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Although recombinant human erythropoietin (rHuEpo)
has revolutionized the treatment of anemia, recent
clinical trials suggested that rHuEpo use may be asso-
ciated with decreased survival in cancer patients. Al-
though the expression of erythropoietin (Epo) recep-
tor (EpoR) has been demonstrated in various human
cancers, the effect of exogenous Epo on the growth
and therapy resistance of EpoR-bearing tumor cells is
unclear at present. In the current study, we examined
the hypothesis that EpoR may contribute to tumor
growth independent of Epo in A2780 human ovarian
carcinoma cells. A2780 human ovarian carcinoma
cells showed high levels of EpoR expression, but
lacked expression of Epo mRNA and biologically ac-
tive Epo protein under both normoxic and hypoxic
conditions. Exogenous Epo did not stimulate EpoR-
mediated signaling, proliferation, invasiveness, or
resistance to cytotoxic drugs in A2780 cells. In con-
trast, specific inhibition of EpoR expression using a
short hairpin RNA (shRNA) expression plasmid re-
sulted in markedly reduced proliferation and inva-
siveness in vitro. In addition, inhibition of EpoR ex-
pression led to abrogated in vivo ovarian cancer cell
growth in a tumor xenograft system and resulted in
decreased EpoR signaling. Our findings suggest that
EpoR may be constitutively active in some cancer
cells in the absence of Epo and provide the first
evidence for a potential role of an Epo-indepen-
dent , EpoR-mediated pathway in the growth of some

human cancers. (Am J Pathol 2009, 174:1504–1514; DOI:
10.2353/ajpath.2009.080592)

Erythropoietin (Epo), a glycoprotein hormone produced
by the kidney in response to hypoxia,1,2 has been con-
sidered to be a specific stimulator of erythropoiesis.1 Epo
acts via its receptor (EpoR), a member of the cytokine
receptor type I superfamily. Signal transduction on Epo
binding takes place because of conformational change
leading to activation of EpoR-bound Janus kinase 2
(JAK2)3 and via recruitment and activation of signal
transducer-activator of transcription-5 (STAT5), leads to
activation of mitogen-activated protein kinases (MAPK),
phosphatidylinositol 3-kinase (PI3K), and Akt. Recent ev-
idence suggests that JAK2-independent Epo signaling
may also exist.4 EpoR stimulation in erythrocytic progen-
itors results in the stimulation of proliferation and differ-
entiation, and inhibition of apoptosis.1,5

Until recently, the action of Epo was considered to be
restricted to erythropoietic cells. In recent years, how-
ever, it has become clear that EpoR is expressed by
several other cell types, and various biological effects of
Epo, including neuro- and cardioprotection under hyp-
oxia, stimulation of angiogenesis, cell proliferation, and
migration, have been demonstrated.6 We and others
have recently described that various cancer cells ex-
press Epo and EpoR at the gene and protein levels and
display functional EpoR signaling.7–16 Although several
studies suggested that Epo may enhance tumor angiogen-
esis,17,18 cancer cell migration,19 invasiveness,11,13,15 sur-
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vival,7,8,15,20 and proliferation,9,14,21 other reports contra-
dicted these findings22–24 and thus, currently the role for
EpoR in cancer biology is unclear.

Recombinant human erythropoietin (rHuEpo) has rev-
olutionized the treatment of anemia in chronic renal fail-
ure.25 Anemia is present in many cancer patients at the
time of diagnosis and/or as the result of cancer therapy.26

Anemia not only impairs the quality of life of patients, but
it leads to tumor hypoxia, resistance to chemo- and radio-
therapy,27 and reduces survival.26 Because of the apparent
interconnections among anemia, hypoxia, tumor respon-
siveness to therapy, and outcomes, clinical studies have
been conducted in the assumption that correction of ane-
mia will not only alleviate anemia-related symptoms but
also improve tumor response to therapy and increase
survival.26,28,29 Although rHuEpo treatment was clearly
shown to be effective in reducing transfusion require-
ments and improve quality of life,26,28,29 its effects on
survival are controversial. Although a recent meta-analy-
sis of clinical trials indicated no adverse effect,29 the
results of several recent clinical trials in patients with
breast,30,31 (PREPARE study, http://wwwext.amgen.com/
media/media_pr_detail.jsp?year � 2007&releaseID � 1083091,
accessed 01/2009), head and neck,32,33 lung,34 and cer-
vix35 cancers suggested a potential adverse outcome in
rHuEpo-treated patients compared with placebo-treated
groups, partly because of earlier tumor progression/recur-
rence, prompting the United States Food and Drug Admin-
istration to issue a black box warning for Epo products.36

The hypothesis currently put forward suggests that
EpoR may play a role in tumor progression by stimulating
proliferation and/or inhibiting apoptosis of cancer cells on
Epo binding, and some investigators suggested that the
adverse effects are likely attributable to stimulation of
EpoR present on cancers cells by rHuEpo treatment.37 In
contrast, others, based on in vitro and in vivo data show-
ing lack of a proliferative effect of exogenous Epo despite
EpoR expression, argue that whereas EpoR is present in
cancer cells, it is not biologically active and not essential
for tumor growth.22,23,24,38 However, cancer cells are
thought to undergo a continuous cycle of natural selection
during which better adapted cells are favored to pass on
their genetic information, and they are unlikely to retain
biologically inactive metabolic and regulatory pathways. In
the present study we studied the role and significance of
EpoR expressed in A2780 human ovarian carcinoma cells
that are not responsive to exogenous Epo.

Materials and Methods

Cell Culture

The A2780 human ovarian carcinoma cells were pro-
vided by Dr. George Coukos (University of Pennsylvania,
Philadelphia, PA). CHO cells were purchased from In-
vitrogen (Carlsbad, CA). UT-7 cells were a gift from Dr.
Elaine Dunlop (Belfast City Hospital, Belfast, UK). HepG2
and K562 cells were received from Drs. Jiandong Chen
and Mei Huang, respectively (Moffitt Cancer Center,
Tampa, FL). Cells were grown in RPMI (GIBCO Invitro-

gen, Carlsbad, CA), supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT), penicillin (50 IU/ml),
and streptomycin sulfate (50 �g/ml) (GIBCO Invitrogen)
at 37°C in a humidified atmosphere containing 5% CO2,
unless otherwise specified. Media of UT-7 cells were
supplemented with 10 U/ml rHuEpo (Epogen, Epoetin �;
Amgen Pharmaceuticals, Thousand Oaks, CA) after each
passage. To test the short-term effect of rHuEpo treat-
ment on cell lines, subconfluent cultures of A2780 and
1 � 106 UT-7 cells were treated for 5 minutes with rHuEpo
in six-well plates after overnight serum (1% FBS) and, in
case of UT-7 cells, Epo starvation. Twenty-four hours
before hypoxia treatments cells were switched to serum-
free medium. Hypoxia treatment of cells was performed
in an enclosed chamber (Billups-Rothenberg Inc., Del
Mar, CA) flushed with premixed gas mixture (2% O2, 5%
CO2, 93% N2) for 6 hours. To test the ability of Epo
neutralization to effect the proliferation and survival of
A2780 and UT-7 cells, the AB-286-NA Epo neutralization
rabbit total IgG (R&D Systems, Minneapolis, MN) was
used at a concentration of 30 �g/ml (corresponding to
10 � 50% neutralization dose). A2780 cells were plated
in wells of 96-well plates (2000 cells/well) and allowed to
adhere overnight. UT-7 cells, growing in suspension cul-
ture, were washed three times in culture media lacking Epo
and suspended in treatment medium at a density of 2000
cells/100 �l. The medium of adhered A2780 cells was
changed to 100-�l treatment medium consisting of 10%
FBS in RPMI, 10% FBS in RPMI with 0.4 U/ml Epo, 10% FBS
in RPMI with 30 �g/ml neutralizing antibody, or 10% FBS in
RPMI with both 0.4 U/ml Epo and 30 �g/ml neutralizing
antibody.

Plasmids

Oligonucleotide cDNA inserts encoding short hairpin RNA
(shRNA) specific for EpoR were designed using the Insert
Design Tool available at the Ambion (Austin, TX) website.
The oligonucleotides were annealed and ligated into the
pSilencer 4.1-CMV hygro vector (Ambion) containing a modi-
fied cytomegalovirus (CMV) promoter for RNA polymerase
II-mediated transcription. EpoR shRNA oligonucleotides
(top strand, 5�-GATCCCTACAGCTTCTCCTACCAGTTCA-
AGAGACTGGTAGGAGAAGCTGTAGTTA-3�; bottom strand,
5�-AGCTTAACTACAGCTTCTCCTACCAGTCTCTTGAAC-
TGGTAGGAGAAGCTGTAGG-3�) contained a region spe-
cific to bases 362 to 382 of EpoR mRNA (bold), a hairpin
loop region, and 5� and 3� linker sequences for subcloning
into the HindIII and BamHI sites of the pSilencer 4.1-CMV
hygro vector. The scrambled negative control shRNA oligo-
nucleotides contained identical hairpin loop and linker se-
quences but a sequence of DNA not complementary to any
known human gene (5�-GACCAGCTTCTCCACAATCAT-
3�). The newly created pSilencer 4.1-CMV hygro-EpoR
shRNA (pS-EpoR) and pSilencer 4.1-CMV hygro-scrambled
shRNA (pS-Neg) vectors were prepared from individual
bacterial colonies. Correct orientation and location of the
oligonucleotide cloning were confirmed by sequencing.
The pBCMGS-Neo expression vector containing human
wild-type full-length EpoR was generously provided by Dr.
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Ajay Verma (Uniformed Services University of the Health
Sciences, Bethesda, MD). The sequence validated EpoR
coding region was incorporated into pcDNA6.2 D-TOPO
vector (Invitrogen) according to the manufacturer’s protocol
and used for full-length human EpoR overexpression in
A2780 cells.

Transfection of Cells

For stable transfection, A2780 cells were plated in six-
well plates at a density of 5 � 105 cells per well and
incubated overnight. Cells were transfected with Lipo-
fectamine 2000 (Invitrogen) using 4 �g of the pSilencer
4.1-CMV hygro plasmid containing EpoR shRNA or the
scrambled negative control sequence. Stable transfec-
tant cell lines were selected by growth in the presence of
200 �g/ml of hygromycin (Invitrogen). Individual cells
were isolated with cloning disks. Thirty-five stable clones
expressing the EpoR shRNA were screened for EpoR
knockdown using quantitative reverse transcriptase-poly-
merase chain reaction (RT-PCR) and Western blotting.
Full-length EpoR-overexpressing pcDNA6.2 plasmids
were nucleofected into A2780 cells using an Amaxa
Nucleofector and Cell Line Nucleofector Kit V (Amaxa
Inc., Gaithersburg, MD) according to the manufacturer’s
protocol. Stable EpoR-expressing cells were selected
with 10 �g/ml of Blasticidin (Invivogen, San Diego, CA)
and were used for experiments after at least 2 weeks of
selection.

Quantitative Real-Time RT-PCR Assays

Total RNA was extracted using the RNeasy mini kit (Qiagen,
Valencia, CA). For RT-PCR 1 �g of total RNA per sample
was reverse-transcribed to cDNA using the SuperScript
first-strand synthesis system (Invitrogen). Quantitative real-
time PCR was performed on the iCycler real-time detection
system (Bio-Rad Laboratories, Hercules, CA) using a total
reaction volume of 20 �l containing 5 �l of cDNA template,
sense and antisense primers, and 1� iQ SYBR Green Su-
permix reagents (Bio-Rad Laboratories). Amplifications
were performed at 95°C for 3 minutes and for 40 cycles
of 30 seconds at 95°C and 30 seconds at 60°C, and
SYBR Green melting curve was measured from 55 to
90°C. Gene expression was normalized to either the geo-
metric mean of three endogenous control genes, includ-
ing �-actin (BACT), succinate dehydrogenase (SDHA),
and hypoxanthine phosphoribosyltransferase 1 (HPRT1),
or in case of measurements from the same cell lines to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The primers used were the following: EpoR sense 5�-
CGGGCAACTACAGCTTCTCC-3�, antisense 5�-GTAGG-
CAGCGAACACCAGAA-3�; Epo sense 5�-CTGGAAGAG-
GATGGAGGTCGG-3�, antisense: 5�-GCTGGGAAGAGT-
TGACCAACAG-3�; BACT sense 5�-CTACCTCATGAAG-
ATCCTCACCGA-3�, antisense 5�-ACGTAGCACAGCTT-
CTCCTTAATG-3�; SDHA sense 5�-GGACAACTGGAG-
GTGGCATTT-3�, antisense 5�-TGTAGTGGATGGCATC-
CTGGT-3�; HPRT1 sense 5�-CTCCTCCTGAGCAGTCA-
GCC-3�, antisense 5�-CATCATCACTAATCACGACGCC-3�;

GAPDH sense 5�-AACCTGCCAAATATGATGACATCA-3�, an-
tisense 5�-TAGCCCAGGATGCCCTTGAG-3�. Primers were
designed using the Beacon Designer software (version 3;
Premier Biosoft International, Palo Alto, CA).

Western Blotting

Cells were washed twice with ice cold phosphate-buff-
ered saline (PBS) and lysed in RIPA buffer containing
1� Halt phosphatase and protease inhibitor cocktails
(Pierce, Rockford, IL). Tumor xenograft samples were
lysed in Tissue Protein Extraction Reagent (T-PER,
Pierce) with phosphatase and protease inhibitor cock-
tails. Whole cell lysates were normalized for protein.
Twenty �g of proteins from each sample were subjected
to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes. Proteins were detected using antibodies
against EpoR (goat polyclonal, 1:500 dilution; R&D Sys-
tems), phosphorylated-EpoR (p-EpoR) (rabbit polyclonal,
1:500; Santa Cruz Biotechnology, Santa Cruz, CA), and
JAK2 (rabbit polyclonal, 1:1000; Santa Cruz). p-JAK2,
STAT5, p-STAT5, Akt, p-Akt, MAPK, p-MAPK rabbit poly-
clonal antibodies were also obtained from Cell Signaling
Technology (Danvers, MA) and used in 1:1000 dilution.
As a loading control, horseradish peroxidase-conjugated
polyclonal antibodies to �-actin (1:2000) and GAPDH
(1:4000) (both from Santa Cruz) were used. Membranes
were incubated with the primary antibodies overnight at
4°C; horseradish peroxidase-conjugated bovine anti-rabbit,
anti-goat, or anti-mouse pre-absorbed antibodies for sec-
ondary staining were purchased from Santa Cruz and used
in 1:5000 dilution. Immunoreactive bands were visualized
using chemiluminescence (ECL Advanced Western blotting
detection system; Amersham-GE Healthcare Bio-Sciences
Co., Piscataway, NJ).

Flow Cytometry

Cell surface EpoR expression was assessed by flow cytom-
etry using phycoerythrin-conjugated mouse monoclonal
EpoR antibody (FAB307P) and matching isotype-negative
control (IC003P) (both from R&D Systems). Cell staining
was performed according to the manufacturer’s protocol
and measured using a FACScan flow cytometer (Becton
Dickinson, Mountain View, CA). Results were analyzed us-
ing the FlowJo software (Tree Star Inc., Ashland, OR).

MTT Assay

Cell viability was assessed using a modified MTT assay
(CellTiter 96; Promega, Madison, WI) according to the
manufacturer’s recommendations. Briefly, for determina-
tion of growth rate cells were plated in 96-well plates at a
density of 1000 cells per well in 100 �l of medium con-
taining rHuEpo (0 to 100 U/ml). The amount of viable cells
was determined every 24 hours using eight wells per time
point. For cytotoxic drug treatment experiments cells
were plated at a density of 10,000 cells per well in 96-well
plates and incubated at 37°C for 24 hours. The medium
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in the wells was replaced by 100 �l of serum-free me-
dium, Cells were treated with rHuEpo (0 to 100 U/ml) for
60 minutes, then exposed to taxol (0 to 300 �g/ml, Pac-
litaxel; Mead Johnson Oncology Products, Princeton, NJ)
or cisplatin (0 to 300 �g/ml; Bedford Laboratories, Bed-
ford, OH) and incubated for 24 hours. For color develop-
ment, 15 �l of dye solution was added to each well and
the plates were incubated at 37°C for 4 hours, followed
by addition of 100 �l of solubilization/stop solution to
each well. Absorbance was recorded at 570 nm using a
96-well plate reader. Eight wells were assayed per treat-
ment condition. All experiments were performed in tripli-
cate. Results were compared using the repeated mea-
sures one-way analysis of variance followed by the
Tukey-Kramer multiple comparison test, when appropri-
ate. Statistical significance was determined if the two-
sided P value of a test was less than 0.05. Computations
were performed using the Graphpad Prism software
(GraphPad Software, San Diego, CA).

UT-7 Co-Culture Experiments

To test the ability of A2780 cells to produce autocrine/
paracrine-acting functional Epo a transwell cell culture
system was used. A2780 and HepG2 cells were plated in
24-well plates at a concentration of 1 � 105 cells/well
(four wells/cell line). After cells adhered to the culture
dishes, transwell inserts (8-�m pore size; Becton Dickin-
son Labware, Bedford, MA) were placed in the wells and
1 � 104 Epo-dependent UT-7 cells were plated in each
insert. The 8-�m pore size was previously found to be
sufficient to keep UT-7 cells from crossing the transwell
membrane. In the cases of positive and negative controls
no cells were plated in the basal compartments, and
transwells were either supplied with fully supplemented
growth medium containing 0.4 U/ml Epo or no Epo, re-
spectively. Media were changed every 3 days, and tran-
swells were moved into newly assembled 24-well plates
containing freshly plated A2780 and HepG2 cells on the
4th day to prevent overgrowth of cells in the basal com-
partment. Eight days after initiation of the experiments
UT-7 cells were washed and resuspended in PBS. The
cell suspensions were mixed at a ratio of 1:1 with 0.4%
Trypan Blue solution (Sigma-Aldrich, St. Louis, MO), in-
cubated for 2 minutes, and the numbers of viable and
nonviable cells were determined using a hemocytometer.

Cell Invasion Assay

Cell invasion assays were performed using 24-well Bio-
coat Matrigel invasion chambers with an 8-�m pore poly-
carbonate filter according to the manufacturer’s instruc-
tions (Becton Dickinson Labware). Briefly, cells in the
growing phase were trypsinized and resuspended at a
concentration of 5 � 105 cells/ml. The lower compart-
ments of the plates received 750 �l of either 0.5% FBS or
10% FBS-containing medium. Cells were plated in each
insert at a density of 2.5 � 105 cells in medium containing
0.5% FBS and allowed to invade for 48 hours at 37°C in
a humidified incubator. Cells that remained inside the

inserts at the termination of the experiments were thor-
oughly wiped off with a cotton swab and invading cells
were fixed and stained using Diff-Quick stain solution
(Dade Behring, Newark, DE). Invading cells were quan-
tified by counting the number of stained cells in five
predetermined fields. Experiments were performed using
six inserts per group. Percent invasion was determined
by the following formula: % invasion � NM/NC � 100,
where NM is the mean number of cells invading through
Matrigel insert membrane and NC is mean number of
cells invading through control insert membrane. The dif-
ference in percent invasion between groups was statisti-
cally analyzed using a two-tailed Student’s t-test.

Xenografts

Five-week-old male athymic NCr nude mice were pur-
chased from Taconic, Inc. (Hudson, NY) and housed in a
pathogen-free room controlled for temperature and hu-
midity. Animal protocols were performed under approved
University of Pennsylvania Institutional Animal Care and
Use Committee guidelines. A2780 cells stably trans-
fected with pS-EpoR and pS-Neg vectors were grown to
subconfluence, harvested by trypsinization, and 1 � 106

cells were injected subcutaneously into the flank region
of mice. Tumor growth was measured twice a week using
a caliper and tumor volume was calculated using the
following formula: tumor volume � (a x b2)/2, where a is
the widest diameter of the tumor and b is the diameter
perpendicular to a. Differences in tumor volume between
groups were statistically analyzed using a two-tailed Stu-
dent’s t-test. Animals were sacrificed after 9 weeks and
the tumors were excised and weighed. Parts of the tu-
mors were snap-frozen in liquid nitrogen and subse-
quently used for Western blotting and quantitative real-
time RT-PCR assays. The rest of the tumors were fixed for
24 hours in 10% phosphate-buffered formalin and em-
bedded in paraffin for histological examination and im-
munohistochemical studies.

Immunohistochemistry

Immunohistochemical assays were performed on forma-
lin-fixed, paraffin-embedded sections. For Ki-67 immuno-
staining the DAKO EnVision� system horseradish perox-
idase kit was used according to the manufacturer’s
recommendations. Slides were boiled for 20 minutes in 1�
Target retrieval buffer (pH 6.0; DakoCytomation, Carpinte-
ria, CA), and incubated with the antibody (mouse monoclo-
nal, clone Ki-S5, 1:25; DakoCytomation) for 30 minutes at
room temperature. For positive control, slides of human
tonsil were used. A negative control was done in each
case by omission of the primary antibody. For immuno-
histochemical detection of apoptotic cells the SignalStain
cleaved caspase-3 (Asp175) IHC detection kit (Cell Sig-
naling Technology) was used according to the manufac-
turer’s recommendations. Tumor cells showing nuclear
immunoreactivity were counted in10 random areas of
tumor tissue away from necrotic regions under high mag-
nification (�400) (corresponding to at least 5000 tumor
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cells per section). The ratio of Ki-67 and cleaved
caspase-3-positive cells were expressed as the percent-
age of all tumor cells.

Results

A2780 Cells Express High Levels of EpoR, but
Not Epo

A2780 human ovarian carcinoma cells expressed a
higher level of EpoR mRNA as measured by quantitative
real-time RT-PCR than known EpoR-expressing K562
cells. Compared with the currently best defined EpoR-
expressing and Epo-dependent UT-7 erythroleukemia
cells, the level of EpoR mRNA expression in A2780 cells
was �15% of that seen in UT-7 cells (Figure 1A). CHO
cells showed no significant human EpoR mRNA expres-
sion (negative control), whereas CHO cells transfected
with a plasmid expressing human full-length EpoR
showed very high levels of EpoR expression (positive
control). Western blotting showed a specific band at �66
kDa in A2780 cells, corresponding to EpoR. The speci-
ficity of the antibody to detect EpoR was confirmed using
CHO cells transfected with human full-length EpoR (Fig-
ure 1B, see supplemental Figure S1 for complete blot at
http://ajp.amjpathol.org). Epo mRNA expression in A2780
cells was measured by quantitative RT-PCR and com-
pared with known Epo-expressing HepG2 hepatoma
cells40 and Epo nonexpressing UT-7 and CHO cells.41

No Epo mRNA expression was found in A2780, UT-7, and
CHO cells under either normoxic conditions or after ex-
posure to hypoxia (2% O2) for 6 hours. In contrast, high
levels of Epo mRNA expression were detected in HepG2
cells, which were further increased by exposure to hyp-
oxia (Figure 1C). To assess whether A2780 cells pro-
duced biologically active Epo, we tested the ability of
A2780 and HepG2 cells to promote the survival of Epo-
dependent UT-7 cells in a transwell co-culture system.
Epo (0.4 U/ml) supported survival of UT-7 cells (91.5 �
1.0%, mean � SD, viable cells). Although co-cultured
HepG2 cells maintained a 44.4 � 3.7% (mean � SD)
UT-7 cell viability, viable UT-7 cells were scarcely found
in A2780 co-cultures (2.5 � 0.7%, mean � SD) or when
cells were grown in the absence of Epo (0.8 � 0.5%,
mean � SD) (Figure 1D). Furthermore, treatment of the
cells with a neutralizing anti-Epo antibody completely
abrogated 0.4 U/ml Epo-induced UT-7 survival and pro-
liferation, but had no effect on the growth of A2780 cells
(see supplemental Figure S2 at http://ajp.amjpathol.org).

EpoR Protein Expression Is Not Detectable on
the Surface of A2780 Cells

EpoR is an integral membrane protein, which is under-
stood to function by serving as a receptor for Epo within
the cell membrane. We aimed to assess the expression of
EpoR on the surface of UT-7 cells, A2780 cells, and
A2780 cells overexpressing full-length human EpoR
(A2780-F-EpoR) by flow cytometry using a specific EpoR

antibody detecting the N-terminal (extracellular) domain
of EpoR. Although high levels of EpoR surface expression
was found in UT-7 cells, no significant surface EpoR
expression was seen in parent A2780 cells. A2780-F-
EpoR showed high levels of EpoR surface expression
(see supplemental Figure S3 at http://ajp.amjpathol.org).

Exogenous Epo Shows No Biological Effect in
A2780 Cells

To assess the effect of exogenous Epo on EpoR signaling
in A2780 cells, subconfluent cultures were subjected to
Epo treatment for 5 minutes after overnight serum star-

Figure 1. A: A2780 cells express high levels of erythropoietin receptor
(EpoR) mRNA. Relative EpoR expression levels are presented relative to the
EpoR mRNA level in UT-7 erythroleukemia cells. Quantitative RT-PCR assays
were run in triplicate; error bars indicate the SEM. Three independent ex-
periments yielded similar results. B: A2780 ovarian carcinoma cells express
EpoR protein. Protein extracts were prepared from A2780 cells, A2780 cells
stably transfected with an EpoR-specific shRNA-expressing vector (A2780-
pS-EpoR), and UT-7 cells and subjected to Western blotting. As negative and
positive controls, CHO cells and CHO cells stably transfected with human
full-length EpoR (CHO-EpoR) were used, respectively. A specific immuno-
reactive band was seen at �66 kDa in the positive control CHO-EpoR, A2780,
and UT-7 cells, whereas no corresponding band was seen in the negative
control CHO cells. Note that A2780-pS-EpoR cells show a marked decrease in
the intensity of the specific band at �66 kDa. The blots were stripped and
reprobed with �-actin and GAPDH as loading controls. For the image of the
full blot, please see Supplemental Figure S1 at http://ajp.amjpathol.org. C:
Erythropoietin (Epo) mRNA is not expressed in A2780 cells. Real-time quan-
titative RT-PCR results are presented relative to the EpoR mRNA level in UT-7
cells under normoxic conditions. No significant Epo mRNA expression was
seen in A2780 cells, similar to known Epo nonexpressing UT-7 and the
negative control CHO cells under either normoxic conditions or after expo-
sure to hypoxia (2% O2) for 6 hours. In contrast, HepG2 cells, which are
known to express Epo, showed two orders of magnitude higher Epo mRNA
expression levels, which was further elevated by exposure to hypoxia.
Quantitative RT-PCR assays were run in triplicate; error bars indicate SEM.
Three independent experiments yielded similar results. D: A2780 cells fail to
express biologically active Epo and cannot promote the survival of Epo-
dependent UT-7 cells. Epo-dependent UT-7 cells were grown in a transwell
co-culture system in the presence of HepG2 or A2780 cells. As a positive and
negative control, UT-7 cells were also grown in the presence and absence of
Epo (0.4 U/ml), respectively. Cell viability was tested after 8 days of culture
using the Trypan Blue dye exclusion assay. Four wells were used for each
experimental condition, error bars represent SEM. Results were analyzed by
pair-wise comparison using the Mann-Whitney test (NS, not significant; P �
0.05) (*P � 0.05; **P � 0.01; ***P � 0.001).
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vation. As a positive control, UT-7 cells treated similarly
after overnight Epo and serum starvation were used. As
expected, Epo treatment stimulated the phosphorylation
of EpoR signaling proteins, including EpoR itself, JAK2,
STAT5, Akt, and MAPK in UT-7 cells. In contrast, Epo
failed to induce increased phosphorylation of EpoR sig-
naling components in A2780 cells (Figure 2A). Interest-
ingly, in contrast with UT-7 cells, increased baseline
phosphorylation of all examined EpoR signaling proteins
was seen in A2780 cells, even in the absence of Epo.
Interestingly, 10-fold overexpression of human full-length

EpoR mRNA in A2780 cells resulting in markedly in-
creased EpoR protein expression by Western blotting
failed to render A2780-F-EpoR cells Epo-responsive in in
vitro phosphorylation studies (pEpoR, pJAK2, pSTAT5,
pMAPK) (not shown).

To examine the effect of exogenous Epo on cell prolif-
eration and sensitivity to cytotoxic drugs in vitro, a modi-
fied MTT assay was used. Exogenous Epo had no signif-
icant effect either on the proliferation (Figure 2B), or
cisplatin and taxol sensitivity of A2780 cells (not shown).
To assess the effect of exogenous Epo on the in vitro
invasiveness of A2780 ovarian carcinoma cells we used
transwell chambers coated with Matrigel. Exogenous Epo
had no significant effect on the invasiveness of A2780
cells either in the absence or presence of a FBS concen-
tration gradient (Figure 2C).

EpoR Down-Regulation by shRNA in A2780
Cells Suppresses Cell Proliferation and
Invasiveness in Vitro

To study the effect of inhibition of EpoR expression in
ovarian carcinoma cells we used vector-based RNA in-
terference. The shRNA sequence used was homologous
only to EpoR mRNA as confirmed by the nucleotide blast
search engine of the National Center for Biotechnology
Information. EpoR mRNA level was determined by real-time
quantitative RT-PCR in clones of the three different stable
transfected cell groups, containing either the empty plas-
mid, the pSilencer 4.1-CMV hygro plasmid with a scram-
bled negative control shRNA sequence (A2780-pS-Neg), or
the pSilencer 4.1-CMV hygro plasmid with the EpoR shRNA
oligonucleotide (A2780-pS-EpoR). Two EpoR shRNA cell
clones (clones 12 and 14) showed a more than 90% reduc-
tion in EpoR levels compared with the cell lines containing
the scrambled negative control shRNA or the empty vector
(Figures 1B and 3A).

To examine the effect of reduced EpoR expression on
the proliferation of A2780 cells, a modified MTT assay
was used. Inhibition of EpoR expression in A2780-pS-
EpoR cells producing EpoR shRNA resulted in signifi-
cantly slower proliferation compared with control A2780
cells or A2780-pS-Neg cells producing a negative control
scrambled shRNA (Figure 3B). Exogenous Epo (1 to 100
U/ml) had no significant effect on the proliferation of
A2780-pS-EpoR or A2780-pS-Neg cells (not shown).

One of the major problems in the treatment of ovarian
cancer is the development of resistance to chemothera-
peutic drugs. Because prior studies suggested that ex-
ogenous Epo may increase the resistance of some ovar-
ian carcinoma cells to chemotherapeutic drugs,10 we
examined whether inhibition of EpoR expression had an
effect on the sensitivity of A2780 cells to chemotherapeutic
drugs commonly used to treat ovarian cancer. As shown in
Figure 3C, we found no significant difference between the
effects of cisplatin and taxol in A2780-pS-EpoR cells com-
pared with A2780-pS-Neg or control A2780 cells. To assess
the effect of inhibition of EpoR expression in A2780 cells on
invasiveness in vitro, transwell chambers coated with Matri-
gel were used. As shown in Figure 3D, inhibition of EpoR

Figure 2. A: Exogenous erythropoietin (Epo) treatment fails to stimulate
downstream Epo receptor (EpoR) signaling in A2780 cells. Exogenous Epo (2
to 100 U/ml) treatment of UT7 erythroleukemia and A2780 ovarian carci-
noma cells was performed for 5 minutes after overnight Epo and serum
starvation. Strong induction of the phosphorylation of EpoR signaling path-
way mediators was found in UT7 cells, whereas exogenous Epo did not
stimulate phosphorylation of the same proteins in A2780 cells. Of note, a
high baseline level of phosphorylation of EpoR signaling components was
seen in A2780 cells even in the absence of exogenous Epo. Data are repre-
sentative of three independent experiments yielding similar results. B: Ex-
ogenous Epo has no effect on the proliferation of A2780 cells. The effect of
exogenous Epo (0 to 100 U/ml) on the proliferation of A2780 ovarian
carcinoma cells was studied using a modified MTT assay. Eight wells were
used for each time point; error bars represent the SEM (P � 0.05, one-way
analysis of variance). Three independent experiments yielded similar results.
C: Exogenous Epo has no effect on the invasiveness of A2780 cells. The effect
of exogenous Epo on the in vitro invasiveness of A2780 ovarian carcinoma
cells was examined using a Matrigel invasion assay. Cells were plated in the
invasion chambers in culture medium containing 0.5% FBS, whereas the
lower compartments contained medium with 0.5% FBS with or without 10
U/ml Epo. As a positive control, 10% FBS (designated as FBS on the figure)
was used in the lower compartments (with or without 10 U/ml Epo). Assays
were performed using six inserts per treatment group. Results are presented
as mean percent invasion from one representative experiment; error bars
represent SEM. Three independent experiments yielded similar results.
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expression in A2780-pS-EpoR cells resulted in significantly
decreased invasiveness compared with A2780-pS-Neg or
parent A2780 cells.

EpoR-Specific shRNA Abrogates A2780
Ovarian Cancer Cell Growth in Vivo

To determine whether inhibition of EpoR expression de-
creases in vivo tumorigenicity, we conducted a xenograft
study using A2780 cells expressing either scrambled
negative control or EpoR-specific shRNA. A2780-pS-
EpoR cell xenografts showed a significant decrease in
tumor size compared with cells expressing a negative
control shRNA when injected into NCr nude athymic mice
(Figure 4, A and B). A2780-pS-EpoR xenografts showed
a significant decrease in EpoR mRNA and protein ex-
pression as measured by quantitative RT-PCR and West-
ern blotting, respectively (Figure 4, C and D). Moreover,
a marked decrease in the levels of p-JAK2, p-STAT-5,
and p-MAPK was also detected in EpoR shRNA-express-
ing xenografts, whereas p-Akt was increased in these
tumors (Figure 4D). On histological analysis control tu-
mors showed large central areas of necrosis consistent
with tumor hypoxia (Figure 5A). In contrast, the small
tumors formed by A2780-pS-EpoR cells showed only
minute foci of necrosis and individual cell death. To com-
pare the proliferative and apoptotic activity in the xeno-
grafts we used immunohistochemistry to detect Ki-67 and
cleaved caspase-3, respectively. As shown in Figure 5, A
and B, the percentage of proliferating, Ki-67-immunore-
active cells was markedly decreased in A2780-pS-EpoR
xenografts compared with control tumors. On the other
hand, we found no difference in the apoptotic activity
(expressed as the percentage of cleaved caspase-3-
positive cells) between tumors expressing EpoR-specific
and negative control shRNA (Figure 5, A and C).

Discussion

Recombinant human Epo (rHuEpo) has revolutionized
the treatment of anemia.25 Recent reports however, de-
scribing the expression of EpoR in human tumors and
tumor cell lines raised questions regarding the safety of
the use of rHuEpo in the treatment of anemia of cancer
patients with EpoR-bearing tumors.8,11,15,41 Indeed, the
results of recent clinical trials suggesting a potential ad-
verse effect of rHuEpo treatment on patient outcome
prompted the United States Food and Drug Administra-
tion to issue a black box warning limiting the use of
rHuEpo as supportive therapy in human malignancies.
The biological mechanisms underlying the observed po-
tential adverse effect of Epo are currently unclear. Al-
though several reports have suggested the involvement
of EpoR expressed by tumor cells in providing a growth
advantage and increased therapy resistance for tumors,
definitive evidence of in vivo biological responsiveness of
cancer cells to Epo is currently lacking.22,23,24 The main
finding of the current study is that we showed that EpoR

Figure 3. A: Erythropoietin receptor (EpoR) was specifically down-regulated
in A2780 ovarian carcinoma cells. Greater than 90% reduction in EpoR mRNA
expression was found in A2780 cells stably transfected with EpoR-specific
shRNA expression plasmids in clones 12 and 14 compared with parent cells
and cells transfected with negative scrambled shRNA-expressing vectors
(A2780-pS-Neg). Quantitative real-time RT-PCR assays for EpoR were per-
formed in triplicates and expression results were normalized to the geometric
mean of BACT, SDHA, and HPRT1 expression. Normalization to GAPDH
expression data gave similar results. Error bars indicate the SEM. Three
independent experiments yielded similar results. B: Down-regulation of
EpoR in A2780 cells results in decreased in vitro cell proliferation. A modified
MTT assay was used to determine the proliferation of A2780 cell clones stably
transfected with EpoR-specific shRNA expression plasmids (A2780-pS-EpoR).
Inhibition of EpoR expression in A2780-pS-EpoR cells resulted in a signifi-
cantly decreased proliferation rate compared with parent A2780 or A2780
cells transfected with a negative control scrambled shRNA expression plas-
mid (A2780-pS-Neg). Data are presented as mean percent growth compared
with time 0; error bars represent SEM (**P � 0.01, Student’s t-test). C:
Down-regulation of EpoR expression does not alter the sensitivity of A2780
cells to the cytotoxic drugs cisplatin and taxol. A modified MTT assay was
used to assess the sensitivity of A2780 cells stably transfected with EpoR-
specific shRNA expression plasmids (A2780-pS-EpoR) to cis-platin and taxol.
Inhibition of EpoR expression in A2780-pS-EpoR cells did not result in altered
sensitivity of the cells to the cytotoxic drugs compared with parent A2780 or
A2780 cells transfected with a negative control scrambled shRNA expression
plasmid (A2780-pS-Neg). Data are presented as the mean percentage of
viable cells compared with untreated cells; error bars represent SEM. Three
independent experiments yielded similar results. D: Down-regulation of
EpoR resulted in decreased invasiveness of A2780 ovarian carcinoma cells in
vitro. In vitro invasiveness of A2780 cells stably transfected with EpoR-
specific shRNA expression plasmids (A2780-pS-EpoR) was assessed using the
Matrigel invasion assay with 10% FBS containing medium as a chemoattrac-
tant. Inhibition of EpoR expression in A2780-pS-EpoR cells resulted in sig-
nificantly decreased invasiveness compared with parent A2780 or A2780 cells
transfected with a negative control scrambled shRNA expression plasmid
(A2780-pS-Neg). Results are presented as the mean percentage of cells
invading through Matrigel-coated compared with control membranes; error
bars represent SEM. Three independent experiments yielded similar results.
***P � 0.001.
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expressed by cancer cells may influence tumor growth
and cellular functions even in the absence of Epo.

Similar to data reported previously, we detected high
levels of EpoR mRNA and protein expression in A2780

ovarian carcinoma cells.10,42 EpoR mRNA was detected
at higher levels by quantitative real-time RT-PCR in
A2780 cells than in K562 cells, which have been previ-
ously shown to express functional EpoR,43 suggesting
the potential biological activity of EpoR in A2780 cells.
Nevertheless, exogenous Epo had no significant effect
on the proliferation, cytotoxic drug sensitivity, and in vitro
invasiveness of A2780 cells. Similarly, Epo treatment of
A2780 cells failed to stimulate EpoR-related signaling
proteins, in contrast to its effect in Epo-dependent UT-7
cells. Importantly, EpoR signaling components showed a
high level of baseline phosphorylation in A2780 cells in
the absence of Epo, suggesting that EpoR may be active
in these cells even in the absence of exogenous Epo.
Furthermore, overexpression of full-length human EpoR

Figure 4. A: Down-regulation of EpoR expression in A2780 ovarian carci-
noma cells using vector-based RNA inhibition resulted in markedly dimin-
ished tumor growth in vivo in a xenograft system. The figure shows repre-
sentative images of NCr nude mice 9 weeks after implantation of A2780 cells
transfected with a negative control scrambled shRNA-expressing plasmid
(A2780-pS-Neg cells, negative control shRNA) and A2780 cells transfected
with EpoR-specific shRNA-expressing plasmids (A2780-pS-EpoR cells, EpoR
shRNA) (n � 5 for each group). The right part of the figure shows repre-
sentative images of the A2780-pS-Neg and A2780-pS-EpoR xenograft tumors
excised from the animals 9 weeks after implantation. B: Down-regulation of
EpoR expression resulted in decreased growth of xenograft tumors in vivo.
A2780 cells stably transfected with EpoR-specific shRNA-expressing plasmids
(A2780-pS-EpoR) showed significantly diminished tumor growth in a mouse
xenograft model compared with cells transfected with a negative control
scrambled shRNA-expressing plasmid (A2780-pS-Neg). Cells were implanted
in the flanks of NCr nude mice and tumor size was measured weekly by
calipers. Results are presented as mean tumor volume (n � 5); error bars
represent the SEM (*P � 0.05, **P � 0.01; Student’s t-test). C: The expression
of EpoR mRNA was down-regulated in xenograft tumors of A2780 cells
transfected with EpoR-specific shRNA-expressing plasmids (A2780-pS-EpoR).
Quantitative real-time RT-PCR assays for EpoR mRNA expression were per-
formed in triplicate. Expression results were normalized to the geometric
mean of BACT, SDHA, and HPRT1 expression levels and expressed relative
to EpoR mRNA levels in parent A2780 cells. Error bars represent SEM. Three
independent measurements yielded similar results. D: Down-regulation of
EpoR expression in A2780 ovarian carcinoma cells resulted in decreased
phosphorylation of EpoR-signaling component proteins in xenograft tumors.
A2780-pS-EpoR xenografts showed markedly decreased expression of EpoR
and p-EpoR proteins by Western blotting verifying the stability of gene
down-regulation in vivo. The phosphorylation of MAPK, STAT5, and JAK2
was decreased in A2780-pS-EpoR tumors compared with A2780-pS-Neg con-
trols. Interestingly, an elevation in the phosphorylation status of Akt was
found in the tumors showing EpoR down-regulation. Detection of GAPDH
and �-actin levels served as loading controls.

Figure 5. A: H&E-stained slides of the xenografts showed large areas of
central necrosis in tumors of A2780 cells transfected with negative control
scrambled shRNA expression plasmids (A2780-pS-Neg) consistent with hyp-
oxia, whereas the small tumors formed by A2780 cells transfected with
EpoR-specific shRNA-expressing plasmids (A2780-pS-EpoR) showed only
minute foci of necrosis and individual cell death. Immunohistochemical
assays for Ki-67 and cleaved capsase-3 showed markedly reduced tumor cell
proliferation, but no significant change in apoptotic activity in xenografts of
A2780-pS-EpoR cells, respectively. B: The proliferation rate as assessed by
the Ki-67 index was markedly lower in A2780-pS-EpoR xenografts expressing
EpoR-specific shRNA compared with negative control A2780-pS-Neg tumors.
Data are presented as mean percent Ki-67-positive tumor cells determined in
10 random areas of the tumors away from necrotic tumor regions; error bars
represent the SEM (***P � 0.0001, Mann-Whitney test). C: The rate of
apoptotic activity, as determined by immunohistochemistry for cleaved
caspase-3, was not significantly different in xenografts of A2780-pS-EpoR
cells compared with negative control A2780-pS-Neg tumors. Data are pre-
sented as mean percent cleaved caspase-3-positive tumor cells determined in
10 random areas of the tumors away from necrotic tumor regions; error bars
represent SEM (NS: P � 0.05, Mann-Whitney test). Original magnifications:
�25 (top); �200 (middle and bottom).
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in A2780 cells also failed to render these cells Epo-
responsive despite the presence of EpoR on the surface
of cells as detected by flow cytometry. These findings
also suggest that EpoR signaling pathways are fully ac-
tive in A2780 cells at basal EpoR expression.

Given the observed lack of any effect of exogenous
Epo on EpoR-bearing A2780 cells, and the previously
reported data suggesting the presence of autocrine Epo-
EpoR signaling in some cancer cells,7,42,44 we explored
the possibility of the existence of such an autocrine Epo-
EpoR loop in A2780 cells. Using quantitative real-time
RT-PCR, we did not detect significant levels of Epo
mRNA in A2780 cells, even under hypoxic conditions.
A2780 cells failed to support the survival of Epo-depen-
dent UT-7 cells, indicating the lack of expression/secre-
tion of biologically active Epo by A2780 cells. Further-
more, treatment with a neutralizing anti-Epo antibody
failed to abrogate the proliferation of A2780 cells. These
results are in contrast to those of Jeong and col-
leagues,42 who recently reported that blocking endoge-
nous Epo inhibited the proliferation of A2780 cells sug-
gesting the existence of an autocrine Epo-EpoR loop in
these cells. Although the reasons for these discrepant
results are currently unclear, they may be because of
clonal differences between cells obtained from different
sources or different culture and treatment conditions.
Nevertheless, the lack of Epo mRNA and protein expres-
sion as measured by quantitative real-time RT-PCR and
biological assays in our studies strongly argues for the
lack of significant Epo expression and autocrine Epo
signaling in A2780 cells used in our studies. These find-
ings are also supported by the apparent lack of EpoR
expression on the surface of A2780 cells as assessed by
flow cytometry. Given the high expression level of EpoR,
the marked baseline activity of EpoR signaling pathway
components, the lack of Epo production and Epo respon-
siveness of the cells, the apparent lack of surface EpoR
signal may be attributed to several mechanisms: faulty
processing of the EpoR protein within these cells may
lead to its inability to access the cell membrane, or
marked down-regulation of surface EpoR may be be-
cause of rapid Epo-independent activation. Alternatively,
biologically active altered forms of EpoR, not detectable
by current reagents typically used to assess full-length
EpoR expression levels, may also be expressed by can-
cer cells.45

To examine the role of EpoR in A2780 cells, we down-
regulated its expression by RNA interference using spe-
cific shRNA-expressing plasmids. Compared with parent
cells and cells expressing a scrambled negative control
shRNA, down-regulation of EpoR in A2780 cells resulted
in a marked decrease in cell proliferation and invasive-
ness in vitro. The marked effect of decreased EpoR ex-
pression in these assays was in sharp contrast with the
lack of effect of exogenous (or endogenous) Epo in these
assays. To test the in vivo effects of EpoR down-regulation
on tumor growth, A2780 cells were implanted into NCr
nude mice. Similar to the in vitro findings, xenografts of
A2780-pS-EpoR cells with low levels of EpoR expression
showed a marked decrease in tumor growth compared
with xenografts of negative control cells. The stability of

EpoR down-regulation in the xenografts was verified by
real-time quantitative PCR and Western blot analysis. The
effect of EpoR down-regulation or tumor growth does not
appear to be restricted to the ovarian cancer cells stud-
ied in the current work because we have found similar
growth inhibitory effect of EpoR knockdown in melanoma
cells as well (S.M. Kumar et al, manuscript in prepara-
tion). Furthermore, we found a marked decrease in the
level of phosphorylation of EpoR itself, as well as EpoR
signaling components in A2780-pS-EpoR tumors com-
pared with controls. Interestingly, Akt showed increased
phosphorylation in the pS-EpoR tumors. The apparent
increase of Akt phosphorylation may be because of a
biased selection of viable cells harboring other, possibly
compensatory, changes that enable their survival after
EpoR down-regulation. Although PI3K-Akt inhibition was
shown to have only limited effect on the cytotoxic therapy
resistance of ovarian cancer cells in vitro,46 the activation
of such compensatory mechanisms may explain the lack
of effect of EpoR down-regulation on the cytotoxic drug
resistance of A2780 cells.

To further characterize the effects of decreased EpoR
expression in the xenograft tumors, immunohistochemi-
cal analysis of the tumor tissues was performed. Immu-
nohistochemical studies revealed a significant decrease
in the proliferation rate of xenografts of A2780-pS-EpoR
cells showing low EpoR expression, whereas no signifi-
cant difference was found in the rate of apoptosis be-
tween xenografts. These results suggest that the differ-
ence in tumor growth is predominantly because of
decreased proliferation of tumor cells, rather than in-
creased apoptosis.

In summary, we have shown that A2780 human ovarian
carcinoma cells expressing high levels of EpoR are in-
sensitive to exogenous Epo and lack an autocrine Epo-
EpoR signaling pathway. In contrast to Epo-dependent
UT-7 cells, A2780 cells show high baseline levels of
phosphorylation of EpoR signaling pathway component
proteins. Specific down-regulation of EpoR in A2780 cells
resulted in markedly decreased proliferation and invasion
in vitro and abrogated tumor growth in vivo. Taken to-
gether, these data suggest that EpoR may be constitu-
tively active in these cells and provide the first evidence
for the existence of an Epo-independent, EpoR-mediated
mechanism involved in the growth of some human cancer
cells. Our results may provide an explanation for the
discrepant results of various in vitro and in vivo studies
examining the effect of Epo on tumor cells44,47 and sug-
gest that tumors may differ from one another in their
responsiveness to exogenous Epo despite EpoR expres-
sion. It appears that the potential adverse effect of Epo
treatment may depend not only on the presence of EpoR,
but also on its activation status and the ability of the tumor
cells to produce Epo themselves. Other potential expla-
nations for the observed discrepant in vitro and in vivo
findings such as the stimulation of a small number of
EpoR-bearing tumor initiating cells by Epo,48 or the effect
of Epo on tumor microenvironment18 should also be fur-
ther explored.

Given the widespread clinical use of rHuEpo and the
alarming results of clinical trials suggesting a possible
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adverse effect of rHuEpo in some cancer patients, eluci-
dation of the mechanisms underlying the roles and sig-
nificance Epo-stimulated and/or Epo-independent EpoR-
mediated pathways in the biology of human cancer is
highly important. Future studies examining the basis and
mechanisms of such pathways will likely significantly en-
hance our understanding of the complex roles of EpoR in
human cancers and may contribute to the development
of specific tests to identify cancer patients whose tumors
are not stimulated by exogenous Epo and thus can be
safely treated with rHuEpo if necessary to maintain he-
moglobin levels and improve quality of life.
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