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Abstract

Purpose Pre-operative progesterone treatment of breast can-
cer has been shown to confer survival benefits to patients
independent of their progesterone receptor (PR) status. The
underlying mechanism and the question whether such an ef-
fect can also be observed in PR negative breast cancer cells
remain to be resolved.

Methods We performed proteome profiling of PR-positive
and PR-negative breast cancer cells in response to progester-
one using a phospho-kinase array platform. Western blotting
was used to validate the results. Cell-based phenotypic assays
were conducted using PR-positive and PR-negative breast
cancer cells to assess the effect of progesterone.

Results We found that progesterone induces de-
phosphorylation of 12 out of 43 kinases tested, which are
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mostly involved in cellular invasion and migration regulation.
Consistent with this observation, we found through cell-based
phenotypic assays that progesterone inhibits the invasion and
migration of breast cancer cells independent of their PR status.
Conclusion Our results indicate that progesterone can inhibit
breast cancer cell invasion and migration mediated by the de-
phosphorylation of kinases. This inhibition appears to be in-
dependent of the PR status of the breast cancer cells. In a
broader context, our study may provide a basis for an associ-
ation between progesterone treatment and recurrence reduc-
tion in breast cancer patients, thereby providing a lead for
modelling a randomized in vitro study.

Keywords Breast cancer - Progesterone - Cell invasion -
Cell migration - Phosphoproteomics - Metastasis

1 Introduction

Metastasis is a major cause of recurrence in breast cancer
patients [1]. As a standard mode of treatment, patients with
metastatic breast cancer are subjected to adjuvant hormonal
therapy [2]. Also, pre-operative progesterone treatment has
been shown to reduce the recurrence rate among node-
positive patients, independent of their progesterone receptor
(PR) status [3]. While the invasion and migration of breast
cancer cells play major roles in establishing metastases [4,
5], in vitro cell-based observations on the effect of progester-
one, restricted to PR-positive cells, have corroborated the clin-
ical observations [6—8]. As yet, however, the effect of proges-
terone on the invasion and migration of PR-negative breast
cancer cells remains to be systematically explored [9].

The metastatic nature of breast cancer cells is known to be
affected by multiple molecular factors, including the activa-
tion of protein kinases [10]. The protein kinases EGFR, AKT
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or FAK have, for instance, been found to activate the process-
es of migration and invasion of breast cancer cells [11, 12]. In
addition, it has been found that these kinases may act syner-
gistically and that abrogating their activation may decrease the
invasive capacity of breast cancer cells [13]. Also, pathways
downstream of these kinases may serve to restrain cell inva-
sion and migration [10]. Although these kinases have been
found to be affected by steroid hormone receptors [14], it
remains to be explored whether they mediate the responses
to progesterone in breast cancer cells.

To address the question whether progesterone can regulate
cellular migration and invasion of breast cancer cells indepen-
dent of their PR status, we selected a panel of breast cancer-
derived cell lines with different PR statuses. Next, we per-
formed a phospho-proteomic screening of kinases associated
with migration and invasion using a human proteome
phospho-kinase array platform, and studied their phosphory-
lation status after treating the respective cells with progester-
one. Our cell-based phenotypic and biochemical analysis re-
sults suggest that progesterone may mitigate the invasion and
migration of breast cancer cells, irrespective of their PR status.

2 Materials and methods
2.1 Breast cancer-derived cells

The BT474, T47D, MCF7, ZR-75-1, MDA-MB-231 and BT-
549 breast cancer-derived cell lines were obtained as a gift
from Dr. Slamon’s Laboratory (Department of Medicine,
UCLA, USA). The cell lines were authenticated by DNA
short tandem repeat (STR) profiling using the Promega
GenePrint 10 system in conjunction with the GeneMarker
HID software tool and the ATCC database. The cells were
tested for mycoplasma and, if necessary, made mycoplasma-
free using an EZKill Mycoplasma Removal reagent
(HiMedia). BT474, T47D, MCF7 and MDA-MB-231 cells
were cultured in DMEM medium (Gibco), whereas ZR-75-1
and BT-549 were cultured in RPMI-1640 medium (Gibco).
BT-549 cells were supplemented with 0.023 IU/ml insulin.
All culture media were supplemented with 10% (v/v) FBS
(Gibco), 2.5 mg/ml Amphotericin-B (Abbott) and 1.25 pl/ml
Gentamycin (Abbott). The cells were cultured at 37 °C in a
5% CO, incubator. The PR/ER/Her2 receptor statuses of all
the cells as reported in [15] were validated by reverse tran-
scriptase-PCR.

2.2 Progesterone treatment
Cells were grown to 70-80% confluence and then serum
starved in DMEM low glucose medium (HiMedia) for a peri-

od of 24 h. Next, the cells were treated with 10 nM 17-x
hydroxy-progesterone caproate (progesterone) (MP

@ Springer

Biomedicals) in the same medium for 6 h. In case of mifep-
ristone + progesterone (M + P) combination treatment,
100 nM RU486 (mifepristone) was added for 2 h followed
by 10 nM progesterone treatment for 6 h in the same medium.
An equal volume of alcohol was used as vehicle control.

2.3 Protein sample preparation

Cells were grown to a 70-80% confluence in a 100 mm cul-
ture dish and washed thoroughly with sterile 1x PBS. Next,
the cells were subjected to 24 h serum starvation (using
DMEM low glucose phenol-red free medium) followed by
progesterone treatment for 8 h. Alcohol was used as vehicle
control. After progesterone treatment, the cells were harvested
using a sterile cell scraper and cell lysates were prepared in
RIPA Buffer (Sigma-Aldrich) supplemented with a protease-
inhibitor cocktail solution (Sigma-Aldrich) and 0.1 M DTT.
After intermittently tapping and vortexing the samples on ice,
cell debris was pelleted by centrifugation at 14000 rpm after
which the protein concentrations were determined using BCA
reagent (MP Biomedicals). Bovine serum albumin was used
as a standard and the estimations were performed in triplicate.

2.4 Phospho-kinase activation profiling

Kinase activation profiling of T47D (PR-positive) and MDA-
MB-231 (PR-negative) breast cancer-derived cells was per-
formed using a Human Phospho-kinase array kit
(ARY003B; R&D Systems) according to the manufacturer’s
instructions. Briefly, cells were grown in T75 flasks till 70—
80% confluence was reached, serum-starved for another 24 h
(in serum-free phenol-red-free DMEM medium) and treated
with progesterone for 8 h. Next, the cells were harvested,
washed with 1x PBS and lysed, after which 400 pg protein
from untreated and progesterone-treated samples was incubat-
ed overnight at 4 °C with a pre-blocked antibody array nitro-
cellulose membrane. Subsequently, the membranes were in-
cubated with detection antibodies and probed using
streptavidin-HRP, after which signals were developed using
chemi-reagents provided with the kit. Exposures to X-ray
films were taken from 10 s to 10 min (till saturation was
reached). Signal densities of reference spots on both mem-
branes were compared between each pair of membranes used
for the control and progesterone-treated samples. The pixel
density of each spot, in duplicate, was calculated using
ImagelJ Array Analyzer plugin. The average pixel density for
the duplicate spots for each of the kinases was subtracted from
the negative control density. The average pixel densities
for control and progesterone-treated samples were plotted
as percent phosphorylation for each phospho-kinase. The
differential phosphorylation cut-off value was set at 20%
increase or decrease in phosphorylation of kinases in re-
sponse to progesterone.
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2.5 Western blotting

Equal amounts of cell lysate were resolved by 10% SDS-
PAGE and transferred to PVDF membranes using a wet trans-
fer method. Primary antibodies directed against p-EGFR
(Y1068) (Cell Signaling, 3777S; Dilution 1:500), p-AKT
(S473) (Cell Signaling, 4060S; Dilution 1:500), p-ERK1/2
(T202/Y204) (Cell Signaling, 9101S; Dilution 1:1000), total
EGFR (1005) (Santa Cruz Biotechnology, sc-03; Dilution
1:1000), total AKT (11E7) (Cell Signaling, 4685S; Dilution
1:1000), total ERK2 (c-14) (Santa Cruz Biotechnology, sc-
154; Dilution 1:1000) and (-actin (I-19)-R (Santa Cruz
Biotechnology, sc-1616-R; Dilution 1:3000) were diluted
in 3% BSA solution prepared in 1x TBST and incubated
over night at 4 °C. A goat anti-rabbit [gG-HRP secondary
antibody (Santa Cruz Biotechnology, sc-2004; Dilution
1:3000) was used for the detection of primary antibody
binding. ECL Western Blotting Substrate (Pierce) and
Takara Chemiluminescence substrate (ClonTech Takara)
were used for visualization of the protein bands on X-
ray films (Fuji Films).

2.6 RNA extraction and real-time PCR

For RNA extraction from alcohol and progesterone-treated
breast cancer-derived cells, the respective cells were treated
with progesterone for 6 h. Next, TRIzol reagent (Invitrogen)
was used to lyse the cells after which RNA was isolated ac-
cording to the manufacturer’s protocol. RNA concentrations
were measured using NanoDrop. For assessment of the
DUSP] transcript levels, cDNA was synthesized using a
High capacity cDNA reverse transcription kit (Applied
Biosystems) and subjected to quantitative real-time PCR
using a Roche Light-Cycler-1I 480 instrument in conjunction
with a Roche real-time master mix (Roche). Expression
changes were calculated using the 2A8CT method. GAPDH
was used as internal control for normalization. The primer
sequences used for DUSPI were Forward primer OAD-571:
CCTGCAGTACCCCACTCTACG; Reverse primer OAD-
572: CCCAAGGCATCCAGCATGTCC and for GAPDH
Forward primer OAD-328: AATCCCATCACCATCTTCCA
; Reverse primer OAD-329: TGGACTCCACGACG
TACTCA.

2.7 Cell invasion assay

A Matrigel invasion assay was performed using 24-well
Transwell inserts (Corning) coated with 100 pg matrigel and
allowed to settle for 24 h at 37 °C. Next, 35,000 cells
suspended in 350 pl serum-free medium were seeded into
the upper chamber and 600 pl of 10% serum-containing me-
dium was added to the lower chamber. After this, the cells
were allowed to invade for 16-18 h at 37 °C, followed by

fixation of the invaded cells and staining by crystal violet.
After mounting the membrane using DPX on a slide, the cells
were observed under an upright microscope. Ten random
fields were chosen after which the number of cells in each
field was counted and plotted as percentage cell invasion.

2.8 Scratch wound healing assay

Confluent cell monolayers in 6-well plates were subjected to a
scratch with a sterile pipette tip. After this, the cells were
briefly rinsed using 1x PBS to remove debris and subsequent-
ly incubated with low-glucose phenol-red free DMEM medi-
um containing 10% charcoal-stripped FBS (Gibco). The cells
were treated with 10 nM progesterone or 100 nM mifepristone
or a combination of both. Alcohol was used as a vehicle con-
trol. Cell migration at the wound surface was measured during
a period of 20 h under an inverted microscope. Quantification
was performed using the ImageJ wound healing plugin tool by
measuring the distance of the wound edge of the migrating
cells from the start point to the migrated point in three separate
wounds in three independent experiments.

3 Results and discussion

The activation of kinases like EGFR and ERK1/2 has been
reported to play an important role in the de-regulation of cel-
lular processes that are associated with the metastatic capacity
of breast cancer cells [16]. Here, we set out to assess the effect
of progesterone on the activation of kinases in breast cancer
cells using a human phospho-kinase array platform. To verify
the effect of progesterone independent of the progesterone
receptor (PR) status of the cells, we selected both PR-
positive (T47D) and PR-negative (MDA-MB-231) breast
cancer-derived cells for our study (Table 1). Untreated cells
were used as negative controls. As reported before, we ob-
served a breast cancer cell-specific phosphorylation of p53
(S392/846/S15) and AMPK (T183), which were subsequently
used as internal positive controls [17, 18]. Based on differen-
tial phosphorylation analyses of the T47D and MDA-MB-231
cells, 7 out of 43 kinases tested were found to be de-
phosphorylated in the progesterone treated cells (Fig. la-g
and Supplementary Fig. 1). Of these, p70 S6 kinase and
STAT3 showed the highest decrease in phosphorylation
(30%) while FAK, AKT and RSK1/2/3 showed a 20% de-
crease in both the cell lines in response to progesterone treat-
ment. In addition, we observed a reduction in phosphorylation
of the ERK1/2 (T202/Y204, T185/Y187), EGFR (Y1068),
MSK1/2 (S376/S360), p38x (T180/Y182) and p27 (T198)
kinases upon treatment with progesterone (Supplementary
Fig. 1), as reported earlier [19], and validated the results by
Western blot analysis (Supplementary Fig. 2a). Consistent
with earlier reports [19], we also observed a significant up-
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Table 1 Selection of breast cell

lines and validation of PR/ER/Her2 Sr. No. Cell Line Literature reported Validation of receptor status by RT-PCR
hormone receptor status. A panel of receptor status
breast cancer cell lines with varying
receptor statuses, as reported in the PR ER HER2 PR ER HER2
literature, was selected for studying
the effects of progesterone. The 1. BT474 + + + + + +
vahdagon status 9f P.R/ER/Herz 5. T47D + + _ + + _
transcript expression in the cell lines
is indicated as “+” (positive) or “-” 3. MCF7 + + N + + N
(negative) 4. ZR-75-1 - + - - + -

5. MDA-MB-231 - - -

6. BT-549 - - -

regulation of a dual specificity phosphatase, DUSP1, upon
treatment with progesterone in breast cancer cells that could
possibly mediate the effect observed (Supplementary Fig. 2b).
Taken together, our results indicate that progesterone can re-
duce the phosphorylation of 12 out of 43 kinases tested in a
PR-independent manner, which could affect cellular signaling
pathways downstream to these kinases with a concomitant
increase in the expression of a dual-specificity phosphatase,
DUSPI, that could mediate the de-phosphorylation of these
kinases [19].

Based on the known involvement of EGFR, AKT and
ERK1/2 in the invasion and migration of breast cancer cells
and the finding that their inhibition may block this phenotype
[11, 12, 20] or vice versa, i.e., metastases inhibitors may in-
hibit the phosphorylation of FAK in PR-negative MDA-MB-
231 cells [21] or lung cancer cells [22], we set out to analyze
the in vitro effects of progesterone on breast cancer cells.
Using a Matrigel chamber assay in conjunction with cells with
varying PR/ER/Her2 statuses (Table 1) we found that proges-
terone could decrease the invasion capacity of different breast
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cancer-derived cells (BT474, T47D, MCF7 and MDA-MB-
231), irrespective of their hormone receptor status (Fig. 2a-d).
This result suggests that targeted activation of kinases by pro-
gesterone may bring about phenotypic changes in breast
cancer-derived cells independent of their PR-status, potential-
ly decreasing their metastatic capacity similar to combinatorial
EGFR and AKT inhibition, which is known to affect the in-
vasion of breast and other cancer cells mediated by matrix
metalloproteinases [13, 23]. Importantly, we found that PR
blocking by mifepristone had no significant effect on the in-
vasive capacities of the cells, again suggesting that progester-
one may induce suppression of invasion in breast cancer cells
in a predominantly PR-independent manner (Fig. 2a-d).
Next we performed scratch wound healing assays to assess
whether breast cancer cell migration is affected by progester-
one. Similar to the effect of progesterone on breast cancer cell
invasion, we observed a significant decrease in cellular migra-
tion in response to progesterone over the period of 20 h in a
PR-independent manner (Fig. 3a-d). The non-essential role of
PR that we observed in the inhibition of migration of breast
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Fig. 1 Kinase phosphorylation is modulated by progesterone in breast
cancer cells. The percentage of reduction in phosphorylation in response
to progesterone was calculated relative to that in untreated cells and is

plotted for each of the differentially phosphorylated kinases (panels a-g).
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the glucocorticoid receptor (GR) or the membrane progester-
one receptor (mPR), as has been reported before [22, 24, 25].
Of note, it has also been reported that treatment with
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student’s unpaired t-test. ** p < 0.001; *** p < 0.0001
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glucocorticoids may similarly decrease the migration of PR-
negative MDA-MB-231 cells [26], which suggests that redun-
dant pathways may underlie the progesterone response in a
PR-independent manner [27]. Consistent with these observa-
tions, we found that blocking PR by mifepristone prior to
exposing the cells to progesterone did not rescue the effect
of progesterone, suggesting that the progesterone-mediated
suppression of migration in breast cancer cells is predominant-
ly mediated in a PR-independent manner (Supplementary
Fig. 3a and b). This result corroborates a clinical study in
which it was found that progesterone may reduce the recur-
rence of node-positive breast cancer in patients independent of
their PR status [3]. A recent in vitro study, however, suggested
that the PR status may play an essential role as no significant
effect was observed in PR-negative MDA-MB-231 cells in
response to R5020, which is a synthetic progestin [28]. But,
it has also been shown that the downstream effects of proges-
terone and progestin may be variable [29] and this notion,
together with possible variations that may occur during
cell line passage, could account for the phenotypic differ-
ences observed in MDA-MB-231 cells. Moreover, we
found that the progesterone-mediated suppression of mi-
gration and invasion also occurred in other PR-negative
breast cancer-derived cells, i.e., ZR-75-1 and BT-549,
which has not been reported before.

In summary, we present a first lead to model a randomized
in vitro study to systematically elucidate the role of kinases
that may underlie the clinical outcome of pre-operative pro-
gesterone intervention in breast cancer patients.
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