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Abstract. Erythropoietin (Epo) is a critical regulator of
erythroid cell proliferation, differentiation and apoptosis. In the
form of a recombinant protein, it is widely used to treat various
forms of anemia, including that associated with cancer and
with the myelosuppressive effects of chemotherapy. Studies of
ovarian cancer cell lines have demonstrated the presence of the
Epo receptor (EpoR), but there are disagreements regarding its
localization and functionality in these cells. Using fluorescence
microscopy, we were not able to identify the EpoR on the surface
of A2780 cells, in contrast to the positive control K562 cells.
Flow cytometry did reveal a weak surface EpoR signal in A2780
cells. Interestingly, most of the EpoR in A2780 cells was found
in the cytoplasm, more abundantly as an intracellular membrane-
associated protein than a soluble one. Silencing EpoR expression
by lentiviral-mediated shRNA resulted in reduced A2780 prolife-
ration as well as reduction in Epo-induced phosphorylation of
Erk1/2. Our findings provide important insights into the biology
of the EpoR in ovarian cancer cells.

Introduction

Erythropoietin (Epo) is a glycoprotein hormone essential for
erythroid progenitor cell survival, proliferation and differentia-
tion. Expression of the Epo gene is regulated by tissue oxygen
concentration/hypoxia and, thus, Epo is important throughout
the body by virtue of its control of red blood cell production.
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Recombinant Epo (thEpo) has been used clinically for over two
decades for the treatment of various forms of anemia, including
anemia associated with malignancies.

Epo stimulates cells through its interaction with the
Epo receptor (EpoR) on the cell surface. The EpoR has been
identified not only in hematopoietic cells, but also in many
non-hematopoietic cells and tissues where autocrine, paracrine
and endocrine actions have been proposed (1). The presence of
EpoR in cancer cells and tissues has raised important questions
regarding the potential consequences of recombinant Epo use in
cancer patients (2,3).

According to McKinney and Arcasoy (4), there are two
potential mechanisms by which rhEpo therapy may promote
tumor progression and reduce survival in some cancer patients:
i) thEpo therapy may exert local effects in tumors, acting directly
on tumor cells or other cell types in the tumor microenviron-
ment, such as the vascular endothelium and tumor-associated
macrophages; or ii) rhEpo may cause effects that indirectly alter
tumor biology in an unfavorable manner or directly give rise to
specific systemic toxicities that impair survival. In this regard,
elevated hemoglobin, increased viscosity, platelet activation,
endothelial progenitor mobilization, immunomodulatory effects
and others could play significant roles.

Different types of tumors as well as cell lines have been found
to express EpoR mRNA transcripts, which might be translated
into full-length EpoR as well as soluble or other truncated forms
(5). In this regard, Um er al (6) measured internalized 'I-Epo
and found that just 50 high affinity cell surface Epo binding
sites were sufficient for Epo-mediated activation of intracel-
lular signal transduction in SH-SY5Y and PC-12 cancer cells.
EpoR expression has been demonstrated by flow cytometry
using a specific EpoR antibody in a panel of 29 tumor cell lines,
including 18 adherent cell lines (7). Other investigators, using
conventional measurements of radiolabeled '»I-Epo, could not
detect cell surface EpoR in adherent tumor cell lines in spite of
detection by Western immunoblotting of more than 400 dimers
of EpoR/cell (8).

Several groups have reported the presence of EpoR in ovarian
cancer cell lines (7-10), but there are disagreements, especially
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regarding the disproportion in mRNA concentration and the
amount of surface EpoR protein and/or EpoR localization. Also,
the functionality of these EpoR has been in dispute. Therefore,
we have carried out a series of experiments to fully demonstrate
the cellular localization and functionality of the EpoR in A2780
ovarian cancer cells.

Materials and methods

Cell lines. Human ovarian adenocarcinoma cell line A2780
and human erythromyeloblastoid leukemia cell line K562 were
obtained from the American Tissue Culture Collection. Both cell
lines were grown in RPMI-1640 with L-glutamine (Invitrogen
Co., Carlsbad, CA, USA). Medium was supplemented with 10%
FCS and antibiotic/antimycotic solution (100 U/ml penicillin,
100 pg/ml streptomycin, and 0.25 ug/ml amphotericin B;
Invitrogen Co.). The cells were maintained under standard tissue
culture conditions of 37°C, 95% air/5% CO,. The number of cells
was determined using a Coulter counter (Model ZF, Coulter
Electronics Ltd., Luton, Beds., UK) and total cell viability was
analyzed by staining with 0.15% eosin followed by light micros-

copy.

FACSCalibur analysis of EpoR. A2780 and K562 cells were
harvested and Fc-blocked by treatment with 1 pg of human
IgG/10° cells for 15 min at room temperature. The cells were
then incubated with 10 pl of fluorescein-conjugated anti-EpoR
antibody (FAB307F, R&D Systems, Minneapolis, MN, USA)
for 45 min at 4°C, followed by washing of cells twice in PBS. For
isotype negative control staining we used mouse IgG2B control
antibody (IC0041F, R&D Systems). Finally, cells were resus-
pended in 300 gl of PBS and analyzed using a FACSCalibur
flow cytometer (Becton-Dickinson, San Diego, CA, USA).
EpoR presence on A2780 and K562 cells was expressed as the
ratio of the fluorescence median intensity in non-trypsinized
cells compared to trypsinized controls.

EpoR silencing. For EpoR knockdown, A2780 cells were trans-
duced by pseudoviral particles containing the lentiviral short
hairpin RNA (shRNA) targeting the sequence CGGTGC
GCTTCTGGTGTTC of EpoR mRNA. shRNA targeting EpoR
as well as non-targeting shRNA vector (NTshRNA) were packa-
ged by 293Ta cells through their transfection using Lenti-Pac
FIV mix and EndoFectin Lenti (GeneCopoeia, Rockville, MD,
USA). The ratio of 3.0 ul of EndoFectin Lenti per 1 ug of plasmid
has been found to be optimal for transfection. Pseudovirus
containing culture medium was collected 48 h post-transfection
of 293Ta cells and after centrifugation and filtration (0.45 ym
PES low protein-binding filters) was immediately titered,
aliquoted and stored at -80°C.

MTT assay. Control A2780 cells as well as shRNA and
NTshRNA transduced A2780 cells were seeded into 96-well
cell culture plates at a density of 5,000 cells/well. Later, at 24,48,
72 and 96 h MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; Sigma Chemical Co., St. Louis, MO, USA)
was added (0.2 mg/ml), followed by 4 h cell incubation under
standard culture conditions. Thereafter, violet-blue crystals of
metabolized products were dissolved using sodium dodecyl
sulfate (SDS; 3.3%) (Sigma Chemical Co.). The absorbance
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measurements were carried out using a FLUOStar Optima
universal microplate reader (BMG Labtechnologies, Offenburg,
Germany). The blank was subtracted, and results were expressed
as a percentage of untreated control and presented as mean + SD
of three independent experiments.

Immunofluorescence. K562 and A2780 cells were removed
from tissue flasks by cell scraper and transferred into 50 ml
tubes. Both cell lines were processed using three protocols.
In the first protocol, cell suspensions were washed with PBS
containing 0.5% albumin and 0.1% sodium azide according
to the protocol described by Johnstone and Thorpe (11). Cells
were not fixed and incubation with primary anti-human EpoR
antibody (1:100, AF-322-PB, R&D Systems) was performed in
the same buffer for 1 h at room temperature. After washing cell
suspensions with PBS, secondary anti-goat IgG-FITC antibody
(FO109, R&D Systems) diluted in the same PBS (1:100) was
added and cells were incubated for 1 h at RT. Cells pellets, after
being washed extensively with PBS (containing 0.5% albumin,
0.1% Triton X-100, Sigma Chemical Co.) were dispersed in anti-
fade mounting fluid containing 1,4-diazabicyclo (2,2,2) octane
(DABCO, Sigma Chemical Co.) and glycerol in PBS, placed
on glass slides SuperFrost Plus (Menzel Gléser, Braunschweig,
Germany) and immunofluorescence was detected using a Leica
DMI 6000 fluorescent microscope at magnification x600.

The second protocol of cell processing allowed visualisation
of integral antigens. K562 and A2780 cell pellets were resus-
pended in 4% cold paraformaldehyde in PBS without sodium
azide and fixed at 4°C for 10 min. After washing twice for
5 min in PBS containing 0.05% saponin and 0.5% BSA (Sigma
Chemical Co.), cells were incubated with primary antibody
followed by secondary antibody as described above. Finally, the
presence of EpoR on the endoplasmic reticulum (ER) for poten-
tial localisation was investigated in both cell lines using double
fluorescent staining. Briefly, both cell lines were transduced
by CellLight reagents (Invitrogen Co.) and in the successfully
transformed cells, ER was visualised by the expression of ER
specific GFP labelled protein. EpoR staining was performed in
transduced cells after the fixation of cells in 4% cold paraformal-
dehyde. Incubation with biotinylated anti-human EpoR antibody
(1:50, BAF307, R&D Systems) was carried out overnight at 4°C
followed by the incubation with streptavidine AlexaFluor 594
conjugate (1:50, S32356, Invitrogen Co.) for 2 h at 4°C. We used
fluorescent microscope Leica DMI 6000 at magnification x600
for visualisation and co-localisation of ER and EpoR in K562
and A2780 cells and the confocal laser scanning microscope
Leica TCS ST5X for more detailed view of such a co-localisation
in A2780 cells.

Extraction of membrane and cytoplasm protein fractions. To
separate water-soluble proteins in cytoplasm from lipid-soluble
proteins in cell membranes, protein extraction was performed
according to the modified method described by Griffiths et al
(12). Briefly, K562 and A2780 were harvested into 0.5 ml of
the extraction solution (10 mM Tris-HCI, pH 8.0, 2 mM MgCl,,
10 mM KCI, I mM DTT, 0.1% SDS) with 50 ul of diluted
protease inhibitor cocktail (Sigma Chemical Co.). Cells were
disrupted by sonication (Bandelin Sonopuls HD 2070) for 5 min
at 20 kHz and tubes with lysed cells were incubated on ice for 1 h
under gentle shaking. Samples were centrifuged at 14,000 g, 4°C
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for 25 min. Supernatants were collected and frozen at -20°C and
the remaining pellets were resuspended in 0.3 ml of the lipid-
soluble extraction solution of the same composition, except the
SDS concentration (2%) allowing solubilisation of the membrane
proteins. Pellets were intensively shaken on ice for 2 h and centri-
fuged as before.

Extraction of cytoplasm and membrane proteins from K562
and A2780 cells was also performed using ProteoJET membrane
protein extraction kit (no. K0321, ThermoFisher Scientific,
St. Leon-Rot, Germany). Briefly, 5x10° cells were permeabilized
with 1.5 ml of ice-cold cell permeabilization buffer to release
the cytoplasm protein fraction. The cell debris was then treated
with 1 ml of ice-cold membrane protein extraction buffer which
selectively solubilized the majority of integral and membrane-
associated proteins and isolated them after a 30-min incubation
at 4°C as a separate fraction. Protein fractions isolated by both
protocols were quantified by Lowry assay and analysed by
Western blot analysis.

Western blot analyses. Western blot analyses were carried out
according to the standard protocol. A2780 cells transduced by
shRNA or NTshRNA were serum starved overnight and incu-
bated with Epo for 30 min. Then the cells were washed twice with
ice-cold PBS and scraped into RIPA buffer (PBS, 1% Nonidet
P-40,0.5% sodium deoxycholate, 0.1% SDS; all Sigma Chemical
Co.) containing freshly added protease and phosphatase inhibitor
cocktail (Roche Diagnostics, Penzberg, Germany). Scraped
lysates were transferred into a microcentrifuge tube and passed
through a 21-gauge needle to shear the DNA. After incubation
of the lysates on ice for 45 min, the samples were centrifuged at
10,000 g for 10 min at 4°C and the supernatant was transferred
into a new microcentrifuge tube. The protein samples were sepa-
rated on 10% SDS-PAGE gels, electroblotted onto Immobilon-P
transfer membrane (Millipore Co., Billerica, MA, USA) and
incubated using the following primary antibodies: anti-EpoR
(AF-322-PB, 1:1,000, R&D Systems), anti-p44/42 MAP kinase
(no. 9102, 1:1,000, Cell Signaling Technology, Danvers, MA,
USA), anti-phospho-p44/42 MAP kinase (no. 9272, 1:1,000,
Cell Signaling Technology), anti-STATS (AF2168, 1:200, R&D
Systems), anti-phospho-STATS (Y694/Y699) (AF4190, 1:100,
R&D Systems), anti-Jak-2 (no. 3230, 1:1,000, Cell Signaling
Technology), anti-phospho-Jak-2 (Tyr1007/1008) (no. 3776,
1:1,000, Cell Signaling Technology), anti-Epo (MAB2871,
1:500, R&D Systems) and anti--actin (clone AC-74, 1:10,000,
Sigma Chemical Co.). Then the membranes were incubated with
secondary horseradish peroxidase-conjugated antibodies [goat
anti-rabbit IgG F(ab9) 2, 1:10,000, PI-31461, goat anti-mouse
IgG F(@b9) 2, 1:10,000, PI-31436 or rabbit anti-goat IgG F(ab9)
2, 1:10,000, PI-31403; Pierce, Rockford, IL., USA] for 1 h, and
the antibody reactivity was visualized with ECL Western blot-
ting substrate (PI-32106, Pierce) using Kodak Biomax film (no.
1788207, Sigma Chemical Co.).

Results

Previous studies of EpoR and ovarian adenocarcinoma A2780
cells used cells donated by other users without necessarily
showing the total number of passages made by assumed
original (ATCC) cells. Thus, clonal differences in A2780 cells,
including EpoR expression, might be expected. For the present
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study, we used A2780 cells descended from ATCC and used
them for different analysis between the passages 23-25. Human
erythromyeloblastoid leukemia cell line K562 served in EpoR
localization studies as a positive control.

Fluorescence microscopy of EpoR in K562 cells showed
plasma membrane localization (Fig. 1). This method did not
demonstrate EpoR on A2780 cells. In contrast to K562, most of
the EpoR in A2780 cells was found in the cytoplasm (Fig. 2A
and B). Using flow cytometric analysis and comparing non-
trypsinized cells to trypsinized controls, A2780 exhibited a
weak but definite EpoR signal on the surface (Fig. 3). In fact, the
amount of surface EpoR was lower in A2780 than in K562 cells,
which seems to be contrary to the total amount of EpoR detected
in whole cell lysates. Indeed, the total amount of EpoR detected
by Western blot analysis was higher in A2780 cells than in K562
cells (data not shown).

Furthermore, the extraction of cytoplasm and membrane
protein fractions by two independent techniques (detailed in
Materials and methods) revealed a very interesting finding.
K562 cells showed the expected EpoR presence in the
membrane protein fraction. Surprisingly, at least in regard to
the localization detected by fluorescent microscopy results,
EpoR protein was also more widely detected in the membrane
fraction of A2780 cells (Fig. 4). The verification of no cross
contamination of protein fractions during extraction was done
through detection of specific cytoplasm proteins 3-actin and
Erk1/2. Although (-actin was in minority present in membrane
fraction, Erk1/2 protein was only detected in the cytoplasm of
both cell lines (Fig. 4). Moreover, co-localization study with
specific GFP labeled endoplasmic reticulum membrane protein
and EpoR staining when using confocal microscopy showed
EpoR presence on the membranes of endoplasmic reticulum but
not exclusively on these membrane organelles (Fig. 2C and D).
Therefore, there appear to be other membrane organelles or
structures in A2780 cells where EpoR can be localized.

Taking all of our EpoR localization studies together, it
appears that most of the EpoR protein in A2780 cells is present
in the cytoplasm, not in a soluble form but rather as a membrane
protein.

We investigated the functionality of the EpoR in A2780 cells
through rhEpo-induced signal transduction of control as well
as EpoR silenced cells. In the first analysis, control A2780 cells
treated overnight with 50 IU/ml of rthEpo revealed strong signal
in the form of phosphorylated Erk1/2 proteins. On the other hand,
addition of soluble EpoR combined with rhEpo diminished this
strong phosphorylation of Erk1/2. In this regard, no signal was
detected after the administration of vehicle (0.1% of serum)
only. Soluble EpoR induced weak phosphorylation of Erk1/2
proteins (Fig. 5). In the second analysis, we studied the effect of
specific lentiviral mediated shRNA silencing of EpoR expres-
sion on Epo induced signal transduction of A2780 cells. EpoR
down-regulation resulted in deprivation of Erk1/2 signalization
induced by 30 min rhEpo treatment of serum starved NTshRNA
control cells (Fig. 6). The same situation was observed after a
5-min treatment of cells with rhEpo (data not shown). Moreover,
EpoR silencing reduced protein level of JAK?2 as well as STATS
proteins in comparison to NTshRNA control cells (Fig. 6).
Although addition of rthEpo did not stimulate A2780 prolifera-
tion, down-regulating EpoR expression by shRNA did result in
reduced proliferation. Indeed, A2780 cells with down-regulated
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K 562 cells

Figure 1. Immunocytochemical analysis of erythropoietin receptor and endoplasmic reticulum with secretory transport distribution in K562 cells. (A) Single
fluorescent staining using antibody to erythropoietin receptor (EpoR) and FITC-labelled secondary antibody showing clear (discrete) distribution of receptor
exclusively in the cytoplasmic membrane. (B) Double staining of EpoR with biotinylated anti-human EpoR antibody (followed by incubation with streptavidine
AlexaFluor 594 conjugate) and endoplasmic reticulum (ER) and secretory transport specific GFP labelled protein expressed following transduction of cells with
CellLight reagents (see Materials and methods). Representative picture with EpoR (red) and ER (green) shows the distribution of EpoR molecules outside and
within the cytoplasmic membrane.

A2780

Figure 2. Immunocytochemical analysis of erythropoietin receptor and endoplasmic reticulum with secretory transport distribution in A2780 cells. (A) Single
fluorescent staining using antibody to erythropoietin receptor (EpoR) and FITC-labelled secondary antibody. (B) Double staining of EpoR with biotinylated anti-
human EpoR antibody (followed by incubation with streptavidin AlexaFluor 594 conjugate) and endoplasmic reticulum (ER) and secretory transport specific GFP
labelled protein expressed following transduction of cells with CellLight reagents (see Materials and methods). Representative picture shows the presence of EpoR
in the cytoplasm close to outside surface of ER. (C and D) Optical sections of the cells after double staining of EpoR (red) and ER (green) and merged sections
using confocal microscopy. (C) Images of the middle part of the cell indicated by the presence of nucleus. Note a few yellow patches on merged sections (arrow)
which show where two molecules coincide. (D) Images of the frontal part of cells above nucleus and close to the cytoplasmic membrane, where co-localisation of
cells was not seen.
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Figure 3. Presence of erythropoetin receptor on the surface of A2780 and K562 ~ protein fractions was repeated three times. Representative results.
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receptor (EpoR) antibody and analyzed by FACSCalibur flow cytometer. EpoR
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SD of three independent experiments. The statistical significance is designated EpoR had significantly lower proliferation monitored at 48, 72

as follows: A2780 -T vs. A2780 +T *P<0.05; K562 -T vs. K562 +T “P<0.01. and 96 h after seeding when compared to NTshRNA control
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Figure 5. Erythropoietin induced signalization in A2780 cells. Western blot
analysis of phosphorylated vs. normal Akt and Erk1/2 proteins in whole-A2780
cell lysates prepared after overnight serum starvation as well as treatment of
A2780 cells with erythropoietin (Epo) and/or soluble erythropoietin receptor
(sEpoR). Any phosphorylation signal was detected after vehicle [0.1% fetal
calf serum (FCS)] treatment of A2780 cells. The experiment was repeated
three times. Representative results.

as well as normal A2780 cells (Fig. 7). This result suggests a
paracrine and/or autocrine mechanism.

Discussion

Cytoplasm localization of EpoR has rarely been demonstrated.
First Yoshimura et al (13) reported that Ba/F3 cells transfected
with the EpoR cDNA expressed very little EpoR on the cell
surface. However, transfection with EpoR ¢cDNA and with
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Figure 7. Silencing of erythropoietin receptor expression slowed down prolif-
eration of A2780 cells. The proliferation of control cells, transduced cells by
the lentiviral short hairpin RNA (shRNA) targeting specific mRNA sequence
of erythropoietin receptor (EpoR) as well as cells transduced by non-targeting
shRNA vector (NTshRNA) were evaluated by MTT assay. The results are
presented as means + SD of three independent experiments. The statistical
significance is designated as follows: A2780_shRNA vs. A2780_control and
A2780_NTshRNA **P<0.01.

cDNA for Friend spleen focus-forming virus envelope glyco-
protein gpS5 resulted in a more stable form of EpoR (remained
in rough endoplasmic reticulum) allowing Ba/F3 cells to grow
in the absence of Epo (13). Paragh et al (10) mentioned cyto-
plasmic localization of EpoR in A2780 cells without providing
further detail. These authors, however, were not able to identify
the receptor on the surface of A2780 cells by flow cytometry. In
contrast, Miller et al (7) demonstrated cytoplasmic membrane
localization of EpoR in A2780 cells using the same technique
and the same antibody. In our previous study (14), we also

NTshRNA shRNA
Epo (1U/ml) - 1 10 50 150 = 1 10 50 150
P-Erk1/2 e e < —

Erk1/2 e i e e
P-Stats |

Stats M ———— B B L S
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Figure 6. Loss of erythropoietin receptor signaling after its silencing with short hairpin RNA in A2780 cells. The cells transduced by the lentiviral short hairpin
RNA (shRNA) targeting specific mRNA sequence of erythropoietin receptor (EpoR) as well as cells transduced by non-targeting shRNA vector (NTshRNA)
were overnight serum starved and incubated with different concentrations of erythropoietin (Epo) for 10 min. Total cell lysates were then analyzed by Western
blot analysis for the presence of EpoR, phoshorylated-Erk1/2 (P-Erk1/2), Stat5 (P-Stat5), Jak2 (P-Jak2) and unphosphorylated Erk1/2, Stat5 and Jak2 proteins.
Equal loading was confirmed by detection of -actin. The experiment was repeated three times. Representative results.
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showed cell surface localization of EpoR in A2780. We have
now found that there is even greater abundance of EpoR in the
cytoplasm of A2780. Interestingly, only a small fraction of the
EpoR was present in soluble form (cytoplasm fraction), whereas
a far larger amount of EpoR was identified in the membrane
fraction. It appears that in addition to the plasma membrane frac-
tion, there are other membrane structures of A2780 cells located
in cytoplasm where EpoR might potentially be internalized.
Endoplasmic reticulum localization of EpoR in A2780 cells was
suggested by our double staining and confocal microscopy.

The existence of multiple EpoR isoforms in human cancer
cells that may modulate the cellular effects of recombinant
human Epo has been discussed by Arcasoy et al (5). Our results
confirm the existence of at least three EpoR forms in A2780
cells. The first is represented on the cytoplasm membrane, the
second by the cytoplasmic form and the third is in cytoplasmic
membrane structures.

We speculate that the cytoplasmic membrane EpoR may be
functional, as evidenced by recombinant Epo induced Erk1/2
phosphorylation. The role of Erk1/2 in Epo induced signaling
in A2780 cells was confirmed in our study by EpoR silencing,
which resulted in down-regulation of Erk1/2 signaling and a
reduction of A2780 proliferation. These results correlate well
with the in vivo portion of the Paragh et al (10) study, where
inhibition of EpoR expression led to abrogated A2780 tumor
xenograft growth with decreased EpoR signaling. However,
contrary to our findings is a study and its in vitro results, reporting
that exogenous Epo did not stimulate EpoR-mediated signaling
in A2780 cells (10). Both our study as well as that of Paragh et al
(10) showed the identical effect of EpoR silencing on markedly
reduced in vitro cell proliferation of A2780 cells. Contrary to
both our and Paragh et al (10) studies are findings of Swift ez al
(8), of no effect of EpoR knockdown on the viability of A2780
or SKOV-3 cells. The discrepancy in EpoR functionality results
could be explained by clonal differences in one cell line, by its
different culturing (inactivated or regular serum) and/or experi-
mental conditions (8,15).
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