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a b s t r a c t
The role of erythropoietin receptor (EpoR) expression in tumor cells and the potential of EpoR-mediated
signaling to contribute to cellular proliferation and invasiveness require further characterization. To
determine whether EpoR expression and activation in tumor cells modulates intracellular signal transduction to promote cellular proliferation and migration, we employed a novel experimental model using
human breast cancer cells engineered to stably express a constitutively active EpoR-R129C variant. EpoRR129C expression resulted in increased cellular proliferation and migration of breast cancer cells and
these effects were associated with signiﬁcantly increased Epo-induced phosphorylation of ERK1/2, AKT
and c-Jun-NH2-kinase (SAPK/JNK) proteins. Expression of the constitutively active EpoR-R129C receptor
promoted the proliferation and migration of breast cancer cells via activation of ERK- and SAPK/JNKdependent signaling pathways, respectively. These ﬁndings suggest that EpoR over-expression and activation in breast cancer cells has the potential to contribute to tumor progression by promoting the proliferation and invasiveness of the neoplastic cells.
Ó 2008 Elsevier Inc. All rights reserved.

The recombinant forms of human erythropoietin (Epo)—the
principal cytokine that regulates red blood cell production—have
constituted an important component of the supportive therapy of
cancer patients with chemotherapy-induced anemia to reduce
red blood cell transfusions and to improve quality of life. The use
of erythropoiesis-stimulating agents in some cancer patients has
been associated with adverse clinical outcomes resulting in enhanced tumor progression and impaired survival, the mechanisms
of which are not completely understood. A series of recent clinical
trials have reported adverse outcomes associated with Epo therapy
leading to impaired progression-free and overall survival [1,2].
Ubiquitous EpoR expression in non-hematopoietic tissues and in
tumor cells has raised the possibility that Epo may directly modulate tumor growth via activation of functional EpoR signaling in tumor cells, however, the mechanisms of the detrimental effects of
Epo in some cancer patients require further characterization [3].
The expression of EpoR mRNA transcripts and protein in tumor cell
lines and in primary tumors has not been associated with predictable effects of exogenous Epo in pre-clinical experimental models
[4,5]. In some studies employing exogenous Epo treatment of tumor cells in vitro, increased cell proliferation [6–9], migration
capacity [10–12], apoptosis inhibition [13–15], and chemo-radiation resistance [16–19] have been reported, whereas several other
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studies have not found a signiﬁcant effect of Epo on cellular proliferation [20–24] or sensitivity to chemotherapeutic agents [25].
These divergent ﬁndings have led to the emergence of a controversy as to whether functional EpoR-mediated signaling may be
activated in cancer cells to modulate tumor cell behavior. To investigate this question of EpoR functionality in cancer cells and to further characterize the biology of Epo signaling in cancer cells, the
development of novel pre-clinical experimental models designed
to examine the functionality of EpoR signaling in cancer cells
may be useful.
The purpose of this study was to determine whether expression
of a constitutively active EpoR variant EpoR-R129C promotes functional intracellular signaling to modulate the cellular proliferation
and migration of breast cancer cells. The mutant EpoR-R129C
receptor confers growth factor-independent growth and tumorigenicity when expressed in hematopoietic Ba/F3 cells that are normally dependent on interleukin-3 for survival and growth
[26,27], but EpoR-R129C expression does not transform normal
ﬁbroblasts [28]. Hematopoietic cells expressing EpoR-R129C exhibit constitutive receptor activation due to ligand-independent formation of disulﬁde-linked receptor homodimers [29] leading to
increased cellular proliferation associated with constitutive JAK2STAT5 activation [30–32]. Here we show that expression of
EpoR-R129C in breast cancer cells promotes cellular proliferation
and migration by speciﬁc activation of the MAP kinase pathway
but not the JAK2-STAT5 axis.
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Cell lines, tissue culture and transfections. MCF-7 and MDA-MB231 human breast cancer cells and P769 renal carcinoma cells
were obtained from American Type Culture Collection (ATCC, Rockville, MD) and cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) and 10% fetal bovine serum (FBS, Hyclone, Logan, UT).
Cells were stably transfected using Lipofectamine reagent (Invitrogen) either with empty mammalian expression vector pCR3.1
(Invitrogen) or a pCR3.1 plasmid encoding EpoR-R129C [33]. Single
cell clones were selected in G418 (Invitrogen) at a concentration of
0.8 mg/ml and mock-transfected cells incubated with G418 as controls exhibited 100% cell death. Isolated, G418-resistant single cell
clones were expanded and whole cell extracts were analyzed by
immunoblotting for EpoR expression. Anemic mouse spleen extracts served as a positive control for EpoR expression and P769
cell extracts were used as negative control.
Reagents. Human recombinant Epo(Procrit) was purchased from
the outpatient pharmacy at Duke University Medical Center. Antibodies against total and phospho-speciﬁc AKT-Ser473, JAK2Tyr1007/1008 (lot 6), ERK1/2-Thr202/Tyr204, SAPK/JNK-Thr183/
Tyr185, STAT5-Tyr694 were from Cell Signaling Technology (Beverly, MA). Antibodies against actin, total JAK2 and EpoR (M-20)
were from Santa Cruz Biotechnology (Santa Cruz, CA). Kinase
inhibitors against MEK (PD 98059) and SAPK/JNK (SP600125) were
from EMD Chemicals (San Diego, CA). Soluble EpoR protein as an
Epo antagonist was from R&D Systems (Minneapolis, MN).
Cell proliferation and migration assays. MCF-7 cells (1.0  104/
well) or MDA-MB-231 cells (1.5  104/well) were seeded in multi-well tissue culture plates and cultured in RPMI and 10% FBS
for 24 h. The medium was changed to 2 ml RPMI supplemented
with charcoal-dextran-treated FBS (10% MCF-7 or 5% MDA-MB231 cells). Three single cell clones each of EpoR-R129C or empty
vector-transfected cells were analyzed in triplicates by counting
the cells for 5–9 days using Trypan blue exclusion assays to generate growth curves. The effect of MEK inhibitor PD98059 on proliferation was examined by adding the kinase inhibitor (50 lM) or
the vehicle DMSO (0.1%) in negative control cultures.
Colony formation assays in agarose were performed with cell
suspensions (2.0  103 cells/60 mm dish) in RPMI (without phenol
red) containing 10% FBS and 0.35% agarose (Promega, Madison, WI)
layered on 0.6% base agarose gel (in RPMI/10% FBS, 5 ml/dish). In
some cultures, Epo was added to ﬁnal concentration 10 U/ml in
the presence or absence of MEK inhibitor PD98059 (50 lM) or
the solvent DMSO (0.1%) as negative control mixed with the cell
suspension before cells were seeded in triplicates for each condition. Colonies were deﬁned as a cluster consisting of >30 cells
and counted using a microscope at day 15.
Cell migration assays were performed using Transwell chambers (Corning Costar, Corning, NY) as described [10]. Epo was
added to the cell suspension at a concentration of 1 U/ml based
on results of dose–response experiments (data not shown). Cells
(3.0  105/ml) in 100 ll/well were transferred to the top chamber
of each Transwell and allowed to migrate under normoxic conditions for 6 h. In experiments involving kinase inhibitors, cells were
pre-incubated with JNK kinase inhibitor SP600125 (20 lM) or
DMSO vehicle (0.2%) as control for 15 min prior to seeding.
Western blotting and ERK kinase assays. Cells were starved in serum-free RPMI medium for 1 h and either left unstimulated or incubated with vehicle consisting of 100 mM NaCl, 20 mM sodium
citrate, 0.3 mM citric acid [pH 6.9] and 2.5 mg/ml human albumin
(Sigma, St Louis, MO), or increasing concentrations of Epo as indicated for 10 min at 37 °C. As a control in some experiments, Epo
was heat-denatured by boiling the protein for 5 min prior to addition to the cultures. As another control, Epo (10 U) was preincu-

bated with excess soluble EpoR protein (0.5 lg) for 1 h at room
temperature prior to treatment of the cells. Whole cell extracts
were resolved by SDS–PAGE and subjected to immunoblotting
with phospho-speciﬁc antibodies.
In vitro kinase assays were performed using a kit (Cell Signaling
Technologies) by immunoprecipitation with a monoclonal phospho-speciﬁc ERK1/2 antibody. The immunoprecipitates were incubated with an ELK-1 fusion protein in the presence of ATP and
kinase buffer allowing immunoprecipitated active MAP kinase to
phosphorylate its substrate ELK-1 measured by Western blotting
using phospho-speciﬁc (Ser383) ELK-1 antibody. Quantiﬁcation of
the density of the bands was performed using NIH ImageJ software.
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Fig. 1. EpoR expression in breast cancer cells and effect of EpoR-R129C expression
on cellular proliferation. (A) MCF-7 cells stably transfected with empty vector or
plasmid encoding EpoR-R129C were analyzed by immunoblotting for EpoR
expression. Lane 1: Negative control P769 cells without EpoR expression; lane 2:
anemic mouse spleen positive control; lane 3: untransfected MCF-7 cells (UT); lanes
4–6: empty expression vector-transfected single cell clones; lanes 7–9: EpoR-R129C
transfected clones. The lower portion of the blot was analyzed for actin expression
demonstrating protein integrity and comparable loading. Molecular weight marker
(kDa) positions are illustrated. (B) EpoR-R129C expressing cells exhibit increased
proliferation compared to empty vector-transfected (Vector) or untransfected MCF7 cells. The data of three independent clones was pooled and expressed as fold
increase in cell number to generate growth curves (mean ± SEM, n = 8 replicates/
group). **P < 0.01 compared to vector-transfected or untransfected cells. (C) Epo
treatment (10 U/ml) promotes the proliferation of vector-transfected but not EpoRR129C expressing cells. Three single cell clones each of EpoR-R129C and vectortransfected cells were analyzed in triplicates (n = 9 replicates/group). *P < 0.05 Epotreated vector cells compared to no Epo treatment, #P < 0.05 and **P < 0.01 EpoRR129C-expressing cells compared to vector-transfected cells without Epo
treatment.
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Fig. 2. Epo-induced ERK pathway activation in MCF-7 breast cancer cells. (A) Epo phosphorylates ERK1/2 in a dose-dependent manner. Cells were starved for 1 h and left
unstimulated (C), incubated with vehicle (V), or increasing concentrations of Epo. Whole cell lysates were analyzed by immunoblotting using phospho-speciﬁc ERK1/2
antibody. The blots were stripped and re-probed with antibody against total ERK. Speciﬁc Epo-induced ERK phosphorylation (P-ERK) was further conﬁrmed by additional
controls (panels shown on right). Lane 1: untreated cells; lane 2: vehicle; lane 3: heat-denatured Epo (10 U/ml); lane 4: Epo pre-incubated with soluble EpoR antagonist prior
to cell culture addition; lanes 5–7: Epo treatment at indicated concentrations demonstrating increased ERK phosphorylation only in the presence of Epo. (B) Time course of
Epo-mediated phosphorylation of ERK1/2 in breast cancer cells. Cells were either left unstimulated (0) or stimulated with Epo (10 U/ml) for the indicated time course. (C)
EPO-mediated induction of ERK kinase activity in breast cancer cells. Cells were either left untreated ( ) or treated (+) with recombinant Epo (10 U/ml) for 10 min at 37 °C.
Kinase assays were performed to measure ability of immunoprecipitated active ERK kinase to phosphorylate its substrate ELK-1. A representative immunoblot illustrating
increased ELK-1 phosphorylation in response to Epo is shown (upper panel). Quantitative representation (mean ± SEM) of fold increase in ERK kinase activity (lower panel) in
three independent experiments. *P < 0.05.

Statistical analyses. Statistical analyses were performed by using
GrapdPad InStat software version 3.0 (San Diego, CA). Comparisons
between two groups were performed by t-tests. Comparisons between multiple groups were performed by one-way ANOVA and
Bonferroni post hoc multiple comparisons test. A two-tailed P value of P < 0.05 was considered statistically signiﬁcant.

Results and discussion
We investigated the effect of exogenous Epo treatment and/or
EpoR-R129C over-expression on cancer cell proliferation, migration and signaling. An expression plasmid encoding EpoR-R129C
[33] was stably introduced into human breast cancer cells and single cell clones were isolated (Fig. 1A). Cells expressing EpoR-R129C
exhibited 2.2-fold increased proliferation compared to empty vector-transfected controls or untransfected cells (Fig. 1B). Epo treatment did not further stimulate the proliferation of EpoR-R129C
expressing cells but resulted in a signiﬁcant 1.7-fold increase in
proliferation of empty vector-transfected MCF-7 cell clones
(Fig. 1C). Expression of EpoR-R129C in MDA-MB-231 breast cancer
cells was also associated with increased proliferation rate of the
cells (Supplementary Fig. S1).
We then investigated EpoR-mediated signaling in breast cancer
cells to characterize the mechanisms of the proliferative effects of
EpoR-R129C expression. In untransfected MCF-7 cells, Epo treatment induced the increased phosphorylation of p44/42 MAP kinases ERK1/2 (Fig. 2) but not JAK2, STAT5 or AKT (Supplementary
Fig. S2 and data not shown). Following Epo treatment, there was

a dose- and time-dependent increase in ERK1/2 phosphorylation
with a rapid increase in ERK1/2 phosphorylation within 5–
10 min of Epo treatment that gradually decreased to basal levels
by 60 min in the continued presence of Epo (Fig. 2A and B). We
determined whether the rapid Epo-mediated phosphorylation of
ERK1/2 is associated with increased kinase enzymatic activity
using in vitro kinase assays. Epo treatment resulted in a signiﬁcant
2.3 ± 0.3-fold increase in ERK kinase activity in MCF-7 cells
(Fig. 2C). We next examined the activation of intracellular signaling in MCF-7 cells engineered to express EpoR-R129C. There was
a signiﬁcant 2.6 ± 0.4-fold increase in basal phosphorylation level
of ERK1/2 and a 1.6 ± 0.1-fold increase in basal AKT phosphorylation compared to vector-transfected controls (Fig. 3A). Epo treatment of cells expressing EpoR-R129C signiﬁcantly enhanced
ERK1/2 phosphorylation by 2.7 ± 0.3-fold (Fig. 3B) and SAPK/JNK
phosphorylation by 5.38 ± 1.6 compared to vector controls
(Fig. 3C). Whereas Epo treatment did not induce the phosphorylation of AKT in untransfected or vector-transfected MCF-7 cells, in
EpoR-R129C expressing cells there was a signiﬁcant, dose-dependent, 2.29 ± 0.5-fold increase in AKT phosphorylation in response
to Epo (Fig. 3D).
To determine whether enhanced ERK signaling pathway activation contributes to the increased cellular proliferation of cells
expressing EpoR-R129C, we examined the effect of MEK kinase
inhibitor PD98059 on cell growth. Treatment of breast cancer cells
with PD98059 abolished the Epo-induced and constitutive phosphorylation of ERK1/2 (Supplementary Fig. S3A). In proliferation
assays, EpoR-R129C expressing cells exhibited signiﬁcantly decreased growth in the presence of inhibitor (Fig. 4A). We examined
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Fig. 3. Increased phosphorylation of ERK1/2, JNK and AKT in breast cancer cells expressing EpoR-R129C. (A) Increased basal phosphorylation of ERK (panels on left) and AKT
(panels on right). Cells during exponential growth phase in RPMI and 10% FBS were removed from culture and whole cell lysates were analyzed for basal P-ERK and P-AKT by
immunoblotting. Three independent single cell clones of empty vector and EpoR-R129C-transfected cells were analyzed. The blots were re-probed with total ERK and AKT
antibodies to normalize phosphorylated protein amounts. Quantitative representation of P-ERK and P-AKT are illustrated below the blots. *P < 0.05, n = 3 clones/group. UT:
untransfected MCF-7 cells. (B,C) Epo-induced ERK1/2 (B), SAPK/JNK (C) and AKT (D) phosphorylation is increased in breast cancer cells expressing EpoR-R129C. Cells were
starved for 1 h and either left unstimulated ( ) or incubated with increasing concentrations of Epo. Representative immunoblots are shown. Three independent single cell
clones of empty vector or EpoR-R129C-transfected cell lines were analyzed. Epo-induced phosphorylation of the proteins was quantiﬁed by densitometry and normalized to
total protein content. The data was pooled and expressed as fold increase over control (mean ± SEM). #P < 0.05, *P < 0.01, **P < 0.001 EpoR-R129C expressing cells compared to
vector-transfected cells.

the effect of Epo and EpoR-R129C expression on anchorage-independent growth using soft-agar colony formation assays (Fig. 4B).
Epo treatment or the expression of EpoR-R129C in breast cancer
cells signiﬁcantly enhanced colony formation and both the effect
of exogenous Epo and EpoR-R129C expression were blocked by
the presence of MEK inhibitor. We then examined the effect of
Epo treatment or EpoR-R129C expression on the migration capacity of breast cancer cells in an in vitro assay. In empty vector-trans-

fected cells, Epo treatment signiﬁcantly increased the migration of
the cells by 1.95 ± 0.2-fold (Fig. 4C). EpoR-R129C expression in the
absence of Epo treatment was also associated with a signiﬁcant
1.51 ± 0.18-fold increase in cellular migration compared to control
cells. Epo treatment of EpoR-R129C expressing cells led to a minor,
non-signiﬁcant increase of migration. To determine the role of
SAPK/JNK kinase in increased cellular migration, cells were treated
with the kinase inhibitor SP600125 which blocks the phosphoryla-
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In these studies we show that induction of EpoR signaling by
either exogenous Epo treatment or over-expression of EpoRR129C leads to the activation of MAP kinase pathway in MCF-7
breast cancer cells. We found that unlike ERK1/2, the constitutive phosphorylation of JAK2 protein in MCF-7 cells was not increased further by either Epo treatment or over-expression of
EpoR-R129C. The mechanism of the increased cellular proliferation as a result of constitutively active EpoR-R129C expression
in breast cancer cells primarily involves increased activation of
the ERK1/2 pathway and is not associated with increased JAK2STAT5 phosphorylation. This ﬁnding contrasts with the predominant signaling mechanism in hematopoietic cells where increased proliferation as a result of EpoR-R129C expression is
associated with constitutive activation of JAK2-STAT5 pathway
and not ERK1/2 activation [31,32,36]. Our studies also indicate
that in human breast cancer cells, EpoR-R129C expression enhances Epo responsiveness as manifested by increased Epo-induced phosphorylation of ERK1/2 consistent with the results of
our previous in vivo studies in which EpoR-R129C expression
in rodent mammary carcinoma cells was associated with increased intra-tumor phospho-ERK content and stimulation of tumor xenograft growth [33]. The present studies also demonstrate
that the expression of EpoR-R129C is associated with enhanced
Epo-mediated phosphorylation of SAPK/JNK, a pathway that is
involved in increased migration capacity of breast cancer cells
in vitro. In conclusion, using a novel cell culture model to investigate Epo biology in tumor cells, these ﬁndings suggest that
EpoR expression and activation in breast cancer cells has the potential to contribute to tumor progression by promoting cellular
proliferation and invasiveness.
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Fig. 4. Kinase inhibitors targeting MEK/ERK and SAPK/JNK block the proliferation
and migration of breast cancer cells expressing EpoR-R129C. (A) Growth curves of
stably transfected MCF-7 cells cultured in the presence or absence of MEK inhibitor
PD98059. Three independent single cell clones of empty vector- or EpoR-R129C
expression plasmid-transfected cell lines were analyzed and the data was expressed
as fold increase in cell proliferation (n = 9 replicates, *P < 0.001 R129C compared to
vector and to R129C-PD, #P < 0.05 R129C compared to R129C-PD, **P < 0.001 vector
compared to vector-PD. (B) Soft agar colony formation assays. Two independent
single cell clones of empty vector or EpoR-R129C expressing cell lines were
analyzed in the presence or absence of Epo (10 U/ml) or MEK inhibitor for
anchorage-independent growth with triplicate assays for each condition (n = 11
replicates/group, **P < 0.05, *P < 0.001). (C) Epo treatment or expression of EpoRR129C promotes the migration of breast cancer cells. MCF-7 cells were placed in
Transwell chambers in the presence or absence of JNK inhibitor SP600125 and Epo
(1 U/ml). Three single cell clones in each group were analyzed for cell migration, the
data was pooled and expressed as fold increase over control (n = 12/group,
*
P < 0.001, **P < 0.05).

tion of SAPK/JNK (Supplementary Fig. S3B). In the presence of
SAPK/JNK kinase inhibitor, we found signiﬁcant inhibition of cellular migration in response to Epo in vector-transfected cells and in
cells expressing the constitutively active EpoR-R129C (Fig. 4C),
consistent with the important role for SAPK/JNK activation in promoting the migration capacity of other types of cancer cells
[34,35].

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2008.12.146.
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