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No erythropoietin-induced growth is observed
in non-small cell lung cancer cells
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Abstract. Lung cancer patients have the highest incidence of
anemia among patients with solid tumors. The use of recombi-
nant human erythropoietin (Epo) has consistently been shown
to reduce the need for blood transfusions and to increase
hemoglobin levels in lung cancer patients with chemotherapy-
induced anemia. However, clinical and preclinical studies
have prompted concerns that Epo and the presence of its
receptor, EpoR, in tumor cells may be responsible for adverse
effects and, eventually, death. The question has been raised
whether Epo promotes tumor growth and inhibits the death
of cancer cells. In this study, we investigated the presence
and functionality of EpoR, as well as the implications of Epo
upon the proliferation and survival of lung cancer cells. Since
the protein expression of both Epo and EpoR is induced by
hypoxia, which is frequently present in lung cancer, the cells
were treated with Epo under both normoxic and hypoxic
conditions (1% O,). By using quantitative (real-time) PCR,
western blot analysis, and immunocytochemical staining,
three non-small cell lung cancer (NSCLC) cell lines (A427,
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AS549 and NCI-H358) were analyzed for the expression of
EpoR and its specific downstream signaling pathways [Janus
kinase 2 (Jak2)-signal transducer and activator of transcrip-
tion 5 (STATS), phosphatidylinositol-3-kinase (PI3K)-Akt,
mitogen-activated protein (MAP) kinase]. The effects of
100 U/ml Epo on cell proliferation and cisplatin-induced apop-
tosis were assessed. All NSCLC cell lines expressed EpoR
mRNA and protein, while these levels differed considerably
between the cell lines. We found the constitutive phosphoryla-
tion of EpoR and most of its downstream signaling pathways
(STATS, Akt and ERK1/2) independently of Epo administra-
tion. While Epo markedly enhanced the proliferation and
reduced apoptosis of Epo-dependent UT-7/Epo leukemia
cells, it did not affect tumor cell proliferation or the cisplatin-
induced apoptosis of NSCLC cells. Thus, this in vitro study
suggests that there are no tumor-promoting effects of Epo in
the NSCLC cell lines studied, neither under normoxic nor
under hypoxic conditions.

Introduction

Lung cancer is the leading cause of cancer-related mortality
among males and the second among females worldwide (1).
Platinum-based chemotherapy is still an important cornerstone
of most combination regimens applied in lung cancer (2). Lung
cancer patients have the highest incidence of anemia among
patients with solid tumors (3). Anemia is a major cause of
cancer-related fatigue that largely decreases the health-related
quality of life (3) and is associated with the decreased survival
of lung cancer patients (4). The causes of cancer-related anemia
are multifactorial and may be for one attributed to malignancy
itself through suppressed hematopoiesis (infiltration of bone
marrow and functional iron deficiency), enhanced destruction
(hemolysis) and blood loss (5). In addition, myelosuppressive
therapy regimens, such as chemotherapy or ionizing radiation
may cause considerable anemia in cancer patients. Apart from
the correction of nutritional deficiencies and red blood cell
transfusion, the use of recombinant human erythropoietin
(Epo) has consistently been shown to increase hemoglobin
levels and to thus reduce the need for transfusions in lung
cancer patients with chemotherapy-related anemia (3,6,7).

In hematopoietic progenitor cells, Epo binds to its cyto-
kine receptor, EpoR, that forms a homodimer and leads to
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conformational changes in the proximal cytoplasmic tail of
EpoR. Since EpoR has no intrinsic tyrosine kinase activity to
initiate receptor-mediated signaling, receptor phosphorylation
and thus activation is usually mediated by the adapter protein
Janus kinase 2 (Jak2). Conformational changes of the cyto-
plasmic tail of EpoR homodimer after the binding of Epo leads
to the autophosphorylation of Jak2 and the transphosphoryla-
tion of cytoplasmic tyrosine residues of EpoR. In turn, this
activates four key signal transduction pathways of EpoR (8).
In detail, they consist principally of pathways involving signal
transducer and activator of transcription 5 (STATS5), mitogen-
activated protein (MAP) kinase, phosphatidylinositol 3-kinase
(PI3K) and protein kinase C, whose effects are summarized
by the promotion of proliferation and differentiation, and the
suppression of apoptosis (8).

However, over the past decade, there has been growing
concern from both in vitro and in vivo studies that Epo may
promote the growth and survival not only of hematopoietic
progenitor cells, but also that of solid tumor cells (9,10). Due to
the observed increased mortality in cancer patients, including
lung cancer patients (11), who were treated with recombinant
human Epo (12), the recommendations of the American
Society of Hematology/Clinical Oncology in 2008 (13)
and 2010 (7) and the Clinical Practice Guidelines in Oncology
of the National Comprehensive Cancer Network on cancer-
and chemotherapy-induced anemia in 2016 (14) approved the
use of recombinant human Epo for patients receiving chemo-
therapy for palliative intent only. It remains to be determined
whether there are direct effects of Epo on tumor cells, which
are responsible for the increased mortality.

EpoR mRNA and protein have been identified in several
cancer cell lines and in different types of cancer (9,15). In
some cell lines, Epo treatment is responsible for a statistically
significant growth advantage (16,17), the reduced initiation
of apoptosis (18,19), or increased angiogenesis (20,21). Both
Epo and its receptor, EpoR, have been shown to be expressed
in non-small cell lung cancer (NSCLC) specimens (22).
Furthermore, NSCLC cells have been demonstrated to have
a functional, Epo-dependent receptor that is able to activate
three key Epo-signaling pathways (23). The presence of EpoR,
its immunoblot detection, and its effects on cancer cells are
still a cause of controversy. Another aspect is hypoxia, which is
a common feature of solid tumors (24), a well-known inducer
of Epo and EpoR (25) and is also responsible for the induction
of resistance to chemotherapy (26). For these reasons, in the
present study, we have paid particular attention to the cellular
effects of exogenous Epo in an oxygen-reduced atmosphere
(1% 0O,, referred to as hypoxia).

In the present in vitro study, we investigated the pres-
ence and activity of EpoR, as well as its signal transduction
pathways, and focused on its effects on the proliferation
and survival of three NSCLC cell lines (A427, A549 and
NCI-H358). We mimicked the hypoxic tumor microenviron-
ment by performing experiments under hypoxic conditions.
As a proof of principle, we utilized a well-established EpoR-
positive, Epo-dependent cell line, UT-7/Epo. The findings of
this study may enhance our understanding of the expression of
EpoR and the cellular effects of Epo on NSCLC cells, particu-
larly in the context of hypoxia. Since safety issues are a matter
of recent debate regarding the use of Epo in anemic cancer

519

patients due to its possible direct effects on cancer cells, this
study adds important information to this field.

Materials and methods

Tumor cell lines and culture. The human NSCLC cell lines,
A427 and A549, were purchased from Cell Lines Service
(Eppelheim, Germany) and cultured in Dulbecco's modi-
fied Eagle's medium (DMEM)-F12 culture medium (Gibco,
Paisley, UK). The human NSCLC cell line, NCI-H358, was
ordered from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in RPMI-1640 culture
medium (Roswell Park Memorial Institute medium, ATCC).
The Epo-dependent human megakaryoblastic leukemia
cell line, UT-7/Epo, which served as a positive control
for EpoR (27), was a generous gift from Professor Norio
Komatsu (Department of Hematology, Juntendo University,
School of Medicine, Tokyo, Japan) and was cultured in
Iscove's modified Dulbecco's medium (IMDM; Gibco). They
were supplemented with 0.4 U/ml recombinant hyman Epo
(rHuEpo; Epoetin alfa, Erypo 10,000 U/ml; Janssen-Cilag
Pharma, Vienna, Austria) every 3-4 days following a medium
change, following the protocol described in the study by
Erickson-Miller et al (28). The culture media were supple-
mented with 2 mM L-glutamine (Gibco) if absent, 10% fetal
calf serum (FCS; Biowest, Nuaillé, France), 100 U/ml peni-
cillin and 100 pg/ml streptomycin (Gibco). All 4 cell lines
were cultured in a humidified incubator providing 21% O,
and 5% CO, at 37°C referred to as the normoxic or ambient
condition.

Hypoxic conditions. The cells were cultured in a humidi-
fied incubator at 37°C in an atmosphere containing 1% O,
and 5% CO, regulated through a N, and a CO, gas mixture
(Air Liquide, Paris, France) in the automated Xvivo system
G300CL (BioSpherix, Ltd., Lacona, NY, USA), which served
as a hypoxic processing chamber. Unless stated otherwise, the
cells were pre-incubated for 3 days under hypoxic conditions
prior to being used in the experiments.

RNA isolation and quantitative (real-time) PCR. The cells
were harvested, centrifuged and the pellets were resuspended
in RLT buffer (Qiagen, Hilden, Germany) for cell lysis. Total
RNA was extracted using the RNeasy Mini kit (Qiagen)
including DNA digestion with RNase-Free DNase Set (Qiagen)
according to the manufacturer's instructions. Complementary
DNA was synthesized using the Revert-Aid™ H Minus First
Strand cDNA Synthesis kit (Fermentas GmbH, St. Leon-Rot,
Germany). Quantitative PCR was conducted with cDNA from
at least 3 independent experiments and carried out in triplicate.
The amplification and detection of cDNA was performed using
the AB 7900 Detection system (Applied Biosystems, Carlsbad,
CA, USA). PCR reaction mix (10 pl) contained 5.0 ul TagMan
Gene Expression Master Mix, 0.5 ul Assay-on-Demand
TagMan Gene Expression Assay (Applied Biosystems),
forward and reverse primer for Epo (Hs00171267_m1), EpoR
(Hs00959427_m1l), and S-actin (ACTB, Hs99999903_ml),
0.5 ul cDNA and 4.0 pl distilled H,O. The cycling protocol was
as follows: One cycle at 50°C for 2 min and 95°C for 10 min
followed by 45 cycles consisting of denaturation at 95°C for
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15 sec, annealing of primers and elongation at 60°C for 1 min.
The mRNA results were displayed relative to (-actin as a
reference gene. Calculations were performed using the relative
expression software tool REST version 2.0.7 and the compara-
tive C; method (29).

Western blot analysis. The cells were harvested and lysed with
ice-cold RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with protease inhibitor cocktail (Complete
mini; Roche Diagnostics, Indianapolis, IN, USA) and phos-
phatase inhibitor cocktail (PhosSTOP; Roche Diagnostics).
For the analysis of EpoR and its downstream signaling, all
cell lines were treated with 100 U/ml rHuEpo in a time course
manner (0, 5, 15, 30 and 60 min). In detail, 2x10° cells/dish
were seeded out in 35-mm Petri dishes with 2 ml medium
containing 10% heat-inactivated FCS under normoxic
conditions. After 72 h, the cells were subjected to starvation
medium containing 0% FCS for 24 h. The starvation medium
was renewed and after 4 h the cells were treated with 100 U/ml
rHuEpo and harvested at the time-points indicated above.
Protein concentrations were determined using a BCA Protein
Assay kit (Merck KGaA, Darmstadt, Germany) according
to the manufacturer's instructions. In total, 10-40 pug of total
protein were separated via 8% SDS-PAGE and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories,
Hercules, CA, USA). The membranes were blocked in 5%
milk TBS-T (20 mM Tris-HCI, 140 mM NacCl, 0.1% Tween-
20, pH 7.6) for 1 h at room temperature, then incubated
overnight with primary antibodies diluted in 1% milk or 5%
bovine serum albumin (BSA). The primary antibodies used
were as follows: Rabbit polyclonal antibody against EpoR
(1:500; M-20; Sc-697; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA), rabbit polyclonal antibody against p-EpoR
(Tyrd56; 1:1,000; Sc-20236-R; Santa Cruz Biotechnology),
purified mouse anti-human hypoxia-inducible factor (HIF)-1a
antibody (1:500; clone 54/HIF-1a; BD Biosciences, San
Diego, CA, USA), monoclonal antibody against STAT-5 alpha
c-term (1:500; AJ1741a; Abgent, Oxfordshire, UK), poly-
clonal antibody against p-STAT-5a-Y694 (1:500; AP3268a;
Abgent), mouse monoclonal antibody against (-actin
(1:2,000; Sc-47778; Santa Cruz Biotechnology), rabbit poly-
clonal antibody against Akt (1:1,000; #9272), p-Akt (Serd73;
1:1,000; #9271S), ERK1/2 (1:1,000; #9102) and p-ERK1/2
(Thr202/Tyr204; 1:1,000; #9101S) (all from Cell Signaling
Technology, Danvers, MA, USA). The membranes were incu-
bated with specific horseradish peroxidase (HRP)-conjugated
secondary antibodies diluted in 1% milk TBS-T for 1 h at
room temperature. Immunoreactivity was detected using
SuperSignal West Pico or Femto Chemiluminescent Substrate
(Thermo Fisher Scientific, Rockford, IL, USA) and visualized
on a Kodak T-MAX G/RA film (Carestream Health France,
Noisy-Le-Grand Cedex, France).

Immunocytochemical staining and confocal microscopy. A
total of 150,000 cells per chamber were seeded out in 2-well
chamber slides (Nunc, Langenselbold, Germany) and cultured
in complete culture medium for 48 h under hypoxic condi-
tions. Thereafter, the cells were fixed in 4% formaldehyde
containing 2% sucrose for 10 min and permeabilized with
phosphate-buffered saline (PBS) containing 0.5% Triton X-100
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(Sigma-Aldrich) for 5 min. Antibodies were diluted in PBS
containing 1% BSA solution and applied for 1 h at room
temperature. The primary antibody (EpoR, sc-697; Santa
Cruz Biotechnology) was diluted 1:50 and the secondary anti-
body (Alexa Fluor® 555, A21428; Thermo Fisher Scientific)
1:200. Controls included the omission of the primary anti-
body for A427 cells, or using an isotype immunoglobulin G
(rabbit polyclonal IgG: ab27478; Abcam, Cambridge, UK)
as a primary antibody for A549 and NCI-H358 cells. Nuclei
were counterstained with a fluorescent mounting medium
containing DAPI (Vector Laboratories, Inc., Burlingame, CA,
USA). The cells were examined using a Zeiss Axiovert 200M
microscope (Carl Zeiss, Oberkochem, Germany) and LSM
510 release version 4.0 software. Images were acquired using a
63X oil immersion objective with a 1.4 numeric aperture. The
optical slice thickness was below 1.4 ym.

Analysis of cell proliferation and viability. To examine the
effects of Epo on cell proliferation, the cells treated with or
without Epo treatment under normoxic and hypoxic conditions
were counted daily for 3 consecutive days using electronic
pulse area analysis (CASY; Innovatis, Reutlingen, Germany).
The cells were equally plated in duplicate (2x10° cells/dish) in
35-mm Petri dishes. For 24 h, the culture media were totally
deprived of FCS, then refreshed, and media containing heat-
inactivated 10% FCS, plus rHuEpo (100 U/ml) were added.
To achieve the complete inactivation of endogenous Epo, fetal
calf serum (FCS) was incubated for 30 min at 56°C prior to
the addition to the cell medium, according to the protocol
described in the study by Belenkov er al (30). After 3 h of
cell settlement, the cells were incubated under normoxic or
hypoxic conditions. An additional group of UT-7/Epo cells
was administered 0.4 U/ml Epo for basal stimulation. At 24, 48
and 72 h, the cell supernatant was collected, and the adherent
cells were harvested by trypsinization. Cell number and cell
viability were determined using CASY.

Determination of cell apoptosis. To determine apoptosis
by the detection of activated caspase-3, the NSCLC and
UT-7/Epo cells were pre-incubated under normoxic condi-
tions for 48 h in their starvation media containing 1% FCS
and rHuEpo (100 U/ml), while the control group received no
Epo. An additional group of UT-7/Epo cells received basal
stimulation of 0.4 U/ml Epo. The cells were split into 5x10°
cells per culture flask with Epo-containing medium (0.4 or
100 U/ml). Cisplatin (8 uM; 1 mM stock in 0.9% NaCl; Central
Pharmacy of the University Hospital, Medical University of
Graz, Graz, Austria) was added after 3 h of cell settlement.
This relatively low cisplatin concentration was used in order to
avoid too potent and rapid apoptotic effects induced by higher
cisplatin concentrations, particularly in the UT-7/Epo cell
line (31,32). After 48 h, the cells were brought into suspension
by trypsinization, collected and stained with the Caspase-3
Intracellular Activity Assay kit I (PhiPhiLux® G1D2; Merck,
Darmstadt, Germany). Therefore, 5x10° cells were centri-
fuged, resuspended with 25 ul of PhiPhiLux substrate and
25 ul of medium. Subsequently, all cells were subjected to
1 h of incubation under normoxic conditions, washed with
1 ml ice-cold PBS, resuspended in 400 ul of flow cytometry
buffer (PhiPhiLux) and analyzed for caspase-3 activity by flow
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Figure 1. Expression of EpoR in NSCLC cell lines. (A) Relative mRNA expression of EpoR under normoxic (Nox) and hypoxic (Hox) conditions depicted as
delta C; and -actin as the reference gene. (B) Protein expression of EpoR (EpoR 59 kDa, (3-actin 42 kDa) and HIF-1a (120 kDa) under normoxic (Nox) and
hypoxic (Hox) conditions. Data represent the means + SD of at least 3 independent experiments. Representative immunoblots are shown.
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Figure 2. Immunocytochemical staining of EpoR in NSCLC cell lines. EpoR (red dye) in 3 NSCLC cell lines incubated under hypoxic conditions analyzed by
confocal laser scanning microscopy. As a negative control, staining was performed in the absence of the primary antibody for A427 cells, or with an isotype
IgG as the primary antibody for the A549 and NCI-H358 cells. DAPI, nucleus staining (blue dye).

cytometry (FACSCalibur® flow cytometer; BD Biosciences,
San Jose, CA, USA).

Statistical analyses. All experiments were repeated at least
3 times. Data were compiled and analyzed using the software
package GraphPad Prism version 5.03 (GraphPad Software,
Inc., La Jolla, CA, USA) or SPSS, version 14.0 (IBM SPSS,
Chicago, IL, USA). Group differences were calculated using
the Student's t-test and two-way analysis of variance (ANOVA)
with post hoc analysis (Bonferroni correction). Two-sided

P<0.05 were considered to indicate statistically significant
differences. Results are expressed as the means + standard
deviation (SD).

Results

Expression of EpoR in NSCLC cell lines. All 3 cell lines
expressed EpoR mRNA (Fig. 1A). The EpoR mRNA levels
were highest in the A427 cells, both under normoxic and
hypoxic conditions. The mRNA level of EpoR did not differ
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Figure 3. Western blot analyses of EpoR signaling in NSCLC cell lines. Comparison of receptor activation and downstream signaling over 1 h of stimulation
with Epo (100 U/ml). Immunoreactivity was visualized with antibodies against p-EpoR (70 kDa), EpoR (59 kDa), p-STATS5a (90 kDa), STATS5a (92 kDa),
p-ERK1/2 and ERK1/2 (42/44 kDa), p-Akt and Akt (60 kDa) and B-actin (43 kDa). UT-7/Epo cells served as Epo-dependent positive controls that proved the
experimental principle. -actin served as a loading control. Representative blots of 3 independent experiments are shown.
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Figure 4. Effects of Epo on NSCLC cell proliferation. The number of viable cells was measured under (A) normoxic and (B) hypoxic conditions for 3 consecu-
tive days. The UT-7/Epo cells served as an Epo-dependent positive control that proved the experimental principle. Statistics were performed using two-way
ANOVA with Bonferroni correction ('P<0.05, “P<0.01 and ““P<0.001). Data represent the means + SD of 3 independent experiments. The legend in panel (A)

applies to all diagrams in this figure.

in the cells cultured under normoxic or hypoxic conditions.
Western blot analysis of EpoR revealed that EpoR mRNA
was translated into the mature, full-length form of EpoR
protein (59 kDa) in all 3 NSCLC cell lines (Fig. 1B). Hypoxic
conditions were confirmed by immunoblotting for hypoxia-
inducible factor la (HIF-1a), one of the most important and
well described regulatory proteins in hypoxia (Fig. 1B). As
expected, HIF-la protein expression was increased under
hypoxic conditions, particularly in the A427 and A549 cells,
whereas in the NCI-H358 cells, this difference was less
prominent. As shown by confocal laser scanning microscopy,
all NSCLC cells exhibited immunofluorescence staining for
EpoR protein (Fig. 2), which appeared to be most prominent
in the A427 cells. The localization of EpoR was mainly cyto-
plasmic and perinuclear.

Activity and functionality of EpoR in NSCLC cells. Since we
found EpoR protein expression in these NSCLC cell lines, we
explored its functionality via the analysis of the activating phos-

phorylation of EpoR and its downstream signaling pathways.
All NSCLC cells exhibited the continuous phosphorylation
of EpoR, ERK1/2 and Akt proteins, and the A427 cells also
exhibited the phosphorylation of STATSa protein, which was
independent of exogenous Epo administration (Fig. 3). By
contrast, the Epo-dependent UT-7/Epo cells exhibited a clear
time-dependent activation of EpoR, STAT5a, ERK1/2 and
Akt proteins, peaking in intensity after 5 min and gradually
declining within 1 h.

Proliferation of Epo-treated NSCLC cell lines under hypoxic
conditions. To examine the effects of Epo on the prolifera-
tion of the NSCLC cells, electronic pulse area analysis was
conducted to count all 4 cell lines treated with or without Epo
(100 U/ml) both under normoxic and hypoxic conditions for
up to 72 h.

Epo did not lead to a statistically significant growth advan-
tage of the A427, A549 and NCI-H358 cells neither under
normoxic nor under hypoxic conditions (Fig. 4). The UT-7/Epo
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Figure 6. Effects of Epo on caspase-3 activation due to cisplatin in NSCLC cell lines under normoxic conditions. (A) Detection of activated caspase-3 measured
by flow cytometry. (B) Detection of cell viability measured by electronic pulse area analysis (CASY). UT-7/Epo cells served as an Epo dependent positive con-
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Data represent the means + SD of 3 independent experiments. The legend in panel (A) applies to all diagrams in this figure.

cells,however,exhibited a clear Epo-dependent overall increase
in cell number (P<0.0001, two-way ANOVA). In the post hoc
subgroup analyses, the number of viable UT-7/Epo cells under
normoxic and hypoxic conditions differed significantly after
48 h of Epo treatment (P<0.01 and P<0.05, respectively).
Hypoxia itself led to a statistically significant overall decrease
in the number of viable cells without Epo treatment: A427
cells, P=0.0008; A549 cells, P<0.0001; NCI-H358 cells,
P=0.02; two-way ANOVA (Fig. 5).

Apoptosis of Epo-treated NSCLC cell lines. To determine the
extent of apoptosis by the detection activated caspase-3, all cell
lines were analyzed for caspase-3 activity by flow cytometry.
Treatment with 8 M cisplatin led to a significant decrease in

the viability of all cell lines, which was independent of Epo
treatment (UT-7/Epo cells, P<0.01; A427 cells, P<0.05; A549
cells, P<0.0001; NCI-H358 cells, P<0.01, Fig. 6). An increased
number of cells with caspase-3 activity due to cisplatin treat-
ment was only found in the UT-7/Epo and A549 cells (P=0.001
and P<0.0001, respectively), but not in the A427 and NCI-H358
cells (P=0.0636 and P=0.2433, respectively). Epo did not lead
to a significant reduction in the number of cells with caspase-3
activity in the A427, A549 and NCI-H358 cells, which was
independent of cisplatin treatment, in contrast to the UT-7/Epo
cells (0.4 and 100 U/ml Epo, overall effect of Epo, P<0.0001).
An analysis of cell viability revealed that cisplatin treatment
induced a significant reduction in the number of viable cells
in all cell lines (Fig. 6B). Epo treatment did not reverse this
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cytotoxic effect of cisplatin in the NSCLC cell lines in contrast
to the UT-7/Epo cell line, in which Epo reversed the effects of
cisplatin.

Discussion

Recombinant human Epo is an effective treatment option
for chemotherapy-induced anemia in lung cancer patients.
Results from clinical trials have suggested that adverse effects,
including a higher mortality rate are due to the use of Epo
(12), and have prompted concerns as to the safety of Epo, and
thus its molecular effects on tumor cells (7,14). Results from
cell-based analyses that have investigated the presence and
functionality of EpoR in tumor cells, as well as the effects of
its ligand Epo have been largely contradictory (33,34).

The present in vitro study aimed to assess the expression
and the functionality of EpoR in selected NSCLC cell lines,
as well as the effects of Epo on cell proliferation and apop-
tosis under normoxic and hypoxic conditions. We found that
the NSCLC cell lines A427, A549 and NCI-H358 expressed
EpoR mRNA and protein. Immunocytochemical staining of
the receptor protein identified a mainly cytoplasmic and peri-
nuclear localization. Epo did not lead to a ligand-dependent
activation of neither EpoR nor further downstream signaling
pathways (STATS, PI3K-Akt and ERK1/2). EpoR appeared to
be rather constitutively active. While Epo markedly enhanced
the proliferation and reduced the apoptosis of Epo-dependent
UT-7/Epo leukemia cells, it did not affect the proliferation or
the cisplatin-induced apoptosis of NSCLC cells.

Intratumoral hypoxia is known for its ambivalent effects
leading on one hand to restrained proliferation, differentiation,
apoptosis and necrosis. On the other had, it may indeed result
in a more aggressive tumor phenotype, tumor progression
and acquired resistance (26,35). In this study, to mimic lower
oxygen levels that commonly exist in lung tumors in vivo, we
cultured the NSCLC cell lines in all hypoxic experiments at
1% O,. Hypoxic conditions were confirmed by immunoblot-
ting for HIF-1a in all 3 NSCLC cell lines. The A427, A549 and
NCI-H358 cells exhibited a statistically significant decrease in
cell growth due to hypoxia. We did not detect an altered tran-
scription of either EpoR mRNA or its protein due to hypoxia.

The presence of EpoR in the selected NSCLC cell lines
makes them potentially able to respond to an appropriate
stimulation with Epo. The NSCLC cells showed in confocal
laser scanning microscopy a mainly cytoplasmic and peri-
nuclear fluorescent signal of EpoR protein, raising the question
of how EpoR can be reached and activated by its ligand.
However, the predominant cytoplasmic localization of EpoR
is well known for both hematopoietic progenitor and cancer
cells (34,36). It has been reported that <10% of total EpoR
protein is expressed on the cell surface of these cells due to
highly dynamic intracellular receptor pools, an incomplete
processing in organelles, and a short half-life of EpoR protein
(37,38). There are still serious concerns as to the specificity
of anti-EpoR antibodies commonly used in recent studies on
non-hematopoietic and in particular malignant cells (33,39).
Nevertheless, the anti-EpoR antibody applied in this study
(M-20, Santa Cruz Biotechnology) has been described to be
suitable for the detection of EpoR with immunoblots (33).
This antibody was able to differentiate Epo-stimulated from
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unstimulated EpoR in the positive control UT-7/Epo cells and
to detect the full-length form of EpoR at 59 kDa with immu-
noblots.

Apart from the expression of EpoR, its functionality
seems to be another crucial factor that may be responsible
for the influence of Epo on cancer cell progression (34,40).
Some studies have provided evidence that EpoR is capable
of transmitting the Epo-driven signal into the cell via
cascades of activating protein phosphorylation in selected
cancer cells (17,23,41-43). Others have shown that a range
of cancer cell lines does not express a functionally active
EpoR (34). In this study, we demonstrated that EpoR expres-
sion was present in all 3 NSCLC cell lines and was rather
constitutively phosphorylated, which was also independent
of exogenous Epo administration. Likewise, the signaling
pathways downstream of EpoR appeared to be continuously
activated in these lung cancer cells, even though these cells
had been cultured in serum-free starvation medium prior
to and during the Epo challenge to reduce disturbing and
unspecific signaling. A constitutive activation of EpoR and
its downstream signaling pathways may reduce the sensitivity
of these cells towards growth factor stimulation, such as Epo.
A certain intracellular cross-activation of these signaling
pathways may also explain the downstream phosphorylation.
However, the control cell line, UT-7/Epo, underwent identical
treatment and displayed no baseline phosphorylation of any
of the downstream pathways tested. The possibility that EpoR
can be constitutively phosphorylated and thus activated has
already been described, e.g., in human ovarian carcinoma
cells (44). All 3 NSCLC cell lines exhibited an activating
point mutation in codon 12 of the KRAS gene, leading to an
enhanced activation of the MAP kinase pathway and thus
enhanced proliferation (45,46). It is conceivable that the
effect of Epo may not be registered due to constitutively
active KRAS protein. Likewise, the time-course experiments
showed phosphorylation of ERK1/2 without Epo stimulation
in all cell lines, although they were cultured in starvation
medium. The crosstalk between these signaling pathways
(Jak2-STATS, PI3K-Akt and MAP kinase) may explain a
protein phosphorylation in unstimulated cells.

In our experimental model, 100 U/ml of Epo did not signifi-
cantly stimulate the proliferation of the NSCLC cells nor did it
protect them from apoptosis. According to other authors (9), we
consider this concentration as suprapharmacologic compared
with physiological basal plasma concentrations of Epo ranging
from 6 to 32 U/l (25). The results from the proliferation and
apoptosis experiments on the protective effects of Epo in
tumor cells are, by now, rather contradictory. Some studies
have shown that Epo has the capacity to enhance cancer cell
progression in diverse cancer cell types (16,17,47-49), while
others have demonstrated the opposite (23,40,50-57).

Since EpoR appeared to be constitutively phosphory-
lated in these 3 lung cancer cell lines, the anti-apoptotic
and proliferative effects of exogenous Epo may not be
sufficiently determinable. Nevertheless, the control cell line,
UT-7/Epo, confirmed the principle of the design of this study
and responded to Epo treatment in a clear Epo-dependent
manner, increasing proliferation and reducing apoptosis.

We also assessed the cytotoxic effects of cisplatin via
the induction of apoptosis (caspase-3 activation) and cell



FRILLE et al: INFLUENCE OF ERYTHROPOIETIN ON LUNG CANCER CELL PROLIFERATION AND APOPTOSIS

viability. The latter was derived from the proportion of viable
cells, which was calculated in function of the cell volume
and assessed by electronic pulse area analysis. Based on our
previous studies (26,58), we know that higher cisplatin concen-
trations induce the prominent and rapid apoptosis of NSCLC
cell lines. We intended to induce apoptosis and cell death
in general with a cisplatin concentration (8 M) that is low
enough to allow a sufficient amount of viable cells to remain,
which are still able to respond to exogenous Epo. This cisplatin
concentration is similar to values measured in the serum of
patients treated with cisplatin, and is thus clinically relevant.
This concentration was able to induce the irreversible apop-
tosis of the A549, but not that of the A427 and NCI-H358 cells.
However, the viability of all these cell lines was significantly
reduced by treatment with 8 #M of cisplatin. Therefore, we
can conclude that the cytotoxic effects of cisplatin in the given
concentration were sufficiently high to universally reduce cell
viability, but not to induce significant apoptosis in all cell lines.
This may be due to the different susceptibilities to cisplatin of
each cell line.

As a limitation of our study, the results derived from
isolated cancer cells and the nature of this study excluded the
investigation of any molecular interplay between the tumor
cells and the surrounding tumor microenvironment, i.e.,
stromal cells such as fibroblasts, endothelial or immune cells.

Future experiments are required to focus on the interplay
between stromal and NSCLC cells. For instance, a simple
co-culture system of these cell types would allow the assess-
ment of the effects of Epo between them in terms of cancer cell
survival and proliferation. Furthermore, a novel and appealing
strategy may be tumor-derived organotypic slice cultures,
in which the effects of both chemotherapeutics and Epo can
be analyzed (59-61). In contrast to pure monoculture experi-
ments, this model allows a partial preservation of the human
tumor microenvironment, the collection of samples from the
media over time, the analysis of the effect of cytotoxic drugs,
and thus, a possible prediction of tumor response or resistance
to therapy (59).

In conclusion, in our experimental setting, exogenous Epo
had no significant effect on the proliferation and apoptosis of
NSCLC cell lines, neither under hypoxic nor under normoxic
conditions despite the expression of EpoR.
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