnormal and
dysfunctional E-cadherin proteins (due to processes
such as aberrant glycosylation), representing the malig-
nant character of the cells. The presence of E-cadherin in
the cytoplasm could also be due to the incapacity to

Figure 4. Immunofluorescent staining of adhe-
sion protein E-cadherin (red) and F-actin
(green) in ABC28 cells. Progesterone-treated
cells (A) show prominent E-cadherin immuno-
positivity in the cytoplasm as compared with
vehicle- treated cells (B) after 48 hours of treat-
ment. Bar, 10 um.



1786 Linetal
AJP June 2003, Vol. 162, No. 6

16h  24h 48h  72h
Progesterone - + - + - + . +

B-Catenin S Sir S S0 S S T -

1 070 1 075 1 073 1 082

- -
1 12 1 088 1 13 1 18

1 24 1 35 1 20 1 27

Figure 5. Effect of progesterone on B-catenin, keratin, and vimentin in
ABC28 cells. Cells were treated with progesterone or control vehicle (0.1%
ethanol) for the periods of time as indicated. Whole cell lysate were collected
and 20 pg of protein was analyzed by Western blotting. Following detection
of B-catenin, the membrane was stripped and re-probed sequentially with
antibodies to keratin and vimentin respectively. The number below each lane
indicates the relative density of the band signal when the corresponding
control is given the value of 1.

Keratin

target the protein to the cell membrane after synthesis in
the endoplasmic reticulum.

Increased keratin expression in progesterone-treated
cells indicates the presence of more epithelial-like char-
acteristics and may therefore support a more differenti-
ated state.'® The presence of tonofilaments (intermediate
filaments) observed under transmission electron micros-
copy in some ABC28 cells after 48 hours of treatment with
progesterone is in accord with the Western blot findings.
We also observed a decrease of B-catenin expression in
progesterone-treated cells. B-catenin is a cytoplasmic
protein that binds cadherins to the actin cytoskeleton
during the assembly of cell-cell adherens junctions.?®
Recent studies revealed that elevated levels of B-catenin
have been associated with poor prognosis in human
adenocarcinoma of the breast.?62”

This study has also provided direct evidence for the
first time that vimentin is a progesterone-regulated pro-
tein in breast cancer cells. Vimentin, an intermediate
filament which is present abundantly in fibroblasts,?® is

12h 24h 48h
P t
rogesterone - - i
Statl — — T S——— ——— —

1 119 1 121 1 1.37

1 1.10 1 091 1 099

StatSa — —— it

1 08 1 096 1 095

Stat5b
1 144 1 264 1 419

Figure 6. Effect of progesterone on protein levels of Stat 1, 3, 5a and 5b in
ABC 28 cells. Cells were treated with progesterone or control vehicle (0.1%
ethanol) for the periods of time as indicated. Whole cell lysate were collected
and 20 pg of protein was analyzed by Western blotting. Following detection
of Stat 3 with anti-Stat 3 monoclonal antibody, the membrane was stripped
and re-probed sequentially with antibodies to Stat 5a, Stat 5b and Stat 1,
respectively. The number below each lane indicates the relative density of
the band signal when the corresponding control is given the value of 1.

often associated with high-grade breast tumors.2® Con-
trary to our expectations, vimentin is up-regulated by
progesterone in this cell line. It is known that there is
pathway dysregulation as a result of gene mutations such
as p53 in MDA-MB-231 cells®°3"; therefore, the up-reg-
ulation of vimentin observed here may reflect some ad-
ditional uncoordinated events in this cell line rather than a
physiological function of progesterone.

It is well known that cell differentiation is a complicated
process, involving regulation of gene transcription, differ-
ential RNA processing and translation as well as intra-
and inter-cellular biomolecular regulation.®2 Although the
exact mechanism for the differentiated state of progester-
one-treated ABC cells observed in this study is presently
unclear, work by others has shown that progesterone acti-
vates signaling pathways involving mitogen-activated map
kinase and members of the STAT family.3® STAT family
members are known to regulate numerous genes involved
in growth and differentiation.®* It is postulated that proges-
terone regulates STAT molecules by fostering protein-
protein interactions between PR and the STAT molecule, as
well as up-regulating growth factor and cytokine receptors
involved in STAT signaling.®® Of the 7 known mammalian
STAT proteins, progestin treatment of breast cancer cells
has been observed to regulate Stat 1, 3, 5a and 5b in a
PR-dependent manner in PR-positive T47D cells.®®

We observed here that Stat 1 and Stat 5b were up-
regulated but not Stat 3 or Stat 5a in progesterone-
treated PR transfected MDA-MB-231 cells. Stat 1 has
been associated with growth restraint and touted as a
tumor suppressor.®¢738 Hence the marginal increase in
Stat 1 is consistent with our previous report that proges-
tins inhibit growth of MDA-MB-231 cells transfected with
PR complementary DNA.° Stat 3 and 5 are known to play
important roles in oncogenesis. Stat 5 comprises 2
genes, Stat 5a and 5b, with 96% homology and encoding
two proteins, of which Stat 5a has seven more amino
acids than Stat 5b.%® Although the molecular targets of
Stat 5 are unknown, there is in vitro evidence of cytokine
and cell-type specific utilization of Stat 5a or Stat 5b.37:3°

This study provides evidence of the association of PR
with cell differentiation in an in vitro model. The in vitro
model used in this study is useful for evaluating the
specific effects of progesterone without the interference
of estrogen. The observation of a differentiated breast
cancer phenotype with progesterone treatment mediated
by PR has clinical implications as a higher state of differ-
entiation has been linked with lower metastasizing ca-
pacity.4°
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