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Overexpression of the erythropoietin receptor in RAMA 37 breast
cancer cells alters cell growth and sensitivity to tamoxifen
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Abstract. Erythropoietin (EPO) is the main regulator of
erythropoiesis, and its receptor (EPOR) is expressed in
various tissues, including tumors. Expression of EPOR in
breast cancer tissue has been shown to correlate with expres-
sion of the estrogen receptor (ER). However, EPOR promotes
proliferation in an EPO-independent manner. In patients with
breast cancer, EPOR is associated with impaired tamoxifen
response in ER-positive tumors, but not in ER-negative tumors.
Furthermore, a positive correlation between EPOR/ER status
and increased local cancer recurrence has been demonstrated,
and EPOR expression is associated with G-protein coupled
ER (GPER). Herein, we assessed the effects of EPOR on cell
physiology and tamoxifen response in the absence of EPO
stimulation using two cell lines that differ only in their EPOR
expression status: RAMA 37 cells (low EPOR expression) and
RAMA 37-28 cells (high EPOR expression). Alterations in cell
growth, morphology, response to tamoxifen cytotoxicity, and
EPOR-activated signal transduction were observed. RAMA 37
cells showed higher proliferation capacity without tamoxifen
treatment, while RAMA 37-28 cells were more resistant to
tamoxifen and proliferated more rapidly in the presence of
tamoxifen. EPOR overexpression induced cell-morphology
changes upon tamoxifen treatment, which resulted in the
production of cell protrusions and subsequent cell death. Short-
term treatment with tamoxifen (6 h) prompted RAMA 37
cells to acquired longer protrusions than RAMA 37-28 cells,
which indicated a pre-apoptotic stage. Furthermore, prolonged
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treatment with tamoxifen (72 h) caused a greater reduction
in RAMA 37 cell numbers, which indicated a higher rate of
cell death. RAMA 37-28 cells showed prolonged activation of
AKT signaling. We propose sustained AKT phosphorylation
in EPOR-overexpressing cells as a mechanism that can lead to
EPOR-induced tamoxifen resistance.

Introduction

The erythropoietin receptor (EPOR) is a transmembrane
protein from the type I cytokine receptor superfamily (1). The
majority of EPOR is expressed on erythropoietic progenitor
cells in the hematopoietic tissue of the bone marrow (reviewed
in ref. 2). After erythropoietin (EPO) binding, the preformed
EPOR is activated and triggers several downstream signaling
pathways, including those of Janus kinase 2/signal transducer
and activator of transcription 5 (JAK2/STATS), phosphati-
dylinositol 3-kinase/protein kinase B (PI3K/AKT), guanine
nucleotide binding protein (3)/mitogen-activated protein
kinase (MAPK), and protein kinase C (PKC) (reviewed in
ref. 4). The activation of this signaling not only results in
erythroid proliferation and differentiation, but also in protec-
tion of erythroid progenitors against apoptosis (5).
Subsequently, the presence of functional EPOR was
confirmed in a number of non-hematopoietic cells, including
neurons (6), endothelial cells (7), kidney cells (8), and
myoblasts (9), as well as in various tumor cells. Reports have
emerged over the last 6 years that have described active EPOR
signaling in head and neck squamous cell carcinomas (10),
cervical cancer cells (11), glioma cells (12), renal carcinoma
cells (13), and breast cancer cells (14). These findings of
functional EPOR for numerous body tissues then led to the
description of novel physiological effects of EPO/EPOR
signaling, in addition to the regulation of erythropoiesis (15).
The presence of EPOR in tumor tissues and cell lines raises
the question of possible adverse effects on tumor-cell prolif-
eration and growth, and on inhibition of apoptosis. These
effects might be induced by recombinant human EPO or its
analogs (e.g., erythropoiesis-stimulating agents) that are used
in the treatment of patients with cancers who suffer from
chemotherapy-induced anemia (reviewed in ref. 16).
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Breast cancer is the second most frequent type of cancer
worldwide, with over 1.5 million new cases per year. Only
lung cancer accounts for more cancer deaths in women.
Breast cancer cells can express a variety of growth factor
receptors, which determine the molecular classification of the
disease (17). The most commonly identified of these growth
factor receptors is the estrogen receptor (ER) (18), which can
provide important prognostic and predictive information of
tumor responses to endocrine-based therapies (19). The stan-
dard therapies for ER-positive (ER*) breast cancer include the
administration of selective ER-activity modulators or inhibi-
tors of estrogen biosynthesis.

Treatment with the chemopreventive agent and selec-
tive ER-activity modulator tamoxifen was the first targeted
therapy for mammary adenocarcinomas (20). Tamoxifen was
approved by the US Food and Drug Administration in 1998
for the reduction of breast cancer risk in premenopausal and
postmenopausal women in the USA. Tamoxifen and some
other selective ER-activity modulators can have estrogen-like
agonistic effects as well as anti-estrogen-like antagonistic
effects that are tissue-selective or cell-type-selective. In
mammary adenocarcinoma cells, tamoxifen prevents estrogen
binding to the ER, which thus reduces cell proliferation and
tumor growth (21). Tamoxifen has also been shown to induce
apoptosis and G1 cell cycle arrest in human breast cancer
cells, and to inhibit ER-independent and MAPK-induced cell
proliferation (22-24).

However, some ER* breast tumors fail to respond to
tamoxifen, or develop resistance with prolonged tamoxifen
treatment (25). Tamoxifen resistance is rarely caused by muta-
tions in ER (26). The alterations in signaling pathways that
have been implicated in acquired tamoxifen resistance are
those that affect cell survival and proliferation, the cell cycle,
apoptosis, and epithelial-to-mesenchymal transition of tumor
cells (27,28). In this regard, tamoxifen-resistant breast cancer
phenotypes are promoted by changes in AKT activity (29).

Responses of breast cancer cells to tamoxifen have also
been correlated to EPOR expression. Larsson er al (30)
indicated that high EPOR expression is a negative prognostic
factor for recurrence-free survival of tamoxifen-treated
patients with ER*/progesterone receptor (PR)* breast tumors.
On the contrary, recurrence-free survival of non-treated
ER*/EPOR" breast cancer patients was significantly improved.
Their study also revealed associations between EPOR, ER and
PR in breast cancer cells and patients, while Volgger ef al (32)
further showed positive association between EPOR/ER/PR
status and increased local cancer recurrence.

In terms of breast cancer cell lines, EPOR expression
has been associated with expression of G-protein-coupled
ER (GPER) (33). Silencing of EPOR expression via EPOR
knock-down resulted in decreased proliferation of cultured
EPOR*/ERa* breast cancer cells, but not of ERa cells.
Recombinant human EPO stimulation of cultured cells also
had no effects on cell proliferation (34).

The objective of the present study was to assess the effects
of EPOR on the growth of breast cancer cells, and on their
sensitivity to tamoxifen, in the absence of stimulation with
recombinant human EPO. For this purpose, we compared two
rat mammary epithelial cell lines that show different levels of
EPOR expression. RAMA 37 cells are a benign non-invasive
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cell line that shows low EPOR expression, while a RAMA 37
clone, known as RAMA 37-28 cells, stably expresses higher
levels of human EPOR (35). Herein, both of these cell
lines were characterized for EPOR and ER expression and
compared to each other in terms of their proliferation capacity,
response to tamoxifen-induced cytotoxicity, and activation of
protein signaling.

Materials and methods

Cell lines and cell culture. The parental non-metastatic
benign tumor-derived rat mammary epithelial cell line,
RAMA 37 cells, and its derived stably transformed cell
subclone, RAMA 37-28 cells, were used as the model system.
Transfection was carried out with the pcDNA3.1 expression
vector that contained wild-type human EPOR, followed by
selection of modified cells with 1.0 mg/ml geneticin (35). The
cells were cultured in Dulbecco's modified Eagle's medium
supplemented with high glucose (4.5 g/1), L-glutamine
(GE Healthcare, Little Chalfont, UK) and 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). The cell cultures were maintained at 37°C in a humidi-
fied 5% CO, (v/v) atmosphere. Cell numbers were determined
using a Coulter counter (model ZF; Coulter Electronics,
Luton, UK), and total cell viability was analyzed by staining
with 0.15% eosin, followed by light microscopy.

Gene expression analysis

RNA isolation. Total RNA was extracted using the TRI
reagent (Sigma-Aldrich, St. Louis, MO, USA), and treated
with DNase I (Roche Diagnostic, Basel, Switzerland),
according to the manufacturer instructions. The quality of the
RNA samples was determined using a bioanalyzer (Agilent),
to assure that all RIN values were >9.8. Total RNA (1 ug)
was transcribed to cDNA using SuperScript III reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer's instructions.

Quantitative real-time reverse transcriptase-PCR. The
PrimerExpress software (Applied Biosystems, Foster City,
CA, USA) was used for the design of forward and reverse
primers for EPO, EPOR, ESRI, ESR2, GPER, RPLPO and
CYCA that spanned intron-exon junctions. These were checked
for their specificities with the BLAST algorithm. RPLPO and
CYCA were selected as the reference genes, and were used for
normalization of the expression levels for the genes of interest.
Quantitative real-time reverse transcriptase was performed
using SybrGreen chemistry (Roche Diagnostic) on a 384-well
platform of a LightCycler 480 Real-time PCR System (Roche
Diagnostic). Amplification of the specific PCR products was
performed in triplicate in a total reaction mixture of 5 ul,
which contained 0.75 ul of the cDNA template. Gene expres-
sion normalization factors were calculated using the GeNorm
algorithm for each sample, based on the geometric means of
the selected reference genes (31). The minimum information
for publication of quantitative real-time PCR experiments
(MIQE) was followed in the performance and interpretation
of the qPCR reactions (36). The data are presented as relative
expression levels for each gene of interest + SD, from three
biological replicates.
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Table I. Primary and secondary antibodies used in the western blotting.
Type Antibody Specificity  Dilution Manufacturer Cat. no.
Primary Anti-p44/42 MAP kinase (ERK1/2) Rabbit 1:1000 Cell Signaling Technology 9102
Anti-phospho-p44/42 Rabbit 1:1000 Cell Signaling Technology 9101
MAP kinase (pERK1/2)
Anti-AKT Rabbit 1:1000 Cell Signaling Technology 9272
Anti-phospho-AKT Rabbit 1:1000 Cell Signaling Technology 9271
Anti-STATS Rabbit 1:2000 R&D Systems AF2168
Anti-phospho-STATS (Y694/Y699) Rabbit 1:1000 R&D Systems AF4190
Anti-EPOR (M-20) Rabbit 1:400 Santa Cruz Biotechnology sc697
Anti-ERa (F-10) Mouse 1:2000 Santa Cruz Biotechnology sc-8002
Anti-ERp (H-150) Rabbit 1:1000 Santa Cruz Biotechnology sc-8974
Anti-GPER Rabbit 1:500 Sigma Chemicals HPA027052
Anti-p-actin Mouse 1:5000 Sigma Chemicals A5441
Rabbit 1:2000 Sigma Chemicals A2066
Secondary Anti-mouse [gG Rabbit 1:2000 Pierce 31452
Goat 1:5000 Jackson ImmunoResearch 115-035-068
Laboratories
Anti-rabbit IgG Goat 1:2000 Pierce 31461
Goat 1:5000 Jackson ImmunoResearch 111-035-003
Laboratories
Cell proliferation Diagnostic), which was placed in a humidified incubator at

MTT assay. The cells (12.5x10°) in the medium supplemented
with 1% or 10% fetal bovine serum were seeded as quintu-
plicates in 96-well plates, and left to adhere for 24 h. Cell
proliferation was determined using 3-(4.5-dimethylthiazol-
2-yl)-2.5-diphenyl tetrazolium bromide (MTT reagent;
Sigma-Aldrich), and was measured for five sequential
days. Each day, MTT reagent was added to the wells of one
plate, which was then incubated for 4 h under the standard
culture conditions. Viable cells with active metabolism can
convert MTT into an insoluble formazan product, which
can be dissolved by addition of 20% sodium dodecyl sulfate
(in HCI). Absorbance was measured at 570 nm using a spec-
trophotometer (Epoch; BioTek, Winooski, VT, USA). After the
blank subtraction, the fold-changes in cell proliferation were
determined for each day, by normalization to the proliferation
levels after 24 h of culturing. The data are presented as mean
fold-changes in cell proliferation + SD, of three independent
experiments.

Clonogenic assays. The cells were seeded in 6-well plates in
triplicate at 100 cells/well and cultured for 14 days. The culture
medium was changed every 5 days. Colony quantification was
carried out manually and using the UviPro software after
crystal violet staining (0.5%; Sigma-Aldrich). Colonies were
classified as small if they contained <100 cells, and otherwise
they were classified as big. The data are presented as mean
colony numbers + SD, of three independent experiments.

Cell viability assays
xCELLigence. The experiments were performed using an
xCELLigence dual-plate real-time cell analyzer (Roche

37°C and 5% CO,. Cell proliferation and cytotoxicity were
determined using 16-well plates (E-plates; Roche Diagnostic)
with electrodes attached to the bottom for impedance-based
detection of cell attachment, spreading, and proliferation. The
impedance of each well was automatically monitored using
the xCELLigence system, which was expressed as the Cell
Index. Initially, 100 pl cell-free media (with 10% fetal bovine
serum) was added to the wells and incubated for 30 min at
room temperature. This was following by addition of 50 pl
cell suspension (for 1,250 cells/well). The cells were left to
adhere for 30 min at room temperature, and then placed on the
real-time cell analyzer for 72 h. The Cell Index was monitored
every hour. After the initial 72 h of culture, the cells were
treated with tamoxifen (Sigma-Aldrich) at 25, 37, 50, 75, 100
or 150 uM (in ethanol). Ethanol-treated cells and cells without
tamoxifen treatment were used as controls. Each tamoxifen
concentration was tested in duplicate within the same experi-
ment, and the Cell Index was again monitored every hour, to
48 h of tamoxifen treatment.

Normalized Cell Index. The normalized Cell Index (37) was
calculated by its normalization with the Cell Index at the point
of tamoxifen treatment (i.e., 72 h). The data are presented as
the mean normalized Cell Index curves + SD, of three inde-
pendent experiments.

IncuCyte ZOOM system. Experiments were performed using
an IncuCyte ZOOM system (Essen BioScience, Ann Arbor,
MI, USA), which consists of a microscope gantry in a humidi-
fied incubator at 37°C and 5% CO,, and a networked external
controller hard drive that gathers and processes image data.
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Figure 1. Gene expression of EPO, EPOR, ESR, and GPER in RAMA 37 and
RAMA 37-28 cells. Data are means + standard deviations of three indepen-
dent experiments. “Statistically significant difference of Type 1 error a. <0.05
for gene expression between RAMA 37 and RAMA 37-28 cells.

The cells were seeded in 96-well plates in sextuplicates at
2,000 cells/well (as 100 ul cell suspension/well) and placed in
the IncuCyte ZOOM system. After the initial 24 h of culture,
the cells were treated with 25 yM tamoxifen (dissolved in
ethanol). Ethanol-treated cells and those growing in media
without tamoxifen were used as controls. The IncuCyte
ZOOM system automatically monitored the cell confluence
in each well through a x20 objective (Nikon) every 2 h, until
72 h of tamoxifen treatment. The experiment was performed
three times.

Western blotting. Western blotting was carried out according
to standard protocols. Using the MTT assay, 50 uM tamoxifen
was defined as the optimal concentration for analysis of
protein signaling. The cells were grown in the standard
growth media for 24 h and then exposed to 50 xM tamoxifen
for 0, 5, 10, 15, 30 and 60 min. The cells were then lysed for
10 min in lysis buffer on ice, as described by Kutuk et al (38),
and the soluble proteins were recovered in the supernatant
following centrifugation at 12,000 x g for 10 min. Protein
samples were separated using 12% SDS-PAGE gels and equal
loading confirmed by detection of (3-actin. This was followed
by electroblotting onto Immobilon-P transfer membranes
(Millipore, Billerica, MA, USA), which were then incubated
overnight with the primary antibodies, as specified in Table I.
The membranes were then incubated with the secondary
horseradish-peroxidase-conjugated antibody (Table I) for 1 h,
and the antibody reactivity was visualized using ECL Western
blotting substrate (Pierce, Waltham, MA, USA) and Kodak
Biomax film (Sigma-Aldrich). The data are shown as a repre-
sentative figure and in Table as means of the densities recorded
from three independent experiments.

Statistical analysis. The significance of the differences in
gene expression and colony formation capacity between the
RAMA 37 and RAMA 37-28 cells were determined using
Student's t-tests. Statistical significance for cell proliferation
or in response to tamoxifen-induced cytotoxicity was deter-
mined using two-way ANOVA tests, while one-way ANOVA
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Figure 2. Representative protein levels of ERf (the protein product of ESR2),
EPOR and GPER in RAMA 37 and RAMA 37-28 cells. Equal loading was
confirmed by detection of -actin. Ratios indicated represent quantitative
analysis of the densitometric values of the specific band intensities normal-
ized to RAMA 37 cells, which were arbitrarily set to 1.

was used to assess the statistical differences in the protein
signaling. P<0.05, P<0.01 or P<0.001 were considered as
statistically significant.

Results

Expression of erythropoietin and estrogen receptor. Real-time
PCR analysis of EPO, EPOR, ESRI, ESR2, and GPER was
performed to determine the level of endogenous EPO mRNA
and the differences in receptor status between the RAMA 37
and RAMA 37-28 cells (Fig. 1). Endogenous EPO expression
was not confirmed in the tested cell lines. EPOR mRNA levels
were not detectable in the parental RAMA 37 cells, while
relatively high expression was seen for the RAMA 37-28 cells,
which had been stably transfected with human EPOR (35).
ESRI expression was low in both cell lines, while ESR2 was
slightly higher in RAMA 37 cells. However, the difference in
ESR?2 expression between the two cell lines was not statisti-
cally significant. The expression level of GPER was low in
both cell lines.

The EPO, EPOR, and ER expression was evaluated at
the protein level. The expression of ERp (i.e., the protein
product of ESR2), EPOR, and GPER was confirmed in both
cell lines (Fig. 2). Low levels of EPOR were detected in
the parental RAMA 37 cells, with higher expression in the
RAMA 37-28 cells. EPO and ERa (i.e., the protein product of
ESRI1) were not detected at the protein level.

Effects of EPOR overexpression on cell growth. The
RAMA 37 and RAMA 37-28 cells were compared in terms of
cell growth and proliferation, and their clonogenic character-
istics, to evaluate the effects of EPOR overexpression on the
cell physiology (Figs. 3 and 4). Over 5 days, RAMA 37 cells
showed higher proliferation levels compared to RAMA 37-28
cells in media supplemented with 1% or 10% fetal bovine
serum (Fig. 3). Statistically significant differences (P<0.05)
were confirmed for days 4-5 in 1% fetal bovine serum, and for
days 3-5 in 10% fetal bovine serum.

Colony numbers were determined according to colony
size (Fig. 4). Colonies were considered small if they containing
<100 cells, or they were considered big at >100 cells. The
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Figure 3. Proliferation rates of RAMA 37 and RAMA 37-28 cells in growth media supplemented with 1% (top) or 10% (bottom) fetal bovine serum.
Proliferation levels were measured over 5 consecutive days using the MTT assay. Fold-changes in cell proliferation levels were determined by normalization
of mean absorbance values measured for a particular day with the mean value measured at day 1. Data are means + standard deviations of three independent
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Figure 4. Colony formation assays for RAMA 37 and RAMA 37-28 cells. (A) Box plots showing the number of big colonies with >100 cells, and small colonies
with <100 cells. These also present the full range of variation in the sample population (from minimum to maximum) and the likely range of variation (box),

with the median. Data are means =+ standard deviations of three independent experiments. Statistically significant

assay for RAMA 37 and RAMA 37-28 cells.

number of big colonies was comparable for both of these cell
lines. However, the number of small colonies was significantly
higher for RAMA 37-28 cells.

Effects of EPOR on tamoxifen resistance. The proliferation
of RAMA 37 and RAMA 37-28 cells and their responses to
tamoxifen treatment were screened using the xCELLigence

ok

P<0.001. (B) Representative clonogenic

system (Fig. 5). The cells were plated and left to proliferate for
72 h, and then they were treated with tamoxifen for 48 h (i.e.,
to 120 h). The proliferation capacity of RAMA 37 cells under
the control conditions was significantly higher that for the
RAMA 37-28 cells (Fig. 5A). However, the RAMA 37-28 cells
were more resistant to the tamoxifen treatment, as they showed
faster proliferation in the presence of tamoxifen (Fig. 5B and C).
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for 72 h, followed by treatment with tamoxifen for 48 h [indicated with asterisk (*)]. Cell viability was monitored using an xCELLigence system. Data show
normalized Cell Index curves + standard deviations of three independent experiments. The normalized Cell Index was arbitrarily set to 1 at the point of
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Figure 6. Effects of tamoxifen treatment on morphology and confluency of RAMA 37 and RAMA 37-28 cells. Cells were left to proliferate for 6 h under
control conditions without tamoxifen (A and D), 6 h with 25 M tamoxifen treatment (B and E), and 72 h with 25 yM tamoxifen treatment (C and F). Cell
confluency was monitored using the IncuCyte ZOOM system. Scale bar: 200 ym.

The highest tamoxifen concentration (150 yM) was lethal for
both of these cell lines (Fig. 5D).

The morphological changes of the RAMA 37 and
RAMA 37-28 cells upon tamoxifen treatment were assessed
using the IncuCyte ZOOM system, which monitors cell prolif-
eration by determining the area occupied by the cells (i.e., the
percent confluence) in images taken over time (Fig. 6). The
cells were plated and left to proliferate for 24 h, followed by
25 uM tamoxifen treatment for 72 h. This tamoxifen treatment

promoted morphological changes in both cell lines, although
they were more evident and more rapid in onset for RAMA 37
cells (Fig. 6A-C). Short-term tamoxifen treatment (6 h)
promoted the formation of nanotube-like structures (i.e.,
protrusions) that were more pronounced and longer for
RAMA 37 cells (Fig. 6B). These morphological changes might
be indicative of a pre-apoptosis stage. Moreover, prolonged
treatment with tamoxifen (72 h) promoted greater cell death
for RAMA 37 cells (Fig. 6C), with RAMA 37-28 cells not
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Figure 7. Effects of tamoxifen treatment on phosphorylation of STAT5a/b, AKT, and ERK1/2 in RAMA 37 and RAMA 37-28 cells. The cells were grown in
standard growth media for 24 h and then treated with 50 M tamoxifen for 0, 5, 10, 15, 30 and 60 min. Equal loading was confirmed by detection of $-actin.

Representative image of three independent experiments is shown.

Table II. Effect of tamoxifen treatment on AKT and ERK1/2 phosphorylation in RAMA 37 and RAMA 37-28 cells.

Ratio according to tamoxifen treatment (min)

Target
Cell type ratio® 0 5 10 15 30 60
RAMA 37 pAKT 1.00+0.00 1.42+0.44 0.86+0.12 0.53+0.02¢ 0.32+0.03¢ 0.30+0.06¢
pERK1/2 1.00+£0.00 1.97+£0.27 2.27£1.00 2.32+0.71° 2.24+0.34° 2.74+0.86°
RAMA 37-28 pAKT 1.00+0.00 1.38+0.30 1.03+£0.18 0.83+0.09 1.15+0.30 1.16+0.30
pERK1/2 1.00+£0.00 1.55+£0.85 1.40+0.27 1.89+0.30° 2.50+0.50¢ 2.42+0.40¢

“Ratios + standard deviation from quantitative densitometric analysis of pAKT and pERK1/2 normalized to AKT and ERK, respectively. Ratios
at time O arbitrarily set to 1. °P<0.05; °P<0.01; “P<0.001 versus time O (three independent experiments; one-way ANOVA tests).

affected to the same extent (Fig. 6F). Movies demonstrating
the differences in the tamoxifen responsiveness of RAMA 37
and RAMA 37-28 cells are available at http:/ibk.mf.uni-lj.si/
people/debeljak/RAMA.

Modified signal activation during tamoxifen treatment. The
effects of tamoxifen treatment on signal transduction were
determined using Western blotting for ERK1/2, AKT, and
STAT5a/b phosphorylation (Fig. 7 and Table II). Upon tamox-
ifen treatment, no STATS phosphorylation (pSTATS) was
observed in RAMA 37 cells or in the EPOR-overexpressing
RAMA 37-28 cells. The PI3K/AKT signaling pathway
was activated already in both of these cell lines prior the
tamoxifen treatment, as they both showed low levels of
endogenous AKT phosphorylation (pAKT). Tamoxifen treat-
ment then changed the AKT phosphorylation patterns in a
cell-type-dependent manner. The pAKT levels were reduced
in RAMA 37 cells (e.g., 15 min of tamoxifen treatment), but
increased in RAMA 37-28 cells. These increased pAKT levels
in RAMA 37-28 cells were still seen after 60 min of tamoxifen
treatment, which suggests that the activity of the PI3K/AKT

signaling pathway is increased in this cell line. Tamoxifen
treatment also resulted in changes in the RAS/MAPK signaling
pathway, with increased phosphorylation levels of ERK1/2
(pERK1/2) were seen. ERK1/2 phosphorylation was a little
faster and stronger in RAMA 37 cells, but still comparable to
that in RAMA 37-28 cells.

Discussion

Many studies have suggested that EPOR has a role in tumor
progression (30) through the stimulation of cell prolifera-
tion and/or inhibition of apoptosis of cancer cells upon EPO
binding (10,14). In contrast, other studies have argued that
although EPOR is present in cancer cells, it is not biologi-
cally active and is not essential for tumor growth (2,39), as
stimulation with exogenous EPO does not stimulate tumor
cell proliferation (34). However, cancer cells are believed to
undergo a continuous cycle of selection changes, with only the
more adapted cells favored for the passing on of their genetic
information. These cells are not likely to retain biologically
inactive metabolic and regulatory pathways, and therefore it
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is reasonable to expect that EPOR expression in cancer cells
is not redundant, but is instead involved in the tumor biology.

In the present study, we examined the effects of EPOR on
the growth of breast cancer cells, and its role in the tamoxifen
response. RAMA 37 and RAMA 37-28 cells differ only in
their EPOR expression levels, which we confirmed with the
expression analysis at the mRNA and protein levels. Indeed,
there were no significant differences in the expression of ERa
(i.e., the product of ESRI), ERp (i.e., the product of ESR2)
or GPER between these two cell lines, indicating that they
represent a good model for the evaluation of EPOR effects on
cell physiology.

The ERa status is used as a prognostic marker in breast
cancer evaluation, and it is the primary target of endocrine
therapies. Generally, patients with ERa-negative tumors
cannot benefit from tamoxifen therapy, although a fraction of
these tumors do appear to be sensitive to tamoxifen (28,40).
Furthermore, phosphorylation of ERa by protein kinase A has
been shown to convert the antagonist tamoxifen into an agonist,
thereby reversing its effects on tumor cell growth. Activation of
protein kinase A can occur through GPER or adenylyl cyclase,
although it is difficult to achieve constitutive protein kinase
A activation due to desensitization of both of these receptors
upon activation (41). Additionally, low levels of ERf are asso-
ciated with tamoxifen resistance, and as such this might serve
as an additional independent predictive marker (42). As we
demonstrated comparable expression levels of ERa, ERf, and
GPER in these RAMA 37 and RAMA 37-28 cells, we propose
that (an)other molecule(s) or signaling pathway(s) contribute
to the tamoxifen-resistant phenotype that is observed for
RAMA 37-28 cells.

We showed that EPOR overexpression in these cancer
cells can influence cell proliferation and resistance even in
the absence of EPO. The greater proliferation capacity of
RAMA 37 cells indicates that EPOR lowered the ability
of RAMA 37-28 cells to divide. When comparing the
clonogenic potential of RAMA 37 and RAMA 37-28 cells,
the RAMA 37-28 cells were more clonogenic. Although
the numbers of big colonies (>100 cells) were comparable
across both of these cell lines, RAMA 37-28 cells formed a
significantly greater number of small colonies (<100 cells).
This greater clonogenic potential of RAMA 37-28 cells has
also been previously indicated (35). Reinbothe et al (34)
suggested a role for EPOR in the proliferation control of ERa
breast cancer cells, as EPOR knock-down in ERa-positive
breast cancer cell lines resulted in cell growth inhibition.
Furthermore, a study on A2780 ovarian cancer cell line
reported that inhibition of EPOR expression abrogated growth
of its tumor xenograft (39).

Tamoxifen induces apoptosis in human breast cancer cell
lines and inhibits cell proliferation in human ovarian cancer
cell lines through a mechanism that is independent of overall
ER expression (22-24). We observed here that while under the
control conditions the proliferation potential of RAMA 37 cells
was higher than that of RAMA 37-28 cells, the treatment with
tamoxifen affected RAMA 37 cells more and resulted in a
greater block of proliferation and a higher rate of cell death
than for RAMA 37-28 cells. These data therefore suggest that
EPOR can protect cells against tamoxifen-induced cell death
even in the absence of EPO.
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Previously, Reinbothe et al (34) showed that EPOR
knock-down resulted in a more efficient tamoxifen-induced
inhibition of the ERa activity. Herein, tamoxifen treat-
ment caused morphological changes to RAMA 37 and
RAMA 37-28 cells that corresponded to a pre-apoptotic stage.
These morphology changes were manifested in the form
of pronounced protrusions that were especially obvious in
RAMA 37 cells, which correlated with their higher sensitivity to
tamoxifen-induced cytotoxicity. Protrusions were less obvious
in RAMA 37-28 cells and might correlate with the higher
survival rate (greater resistance) of these RAMA 37-28 cells.
Based on our knowledge, such EPOR-modulated cell
morphology changes in response to tamoxifen treatment have
not been described previously for breast cancer cells, and thus
we will further investigate this in detail.

A correlation between signaling through AKT and
tamoxifen resistance was recently shown in several studies.
Shi et al (35) demonstrated the role of EPO/EPOR-induced
persistent AKT activation in the transformation of
RAMA 37-28 cells from a benign to a tumorigenic pheno-
type. Furthermore, Paragh er al (39) showed the presence of
phosphorylated EPOR signaling components in A2780 human
ovarian adenocarcinoma cells, even when the cells were not
exposed to exogenous EPO. EPOR knock-down in breast cancer
cell lines reduces pAKT levels, which suggests its involvement
in transmission of signals, including phosphorylation and
activation of AKT (34). Furthermore, MCF7 cell transfec-
tion with AKT showed tamoxifen resistance, as tamoxifen
showed reduced inhibition of the growth of these transformed
cells (43). Previous studies have also shown that simultaneous
treatment of breast cancer cell lines with tamoxifen and the
PI3K inhibitor, LY294002, reduced tamoxifen-induced AKT
phosphorylation and significantly increased the pro-apoptotic
effects of tamoxifen (29). In the present study, RAMA 37 and
RAMA 37-28 cells showed similar phosphorylation status for
the key EPOR signaling proteins. The tamoxifen treatment
induced comparable changes in pPERK1/2 for these cell lines,
and had no effects on the phosphorylation of STAT5a/b. On the
other hand, tamoxifen treatment caused prolonged AKT activa-
tion (pAKT) in RAMA 37-28 cells, but not in RAMA 37 cells.
Given these results, we propose modified AKT signaling in
RAMA 37-28 cells as the potential mechanism that leads to this
increased cell resistance to tamoxifen for RAMA 37-28 cells.

In conclusion, the present study investigated the effects of
EPOR expression on breast cancer cell growth and the
sensitivity of these cells toward tamoxifen. The study was
conducted using benign non-invasive mammary epithelial
cells thatexpress low EPOR levels, compared to the counterpart
cell line with greater EPOR expression. Despite the absence of
EPO in these cells, we indicated differences in cell growth,
morphology, EPOR-induced signal transduction, and
tamoxifen resistance across these two cell lines. The data show
that tamoxifen treatment induces prolonged activation of AKT
signaling in RAMA 37-28 cells but not in RAMA 37 cells.
Therefore, we suggest that sustained signaling via AKT
renders RAMA 37-28 cells more resistant to tamoxifen.
Moreover, we report here the first evidence of EPOR-modulated
cell morphology changes upon tamoxifen treatment, which
result in increased formation of cell protrusions and subsequent
cell death. The observed putative link between EPOR
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expression and the responses of breast cancer cells to tamoxifen
might have clinical relevance. The detailed mechanisms that
alter this cell growth, morphology and tamoxifen resistance
need to be investigated further.
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