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Abstract
Several clinical trials in oncology have reported increased mortality or disease progression

associated with erythropoiesis-stimulating agents. One hypothesis proposes that erythro-

poiesis-stimulating agents directly stimulate tumor proliferation and/or survival through cell-

surface receptors. To test this hypothesis and examine if human tumors utilize the erythro-

poietin receptor pathway, the response of tumor cells to human recombinant erythropoietin

was investigated in disaggregated tumor cells obtained from 186 patients with colorectal,

breast, lung, ovarian, head and neck, and other tumors. A cocktail of well characterized

tumor growth factors (EGF, HGF, and IGF-1) were analyzed in parallel as a positive control

to determine whether freshly-isolated tumor cells were able to respond to growth factor acti-

vation ex vivo. Exposing tumor cells to the growth factor cocktail resulted in stimulation of

survival and proliferation pathways as measured by an increase in phosphorylation of the

downstream signaling proteins AKT and ERK. In contrast, no activation by human recombi-

nant erythropoietin was observed in isolated tumor cells. Though tumor samples exhibited a

broad range of cell-surface expression of EGFR, c-Met, and IGF-1R, no cell-surface eryth-

ropoietin receptor was detected in tumor cells from the 186 tumors examined (by flow cy-

tometry or Western blot). Erythropoiesis-stimulating agents did not act directly upon

isolated tumor cells to stimulate pathways known to promote proliferation or survival of

human tumor cells isolated from primary and metastatic tumor tissues.
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Introduction
Patients with cancer commonly develop anemia arising from the effect of the tumor itself or
from treatments such as chemotherapy [1, 2]. Since anemia is an independent risk factor for
mortality [3, 4], treating anemia with consideration of the associated risks remains important
for the care of patients with cancer. Erythropoiesis-stimulating agents (ESAs) are recombinant
glycoproteins that stimulate red-blood-cell production using the same molecular mechanism
as endogenous erythropoietin [5]. Randomized, controlled trials have shown that ESA use in
patients with cancer receiving chemotherapy reduces red-blood-cell transfusion requirements
[6–8]. However, safety concerns have arisen around ESA use with various trials reporting that
ESA administration promoted tumor progression and adversely impacted overall survival rates
(trials reviewed in [9]).

The mechanism(s) by which ESAs might affect survival or stimulate tumor-cell growth is
not clear. Indirect mechanisms have been proposed including (i) ESA-mediated promotion of
thrombovascular events leading to increased mortality and (ii) ESA-mediated stimulation of
angiogenesis leading to increased tumor growth (10) although recent results do not support
this mechanism [11, 12]. An alternative hypothesis is that ESAs may directly increase tumor
cell proliferation and survival by activating EpoR on tumor cells [13, 14].

Studies examining the hypothesis that ESAs directly stimulate tumor growth by activating
canonical EpoR signaling pathways (i.e. PI3K/AKT, RAS/RAF/ERK and JAK/STAT) on tumor
cells have reported conflicting results. Several studies reported that primary tumor tissue and
tumor-derived cell-lines express EpoRmRNA transcript and contain EpoR protein as shown
by Western blot analysis or immunohistochemistry (IHC) [15–17]. A possible confounding
variable in these studies is that mRNA analysis of bulk tumor tissue includes representation of
stromal cells and other infiltrating cell types from blood. Also, the quantities of EpoRmRNA
detected in some tumor and normal cells outside the erythroid compartment are relatively low
(at levels10- to 1000-fold lower than in positive controls) and calls into question whether these
mRNA levels are adequate to produce relevant amounts of functional EpoR protein [12, 18–
20].

Many studies employing Western blotting and IHC often used commercially available poly-
clonal EpoR antibodies that have been shown to lack EpoR specificity [21, 22]. Importantly,
these studies could not address erythropoietin-dependent EpoR function in tumor tissue. More
recent, detailed studies have reported that tumor cell-lines, tumor biopsies, and endothelial
cells did not contain increased levels of EpoRmRNA, or protein compared with normal tissues
[23–25] and that there was no amplification of the EpoR gene in tumor cells [23]. Additionally,
xenograft models were conducted using a limited number of breast cell-lines that suggested co-
administration of rHuEpo resulted in diminished efficacy of Her2 directed agents in Her2
+ cell-lines [26]. In contrast, several studies using tumor cell-lines showed an improved tumor
response with administration of ESAs [27, 28]. These results demonstrate the continuing chal-
lenges in the field that confound clear conclusions to be drawn regarding the ESA tumor stimu-
lation hypothesis. However, as methods to study signaling in freshly-derived human tumor
cells have only recently become available, the literature has mostly relied on cell-lines whose
relevance is uncertain.

It has been hypothesized that ESAs are able to directly stimulate tumor cells. This study was
performed to specifically address this hypothesis. EpoR pathway activation was analyzed on vi-
able human tumor cells obtained directly from human tumor tissues representing a range of
different primary tumor types. This included evaluation of receptor function and protein ex-
pression in freshly-derived human breast tumor tissues, including both Her2+ and Her2- tu-
mors to address specific questions related to the biological relevance EpoR in breast cancer. We
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examined if ESA exposure could activate signaling pathways by treating viable primary human
tumor cell isolates with recombinant human erythropoietin (rHuEpo) and analyzing the effect
on the activation state of multiple signaling proteins downstream of cell-surface receptors.
Cell-surface expression of EpoR, as well as total EpoR (assessed in breast cancer sample cohort)
was also analyzed using specific EpoR monoclonal antibodies [11].

Materials and Methods

Cell Culture
The megakaryoblastic leukemia cell-line, UT-7/Epo [29] was a gift from Dr. Norio Komatsu,
Jichi Medical School, Minamikawachi, Japan. The colorectal adenocarcinoma cell-line HT29
was purchased from ATCC (Rockville, MD). Although not formally authenticated, control
cell-line performance was consistent over the duration of the study, with no aberrant changes
observed with regards to receptor level expression and response to cytokines as measured in
flow cytometry experiments. Prior to growth factor stimulation, HT29 and UT-7/Epo were
starved overnight in media containing 0.1% (w/v) bovine serum albumin (BSA). UT7/Epo and
HT29 cells were harvested and washed by centrifugation twice with Ca2+/Mg2+ free phosphate-
buffered saline (PBS; Invitrogen).

Aqua Viability Reagent (Invitrogen) was added per the manufacturer’s protocol for exclu-
sion of dead cells. Cell densities were adjusted to 106 viable cells/mL prior to growth factor
stimulation. For additional cell culture conditions, see S1 Appendix.

Erythroid Progenitor-Cell (EPC) Assay
Human CD34+ progenitor cells (AllCells Inc., Emeryville, CA) were isolated from bone mar-
row using CD34 immunomagnetic purification (Miltenyi Biotec, Auburn, CA), per the manu-
facturer’s protocol. Differentiation of EPCs was induced with rHuEpo (0.1 U/mL), IL-3, IL-6,
and stem cell factor (SCF) (R&D Systems, Minneapolis, MN). The use of CD36+/CD34- ex-
pression as markers for erythroid lineage development has been previously described [19, 30].
EpoR function was analyzed by exposing the culture at various time points to a range of
rHuEpo concentrations from 0 U/mL (rHuEpo formulation buffer “vehicle” control: 100 mM
NaCl, 20 mM NaCitrate, 0.25% human serum albumin [HAS], pH 6.9) to 300 U/mL for 5 or
30 minutes, which includes the physiological range of endogenous Epo (5–30 mU/mL) and ex-
ceeds the pharmacological levels observed in patients treated with ESAs (reported to be a mean
of 1 U/mL in plasma) [31]. Thus, the upper range of the titration was at least 300-fold higher
than the theoretical exposure of tumor cells in patients administered ESAs. EpoR cell-surface
expression was determined by flow cytometry using the EpoR specific antibody MAb307
(R&D Systems) incorporating 7-amino-actinomycin-D (7-AAD; Invitrogen) staining to select
live cells with intact plasma membranes.

Tissue Processing
Samples were obtained from Asterand USA, BIO OPTIONS, Inc, and the MT Group. Tumor
content was characterized by: 1) A qualified, independent pathologist (all samples included in
this study were confirmed to be tumors). 2) H&E staining (tumor content ranged from 6% to
100%; S1 Fig.). 3) DNA content (median tumor aneuploidy percentage, interquartile range,
was 56%; S1 Table and S1 Appendix). 4) pERK and pAKT induction of 19 matched normal
colon and tumor samples stimulated by growth factors (tumor samples had higher pathway in-
duction than normal colon samples; S2 Fig. and S1 Appendix). In addition, flow cytometry
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experiments were designed to isolate an equivalent number of viable tumor cells from each
sample (see details in the next section).

For disaggregation, human tumor tissues were digested with 0.34 U/mL dispase (Roche Di-
agnostics, Indianapolis, IN) and 1mg/mL DNAse (Worthington Corp., Lakewood, NJ) for 30
minutes at 37°C. Cell suspensions were washed, cell viability and density determined, and cell
densities adjusted to 106 viable cells/mL in medium. Aqua Viability Reagent was added to cell
suspension per manufacturer’s protocol to label dead cells.

Effect of Growth Factor and rHuEpo Addition
Aqua Viability Dye-labeled cell-lines and tumors were stimulated for 5 or 30 minutes with ve-
hicle, a serial dilution of rHuEpo (vehicle to 300U/mL), or a cocktail of epidermal growth factor
(EGF)/hepatocyte growth factor (HGF)/insulin-like growth factor-1 (IGF-1) (EGF: 100 ng/ml,
Roche, Basel, Switzerland; HGF: 200 ng/ml, IGF-1: 100 ng/ml, R&D Systems) for 5 and 30 min-
utes in aliquots of 106 cells. Treated cells were fixed by adding an equal volume of pre-warmed
(37°C) fix buffer I (BD Biosciences) and incubated for 10 minutes at 37°C. Fixed cells were
then permeabilized in ice-cold 90% (v/v) methanol and stored at -20°C prior to flow
cytometry analysis.

Analysis of Intracellular Signaling by Flow Cytometry
Fixed and permeabilized cells were washed twice with ice-cold Fluorescence-Activated Cell
Sorter (FACS) Stain Buffer (2% FBS [v/v], 0.09% [w/v] NaN3; BD Biosciences). Samples were
stained for 1 hour at room temperature with fluorochrome-conjugated antibodies specific for
phosphorylated forms of AKT (AF-647; Cell Signaling Technology, Danvers, MA), ERK1/2
(AF-647; Cell Signaling Technology), and STAT5 (AF-488; BD Biosciences). EpCAM
(PerCP-Cy5.5; BD Biosciences), pan-cytokeratin (PE; BD Biosciences), and active Caspase-3
(AF-405; Cell Signaling Technology) were multiplexed with phospho-specific antibodies listed
above to allow for gating of viable, non-apoptotic epithelial cells. Stained samples were run on
an LSR II (Becton Dickinson, Franklin Lakes, NJ) with 104 viable epithelial events acquired.
The analysis used a gating strategy for viable EpCAM or cytokeratin positive events excluding
active caspase-3 (apoptotic) or Aqua Viability dye-positive events. Results are reported as
mean fluorescence intensity (MFI) fold change in treated samples compared to vehicle.

Analysis of Cell-surface Receptors in Live Cells by Flow Cytometry
Tumor cells and control cell-lines were stained with antibody cocktails (see S1 Appendix for
the antibodies used). Prior to flow cytometry, samples were stained with 5 μg/mL 7-AAD to ex-
clude dead and apoptotic cells. Flow cytometry was performed using an LSR II (BD Biosci-
ences). Receptor levels were reported as a ratio of MFI values relative to the appropriate isotype
control. The analysis employed a cell-gating strategy that selected viable EpCAM positive cells
and excluded CD45-positive and dead/apoptotic cells. For each sample, 104 viable EpCAM
positive events were acquired.

Analysis of EpoR Protein Expression by Western Blot
Tumor tissues were homogenized by sonication on ice in a lysis buffer containing 50 mM Tris-
HCl, pH 7.2, 150 mMNaCl, 1% Triton X (v/v), 0.1% Na deoxycholate (w/v) and a protease in-
hibitor cocktail (0.1 mg/mL 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride [Pefa-
bloc-SC], and 10 mg/mL pepstatin). Lysates from cell-line controls were prepared in the same
manner. Lysates were subjected to SDS-PAGE (NuPAGE; Invitrogen) and transferred to
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Invitrolon polyvinylidene fluoride membranes (Invitrogen) and processed as described in the
S1 Appendix.

Results

EpoR Pathway Activation in an EPC Assay
To define assay sensitivity and specificity, EpoR function and cell-surface expression was evalu-
ated during 8-day cultures of a normal, physiologically relevant Epo-responsive tissue, differ-
entiating primary human EPCs. CD34+ cells were isolated from human bone marrow and
exposed to SCF, IL-3, IL-6, and a low concentration of rHuEpo (0.1 U/mL). During the time
course, EPC numbers increased as shown by the accumulation of the CD36+/CD34- cells from
the CD34+ enriched population (Fig. 1A). Cell-surface EpoR expression was analyzed by flow
cytometry using the MAb307 antibody. Levels of EpoR expression increased from undetectable
levels on day 0 to maximum levels by day 8 (Fig. 1B).

At each time point, a range of rHuEpo (0 U/mL [vehicle] up to 300 U/mL) was added to
EPCs. Levels of phospho-proteins (pSTAT5, pAKT, and pERK) known to be induced by acti-
vated EpoR were measured by flow cytometry. EpoR function was determined by comparing
levels of each phospho-protein in the rHuEpo-treated cells relative to the vehicle treatment.
Similar approaches have been reported in the literature [19, 32, 33]. As shown in Fig. 1C, no
rHuEpo-dependent signaling was observed on day 0. Dose-dependent increases in pSTAT5
were observed on day 1 (Fig. 1C) when only 6.9% of cultured cells were CD36+ (Fig. 1A) and
low levels of cell-surface EpoR were observed (Fig. 1B). At each of these time-points, concen-
trations of rHuEpo above 10 U/mL stimulated pSTAT5 to maximal levels and no further in-
duction was observed at higher concentrations of rHuEpo. By day 8, when> 90% of the
culture had an erythroid phenotype and were EpoR positive, significant levels of pSTAT5 were
observed at rHuEpo concentrations as low as 0.02 U/mL (Fig. 1C). Representative histograms
demonstrating rHuEpo driven pSTAT5 induction are shown in S3 Fig. Similar data were ob-
served for pAKT and pERK (data not shown).

The sensitivity and specificity of the EPC assay ensured that EpoR function could be exam-
ined in primary cells exposed to rHuEpo levels that are physiologically relevant (range 0.005
U/mL to 0.03 U/mL) and approximately 30-fold lower than maximal concentrations of serum
ESA observed in patients treated with ESAs [31].

rHuEpo dose response was also evaluated in the positive control cell-line UT-7/Epo and the
negative control cell-line HT29. UT-7/Epo is a known Epo-responsive cell-line and demon-
strates pathway responsiveness along PI3K/AKT, RAS/RAF/ERK and the JAK/STAT signaling
pathways. HT29 cells do not express detectable levels of EpoR and are not responsive to
rHuEpo [28] and thus serve as a negative control for rHuEpo addition. In UT-7/Epo cells, max-
imum pSTAT5, pAKT, and pERK induction levels were reached by 10 U/mL rHuEpo and no
further induction was seen in concentrations up to 300 U/mL rHuEpo (Fig. 2). In HT29 cells,
no induction was observed across all rHuEpo concentrations. For every human tumor that was
analyzed for response to rHuEpo and also for EpoR expression, both UT7/Epo and HT29 cell-
lines were processed in parallel as experimental controls. Representative histograms demon-
strating pSTAT5, pAKT, and pERK induction in the UT7/Epo cell-line are shown in S4 Fig.

A representative tumor sample from head-and-neck cancer (BIOH002) is shown in Fig. 3.
In contrast to the Epo responsive UT-7/Epo cell-line, no pSTAT5, pAKT, and pERK induction
was observed at any rHuEpo concentration. A separate pool of cells isolated from the head-
and-neck cancer biopsy were stimulated with a growth factor cocktail of EGF/ HGF/IGF1 and
demonstrated response along pAKT, pERK and pSTAT5 pathways. The growth factor cocktail
response served as a positive control and clearly demonstrated that tumor cells isolated from
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Fig 1. Characterization of cell-surface EpoR expression and function in differentiating primary
erythroid progenitors (EPCs). (A) Analysis of the profile of EPC differentiation over the course of the 8-day
culture. (B) Analysis of the relationship between differentiation of EPCs and EpoR expression. The % of total
cells in the culture that were CD36+/CD34- is shown. EpoR levels are reported as a ratio of mean fluorescent
intensity (MFI) values relative to the appropriate isotype control. (Note: the ratio to isotype was used to
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this patient sample responded to known tumor growth factors in a robust and
measurable fashion.

EpoR Pathway Activation in Tumor Cells Isolated From Human Tumor
Tissues
To evaluate EpoR function in tumors, tissues were obtained from surgical resections (using
IRB-approved protocols) from various tumor types, stages, and grades (Table 1). All tumors,
except where indicated, were collected from patients not previously treated with chemotherapy.
A number of metastatic tissues were also included to determine whether response to rHuEpo
was altered during disease progression.

Disaggregation of tumor tissue to obtain single-cell populations of both tumor and stromal
compartments requires proteolytic enzymes which may compromise functional analysis of
cell-surface receptors. To address this concern, dispase was used because it has a narrow range
of specificities. In the EpoR dependent UT-7/Epo cell-line, no effect of dispase on EpoR func-
tion or expression was observed below 0.5 U/mL dispase compared with undigested cultures
(S5 Fig.). Similarly, in the colorectal cancer cell-line HT29, no effect on EGFR, c-MET or IGF-
1R function or expression was observed below 0.5U/mL dispase (data not shown). A concen-
tration of 0.34 U/mL dispase was selected for tissue disaggregation as this amount had no ob-
servable effect on EpoR function in the UT7/Epo cell-line control model and also no effect on
EGFR, c-MET or IGF-1R function in HT29 cells.

Single-cell suspensions from the disaggregated tumors were stimulated with a range of
rHuEpo (0 to 300 U/mL) for 5 and 30 minutes. While maximal effects of rHuEpo are observed
at ~ 1 U/ml, concentrations up to 300 U/mL were used to account for the possibility that
tumor cells are less responsive to rHuEpo than EPCs. Early and late time points accounted for
differing kinetics of PI3K/AKT, RAS/RAF/ERK, and JAK/STAT pathway induction observed
in control cell-lines. Epo driven STAT5 phosphorylation was specifically targeted in this study
because unlike PI3K/AKT, RAS/RAF/ERK, activation of STAT5 is more specific to the EpoR
pathway and therefore provides a good assessment of specific EpoR activation. As a positive
control to demonstrate that tumor cells were viable and responsive, they were stimulated with
a cocktail of known tumor growth factors consisting of EGF, HGF, and IGF-1. Following addi-
tion of rHuEpo or the growth factor cocktail, cells were fixed, permeabilized, and analyzed by
flow cytometry using a panel of fluorescently conjugated antibodies specific for pAKT and
pERK, which are induced when EpoR, EGFR, c-Met, and IGF-1R are activated. pSTAT5 was
included as it is tightly regulated by EpoR in EPCs.

To ensure that a lack of response was not simply due to inactive preparations of rHuEpo
and to also verify potential false-positive or false negative events, signaling in HT29 and UT-7/
Epo was analyzed in parallel with every tumor cell preparation. HT29 was selected as a positive
control because it is known to express EGFR, c-Met, and IGF-1R, and is responsive to EGF,
HGF, and IGF-1, activating the PI3K/AKT and RAS/RAF/ERK signaling pathways. These cells
also served as a negative control for the rHuEpo addition. UT-7/Epo is a known Epo-respon-
sive cell-line and served as a positive control. Both control cell-lines performed as expected and
the observed effects were highly reproducible (Fig. 4A). Representative histograms showing

normalize data and does not serve as baseline measure; i.e., a ratio of 1 does not imply a lack of receptor
expression). (C) At each time-point, EPCs were harvested and stimulated with a range of rHuEpo (0 U/mL
[vehicle] up to 300U/mL) to evaluate EpoR function. The MFI of pSTAT5 at each rHuEpo concentration is
expressed as a ratio relative to vehicle treated cells.

doi:10.1371/journal.pone.0122149.g001
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Fig 2. rHuEpo dose response curves for control cell-lines UT-7/Epo and HT29 at 5 and 30minute
stimulation time points.Dotted lines indicate mean fold change values for growth factor stimulation (i.e.
EGF/HGF/IGF1). HT29 (N = 38), UT-7/Epo (N = 38), or disaggregated human tumors (N = 181). (A) pAKT
induction. For UT-7 Epo cells, the mean (± standard deviation) pAKT induction was 3.68 (±1.17) for the
growth factor cocktail and 8.24 (±1.98) for Epo. For HT29 cells, the mean (± standard deviation) pAKT
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pathway response to 30 minute stimulation with vehicle, 300 U/mL rHuEpo, or growth factor
cocktail are depicted in S6 Fig.

Viable, non-apoptotic tumor cells were analyzed through the use of antibodies specific for
epithelial tumor cell markers (EpCAM and pan-cytokeratin), a viability dye (debris exclusion),

induction was 16.64 (±4.70) for the growth factor cocktail and 0.95 (±0.13) for Epo. (B) pERK induction. For
UT-7 Epo cells, the mean (± standard deviation) pERK induction was 1.02 (±0.11) for the growth factor
cocktail and 1.38 (±0.29) for Epo. For HT29 cells, the mean (± standard deviation) pERK induction was 4.12
(±0.98) for the growth factor cocktail and 1.00 (±0.07) for Epo. (C) pSTAT5 induction. For UT-7 Epo cells, the
mean (± standard deviation) pSTAT5 induction was 1.02 (±0.07) for the growth factor cocktail and 16.21
(±6.56) for Epo. For HT29 cells, the mean (± standard deviation) pSTAT5 induction was 1.25 (±0.12) for the
growth factor cocktail and 1.01 (±0.06) for Epo. Levels are reported as a ratio of mean fluorescent intensity
(MFI) values relative to the appropriate isotype control. (Note: the ratio to isotype was used to normalize data
and does not serve as baseline measure; i.e., a ratio of 1 does not imply a lack of receptor expression).

doi:10.1371/journal.pone.0122149.g002

Fig 3. rHuEpo dose response curves for the control cell-line UT-7/Epo and a representative tumor sample BIOH002 (head-and-neck cancer) at 5
and 30minute stimulation time points. Levels are reported as a ratio of mean fluorescent intensity (MFI) values relative to the appropriate isotype control.
(Note: the ratio to isotype was used to normalize data and does not serve as baseline measure; i.e., a ratio of 1 does not imply a lack of receptor expression).

doi:10.1371/journal.pone.0122149.g003
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and an activated-caspase-3 antibody. These analyses provided a sensitive and specific method
to characterize Epo-dependent effects on signaling pathways that are known to be critical for
the growth and survival of tumor cells. The use of the growth-factor cocktail positive control
also allowed comparisons with known tumor growth factors.

Stimulation of pAKT or pERK was observed in response to growth factors in tumor cells
from colorectal (Fig. 4B; n = 48 patients), breast (Fig. 4C; n = 38 patients), NSCLC (Fig. 4D;
n = 45 patients), and ovarian (Fig. 4E; n = 37 patients). This pathway-activation was the posi-
tive control and activation of at least one pathway was evident in each cell sample (although ac-
tivation of all pathways was not always seen). In contrast, no rHuEpo-mediated activation of
pERK, pAKT, or the canonical EpoR pathway constituent, pSTAT5, was observed in any of the
tumor samples that were analyzed at any concentration of rHuEpo (the highest concentration
employed, 300 U/mL, is represented). Similarly, no rHuEpo-mediated activation of pSTAT3
was observed in any of the tumor samples (S8 Fig.). In each experiment robust phosphorylation
of STAT5 was observed with UT-7/Epo cells indicating that EpoR was specifically activated
under the conditions used.

Identical observations were made from head and neck (n = 5), kidney (n = 4), pancreatic
(n = 2), cervical (n = 1), and gastric tumors (n = 3) (Fig. 5A) with no response to rHuEpo de-
tected across a broad range of epithelial tumors types. As shown in Fig. 5B, there was no re-
sponse in cells from metastatic lesions. Similarly, in samples derived from patients who had
undergone various chemotherapeutic regimes there was no response to rHuEpo (Fig. 5C)

Table 1. Distribution and Histological Details of Tumor Types Analyzed.

Colon Breast Lung Ovarian Head and Neck Kidney Pancreas Prostate Cervix Gastric

Total number of pts 48 38 44 35 5 4 2 1 1 3

Adenocarcinoma 48 38 22 11 2 0 2 1 1 3

Squamous carcinoma 0 0 17 0 3 0 0 0 0 0

Other 0 0 5a 24b 0 2c 0 0 0 0

Pts with locally recurrent disease 1 1 1 12 0 0 0 0 0 0

Pts with metastatic disease (nodal) 16 22 9 11 4 0 0 0 0 2

Pts with metastatic disease (distant) 9 1 0 6 1 1 1 0 0 1

Pts receiving prior chemotherapy 1 3 1 2 0 0 0 0 0 0

Stage I 1 1 25 7 0 3 0 0 0 0

Stage II 25 27 6 3 0 0 1 1 1 0

Stage III 16 7 7 13 2 1 0 0 0 1

Stage IV 3 1 0 2 0 0 0 0 0 2

NOS 3 2 6 10 3 0 1 0 0 0

Grade I 2 0 3 2 0 1 0 0 1 0

Grade II 26 8 15 0 2 0 0 0 0 0

Grade III 14 29 20 18 1 1 0 0 0 2

Grade IV 1 0 0 0 0 0 0 0 0 0

NOS 5 1 6 15 2 2 2 1 0 1

Metastatic tissues 4 4 1 2 0 0 1 0 0 1

Abbreviations: pts, patients; NOS, not otherwise specified
aOther lung tumors: large cell (2), carcinoid (2), carcinosarcoma (1);
bOther ovarian tumors: Brenner tumor (1), Mullerian mixed tumor of the ovary (2), Serous Papillary (7), Signet Ring Carcinoma (1), NOS (7),

carcinosarcoma (1), clear cell (3), dysgerminoma (1);
cOther kidney tumors: clear cell (2).

doi:10.1371/journal.pone.0122149.t001
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Fig 4. IGF-1R, c-Met, and EGFR but not EpoR are functional in primary tumor cell populations from human tumor tissues.Disaggregated tumors
were stimulated with a range of concentrations of rHuEpo and growth factor controls for 5 and 30 minutes. These time points were chosen based upon
experiments in the UT-7/Epo cell-line showing that phosphorylation peaked between 15 and 30 minutes for the majority of signaling proteins assayed (S7
Fig.). In disaggregated tumors, identical data were obtained for 5 and 30 minutes; therefore only the 5-minute data are shown. On each plot, the dotted line
represents the threshold for pAKT (1.14) and pERK (1.16). Data shown for (A) cell-line controls (i) UT-7/Epo (ii) HT29 (n = 38 each cell-line) and tumors from
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although all displayed pathway-activation in response to the growth factors. Together these
findings suggest that while tumor cells did respond to known epithelial-growth factors, they
did not respond to rHuEpo in the original tumors, in metastatic lesions, nor following anti-
cancer treatments.

(B) colorectal (n = 45), (C) breast (n = 34), (D) non-small cell lung (n = 43), (E) ovarian (n = 31). Levels are reported as a ratio of mean fluorescent intensity
(MFI) values relative to the appropriate isotype control. (Note: the ratio to isotype was used to normalize data and does not serve as baseline measure; i.e., a
ratio of 1 does not imply a lack of receptor expression).

doi:10.1371/journal.pone.0122149.g004

Fig 5. IGF-1R, c-Met, and EGFR but not EpoR are functional in freshly-derived tumor cell populations from human tumor tissues.Disaggregated
tumors were stimulated with a range of concentrations of rHuEpo and growth factor controls for 5 and 30 minutes. (Identical data were obtained for 5 and 30
minutes; therefore only the 5-minute data are shown). The effect of rHuEpo or growth factor-cocktail addition on phosphorylation levels was expressed as the
ratio of MFIs relative to vehicle-treated cells. On each plot, the dotted line represents the threshold for pAKT (1.14) and pERK (1.16). Data shown for tumors
from (A) head and neck (n = 5), cervical (n = 1), kidney (n = 4), pancreas (n = 1), (B) metastatic tissues (colon metastatic to liver [n = 2], ovary [n = 1], lung
[n = 1], pancreatic metastatic to liver [n = 1]; local nodal metastases from breast [n = 4], lung [n = 1], ovarian [n = 2]); (C) tumors from pre-treated patients
(colorectal treated with oxaliplatin and bevacizumab [n = 1], breast treated with cyclophosphamide, methotrexate, fluorouracil [n = 2], breast treated with
radiation, taxotere, cytoxan, taxol, [4 cycles each; n = 1], non-small cell lung treated with radiation [n = 2], ovarian treated with carboplatin and taxol [n = 2]).

doi:10.1371/journal.pone.0122149.g005
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In interpreting these data, it is critical to understand what represents a significant induction
of phosphorylation as represented by MFI. To evaluate the variability of repeated measures of
replicate vehicle-treated tumor cells, disaggregated cells from 10 tumor tissues were treated
with vehicle in replicate (n = 10), and the ratio of the upper 95% CI of each MFI relative to the
mean calculated. The ratios determined had a mean of 1.14 (range 1.07–1.15) for pAKT and a
mean of 1.16 (range 1.08 to 1.22) for pERK. Therefore, a significant increase was defined as a
response above a threshold ratio of 1.14 for pAKT and 1.16 for pERK. In principle, small num-
bers of tumor cells in the population could respond to rHuEpo and not be represented in MFI.
To determine the sensitivity of the assays in terms of percentage of tumor cells at the selected
thresholds for pAKT and pERK, mixing experiments using growth factor-stimulated and vehi-
cle-treated populations were performed. The data demonstrate that a population MFI ratio rel-
ative to vehicle of 1.14 for pAKT and 1.16 for pERK would correspond to approximately 1% to
2% of responding tumor cells, suggesting that the method employed would be capable of de-
tecting even a small sub-population of responsive cells in the rHuEpo-treated samples (data
not shown). To further validate this, visual inspection of flow cytometry data was carried out
for all rHuEpo-treated cells compared to the corresponding vehicle control. This rigorous exer-
cise revealed no instance of activation of any sub-population of cells in rHuEpo-treated tumors,
either in the tumor cell compartment or among the viable, non-apoptotic, non-epithelial stro-
mal compartment of the tumor tissues.

EpoR Protein Expression in Tumor Cells Isolated From Human Tumor
Tissues
To support the lack of Epo driven pathway activation observed in disaggregated tumor sam-
ples, cell-surface EpoR was also analyzed in disaggregated, live tumor cells from the cohort of
186 patients (Table 1) by flow cytometry using the specific anti-EpoR antibody MAb307. This
antibody was previously validated as specific by immunoprecipitation followed by Western
blot using the A82 antibody [11] and by flow cytometry with live cells [19]. However, in other
experiments it was observed that MAb307 cannot be used directly for Western Blot or IHC be-
cause of lack of detection of unfolded EpoR [34]. The specificity of MAb307 when used for
flow cytometry was demonstrated using the EpoR-expressing positive control cell-line UT-7/
Epo and the EpoR-negative control cell-line HT29. It is important to note that in this study,
EpoR expression was evaluated by flow cytometry on the extracellular membrane of viable
cells. Apoptotic cells and debris generated during the disaggregation process were excluded
from analysis to avoid false positive EpoR detection. Under these conditions MAb307 was
shown to be specific for cell surface EpoR in positive control cell-lines. In EpoR negative cell-
lines, MAb307 MFI signal intensity was equivalent to a matched isotype control. MAb307 had
similar sensitivity and specificity for EpoR as the A82 antibody (S9 Fig.) [11]. The membrane-
impermanent DNA stain 7-AAD was used to select intact, viable cells thereby excluding contri-
butions from functionally irrelevant intracellular EpoR. Additionally, an anti-EpCAM anti-
body was used to identify epithelial tumor cells in each disaggregated tissue. Levels of EGFR, c-
Met, and IGF-1R were also measured using specific antibodies.

A wide range of cell-surface expression of EGFR, c-Met, and IGF-1R was observed among
the tumor tissues that were analyzed, whereas in no case were significant levels of EpoR detect-
able on the cell-surface of the tumor cells from each of these tissues that were above the nega-
tive control cell-line or isotype control (Figs. 6 and 7). Significant levels of EpoR were not
detected in the small cohorts of tumor tissues from metastatic tissues or from patients that had
been previously treated with chemotherapy (Figs. 7B and 7C). The lack of EpoR expression
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Fig 6. Levels of EpoR, IGF-1R, c-Met, and EGFR in freshly-derived tumor cell populations from human tumor tissues. Tumors were disaggregated
with dispase (0.34U/mL) and EpoR levels determined by flow cytometry. Cell-surface receptor levels are expressed as a ratio to the appropriate isotype
control to allow comparison of relative levels of receptor between tissues. On each plot, the negative EpoR control cell-line (HT29) is shown for comparison
(n = 44 determinations). Data shown for tumors from (a) colorectal (n = 46), (b) breast (n = 34), (c) non-small cell lung (n = 41), (d) ovarian (n = 35).

doi:10.1371/journal.pone.0122149.g006

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 14 / 25



Fig 7. Levels of EpoR, IGF-1R, c-Met, and EGFR in freshly-derived tumor cell populations from human tumor tissues. Tumors were disaggregated
with dispase (0.34U/mL) and EpoR levels determined by flow cytometry. Cell-surface receptor levels are expressed as a ratio to the appropriate isotype
control to allow comparison of relative levels of receptor between tissues. On each plot, the negative EpoR control cell-line (HT29) is shown for comparison
(n = 44 determinations). Data shown for tumors from (A) head and neck (n = 5), gastric (n = 2), kidney (n = 3), liver (n = 1), pancreas (n = 1), esophagus
(n = 1), (B) metastatic tissues (colon metastatic to liver [n = 2] ovary [n = 1], lung [n = 1], pancreatic metastatic to liver [n = 1]; local nodal metastases from
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suggested that EpoR was not induced in tumor cells during disease progression and was also
not induced in response to treatment.

As previously mentioned, cell-lines (HT29 and UT-7/Epo) were processed in parallel as
controls for cell-surface receptor expression with the analysis of every tumor tissue. In the anal-
yses of all tumors described above, IGF-1R, EGFR, c-Met (using HT29 cells), and EpoR (UT-7/
Epo cells) cell-surface expression were consistently demonstrated in the appropriate control
cell-line (Fig. 7D).

Analysis of EpoR protein expression was also evaluated by Western blot analysis of 30
tumor tissues lysates from the breast cohort, including 6 Her2 positive tissues. Her2 status was
assessed by a qualified pathologist for all breast tumor tissues. Consistent with reported Her2
prevalence [35], 6 of the 34 breast tumor tissues (same tissue samples used in Fig. 6) were Her2
positive as determined by IHC using the Dako Herceptest scoring system (25% tumor cells
stain 2+ or 3+) using formalin fixed tissue collected from the tumor biopsy material (See S2
Table for additional details on Her2 status).

Western blot analysis was conducted with the EpoR-specific A82 antibody (Amgen, Inc)
that was previously shown to be suitable for Western Blot analysis [11]. This method also dif-
fered in that total EpoR (intracellular and surface) was examined. No EpoR protein was detect-
able using this method in any of the breast tumor tissues analyzed (Fig. 8). Lysates were also
prepared from EPCs that had been differentiated from human bone marrow as a biologically
relevant positive control. Expression of the mature EpoR protein was readily detectable (addi-
tional bands correspond to intracellular proteolytic fragments of EpoR as demonstrated by
Mass Spectrometry protein sequencing [11]).

Analysis of EpoRmRNA expression levels was also conducted. EpoRmRNA was largely un-
detectable in the breast tumor tissues analyzed but readily detectable in the control UT7/Epo
cell-line and in human bone marrow cells (Fig. 9). Taken together, these data support the con-
clusions derived from flow cytometry-based analysis of EpoR in that no expression or function
was detectable in tumor tissues (Figs. 6 and 7) but EpoR expression and function was observed
in EPCs at this stage of differentiation (Fig. 1).

Discussion
Although early literature was inconsistent with functional EpoR expression in non-hematopoi-
etic cells, including tumor cells and cell-lines [20, 23], safety signals reported in some recent
clinical studies re-ignited interest in this question [36].

Eight of sixty controlled ESA trials reported increased mortality and/or disease progression
with ESA use in the oncology setting and are included in the ESA product labeling information
[31, 37]. Many controlled ESA oncology trials have not reported safety signals [7–9, 38–40],
and differences in study design exist between these and studies that have reported mortality
and progression safety signals [10]. In addition, a meta-analysis of 26 studies indicated that
ESA use did not significantly affect disease progression [41].

Publications have since emerged suggesting functional EpoR is expressed in human tumors
and human tumor cell-lines [10, 42]. They have formed the basis of an “EpoR tumor stimula-
tion hypothesis” [36, 42]. Several potential issues have been identified for those reports that
may confound their conclusions. Many used preparations of polyclonal anti-peptide antibodies

breast [n = 4], lung [n = 1], ovarian [n = 2]) (C) tumors from pre-treated patients (colorectal treated with oxaliplatin and bevacizumab [n = 1], breast treated with
cyclophosphamide, methotrexate, fluorouracil [n = 2], breast treated with radiation, taxotere, cytoxan, taxol, (4 cycles each) [n = 1], NSCL treated with
radiation [n = 2], ovarian treated with carboplatin and taxol [n = 2]) and (D) cell-line controls.

doi:10.1371/journal.pone.0122149.g007
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in IHC and flow cytometry assays [23], assays for which those antibodies had not been validat-
ed [11, 21, 43, 44]. Other studies reported EpoRmRNA expression but without examining
EpoR protein and function [22]. Functional studies with ESAs on tumor cell-lines were also
conflicting and difficult to interpret, in part because they lacked appropriate positive and nega-
tive controls [12, 23, 28] to detect false-negative or false-positive effects.

In vivo Epo antagonism studies have reported that the blockade of Epo:EpoR inhibited
tumor growth [45–47]. However, these results are inconsistent with in vitro findings that
showed the same cell-lines had little/no EpoR expressed and had no detectable in vitro re-
sponse when treated with ESAs, although it is possible that Epo in combination with other
local and systemic growth factors may have an effect on tumor growth. In 31 different in vivo
xenograft studies, no effect of Epo on tumor cell growth was observed [20].

Cytoprotection studies have also been conducted to assess whether ESAs have non-hemato-
poietic effects. In a number of animal studies, ESAs were reported to enhance angiogenesis
after injury [48–58]. However, the results from these studies may be related to RBC increases,
such as enhanced oxygen delivery or changes in ferrokinetics [59]. In other in vivo studies,
ESAs did not provide non-hematopoietic protective effects [60–62] and the reported cytopro-
tective effects have generally not correlated with a clinical benefit in humans [11, 41, 63–73].

Fig 8. Analysis of EpoR protein expression in breast tumor tissues. Lysates prepared from an aliquot of tumor tissue from 30 patients from the cohort of
breast tumor tissues that were analyzed by flow cytometry. Western blot analysis of EpoR expression was performed using the EpoR specific monoclonal
A82. Erythroid progenitors (EPC) obtained following 8 days of differentiation in vitro from human bone marrow isolates cultured in the presence of IL-6, SCF,
and rHuEpo were used as positive controls. GAPDHwas used as a loading control.

doi:10.1371/journal.pone.0122149.g008
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Fig 9. Analysis of EpoRmRNA expression in breast tumor tissues. Lysates were prepared from the tumor tissue of patients included in the cohort of
breast tumor tissues analyzed by flow cytometry. Relative RNA abundance was measured using a TaqMan assay that amplified soluble, truncated, and full
length EpoR. Data is expressed as a fold change relative to 769-P (EpoR negative control) and average reference gene abundance (ACTB andGAPDH); fold
change = 2-ddCq. (A) EpoR exon 3—soluble, truncated, and full length transcript. (B) EpoR exon 5/6—truncated and full length transcript. (C) EpoR exon 8—
location of A82 antibody binding site.

doi:10.1371/journal.pone.0122149.g009
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Most recently, more sensitive and specific reagents, controls and targeted protocols have
been generated [11] and the question of EpoR protein expression and function on tumor cell-
lines [27, 28] and other cell types [12, 19] has been re-examined [20]. Consistent with the earli-
est literature, those analyses have demonstrated that functional EpoR expression is essentially
restricted to erythroid cells.

This study was designed to answer two questions using disaggregated tumor cells isolated
directly from patient samples and employing rigorous protocols and controls: (i) do freshly iso-
lated human tumor cells demonstrate Epo-induced signaling and (ii) do they express detectable
EpoR (surface or intracellular, independent of the first question). No functional response to
rHuEpo was detected in freshly-derived primary tumor cell populations. In addition, according
to two different criteria, flow cytometry and Western blotting, no EpoR was detected in any
tumor sample. It is possible that EpoR is expressed at levels below the threshold of detection
for these assays or that an as yet unidentified receptor mediates “EpoR-like” pathway activa-
tion. However, the lack of a measurable pathway response to rHuEpo stimulation suggests that
if EpoR was expressed at low levels, it was insufficient to drive a meaningful biologic response
as defined by MAPK, PI3K, and pSTAT5 signaling.

Controls using validated phospho-specific and anti-EpoR antibodies, demonstrated assay
sensitivity using Epo driven pathway induction of pSTAT5 and detectable expression of EpoR in
differentiating erythroid cells. These studies demonstrated rHuEpo-dependent, functional EpoR
early in differentiation of the culture when levels of cell-surface EpoR are known to be low. The
late-stage erythroid cells have relatively higher levels of EpoR (approximately 800 to 1000 recep-
tors on the cell-surface) [74–76] and these levels were readily detected with the reagents used.
Additionally, viable epithelial tumor cells were specifically examined, and other cell-surface
tumor growth factor receptors (EGFR, IGF-1R, and c-Met) were shown to remain functional
under the conditions employed. Addition of a cocktail of known tumor growth factors to tumor
cells uniformly demonstrated the activation of at least one of the key pathways that were interro-
gated. This further demonstrates that the methodology was sensitive and could detect meaning-
ful responses in tumor cells. These pathways included the RAS/RAF/ERK and PI3K/AKT
pathways that are essential for proliferation, survival, and metastatic spread of tumor cells.

Although we have attempted to perform these studies in a rigorous fashion, several possible
caveats exist: (i) a very rare tumor cell subpopulation (ie, less than the assay sensitivity of ~2%)
may express functional EpoR, albeit with questionable clinical relevance, (ii) the incidence of tu-
mors with EpoR function may be too infrequent to have been detected in this study, and (iii) the
actual receptor responding to rHuEpo is unique and does not utilize PI3K/AKT, MAPK, or
STAT5 for signaling. These scenarios would represent a substantial departure from current
knowledge and would require a fundamentally new understanding of Epo biology in tumors,
and thus be a substantial departure from the assumptions underlying the hypothesis that Epo is
a “tumor growth factor”, and that EpoR is widely expressed and functional on epithelial tumors.

With several possible explanations for the lack of a positive result, we conclude that evi-
dence of a rHuEpo-responsive phenotype in patient derived tumor cells does not exist. Further-
more, EpoR was not detectable on human tumor cells isolated directly from multiple epithelial
tumor types. This demonstrated that rHuEpo did not act directly on these tumor cells to pro-
mote growth and survival pathway signaling. Finally, the approach presented here may have
considerable utility to address other important questions in tumor-cell signaling.

Supporting Information
S1 Appendix. Supplemental materials and methods.
(DOCX)
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S1 Fig. Hematoxylin and eosin (H&E) stain of representative breast cancer samples. Identi-
fication of malignant cells and overall tumor content was assessed by a qualified pathologist for
all samples included in the study. H&E images (20X magnification) from two breast cancer
samples representing (A) low tumor content (6% tumor by area) and (B) high tumor content
(80% tumor by area) are shown.
(EPS)

S2 Fig. Induction of pERK and pAKT in matched normal and tumor cells. Nineteen
matched normal and tumor samples were stimulated individually with EGF, HGF, and IGF1.
FACS analysis was performed for AKT and ERK pathway utilization.
(EPS)

S3 Fig. Gating strategy and representative histograms demonstrating Epo driven pSTAT5
induction in bone marrow derived eyrthroid precursors across dose and time.
(EPS)

S4 Fig. Representative histograms in UT7/ Epo control line demonstrating induction of
(A) pAKT, (B) pERK, and (C) pSTAT5.
(EPS)

S5 Fig. Analysis of effect of dispase on expression and function of EpoR in UT-7/Epo. Dis-
aggregation of tumor tissues to obtain single-cell populations employed proteolytic enzymes
that did not compromise analysis of expression and/or function of cell-surface receptors. Dis-
pase enzyme was used since it is selective for components of the extra-cellular matrix. While it
was possible that dispase could reduce levels of cell-surface receptors including EpoR (if it were
expressed) as well as IGF-1R, EGFR, and c-Met, this was not observed. To optimize enzyme di-
gestion conditions to examine this possibility, EpoR cell-surface expression and function were
evaluated in the presence of a range of dispase concentrations in UT-7/Epo cells. (A) Relation-
ship between cell-surface levels of EpoR and dispase concentration. EpoR levels were reported
as a ratio of mean MFI values relative to the appropriate isotype control. (B) Following dispase
digestion, cells were stimulated with rHuEpo at 1U/mL for 5 minutes. Stimulated cells were
fixed and permeabilized. To analyze signaling pathways, treated cells were stained with anti-
bodies that are specific for pAKT and pSTAT5. Levels of phosphorylation were expressed as
the ratio of MFIs following addition to vehicle-treated cells. This demonstrates that dispase
does not interfere with the sensitivity of cell-surface EpoR nor EpoR function.
(EPS)

S6 Fig. Gating strategy and representative histograms showing pathway response to 5 min-
ute stimulation. (A) Vehicle, 300 U/mL rHuEpo or growth factor cocktail for (B) pERK induc-
tion, (C) pAKT induction, (D) pSTAT5 induction. Red plus sign indicates a measurable
stimulation response to rHuEpo or growth factor cocktail.
(EPS)

S7 Fig. Time course experiment of pAKT, pSTAT5, and pERK in the UT-7/Epo cell-line.
To analyze signaling pathways, cells were stimulated with growth factors, harvested at various
time points, and analyzed by flow cytometry with antibodies specific for pAKT, pSTAT5, and
pERK. Levels of phosphorylation were expressed as the ratio of MFIs following addition to ve-
hicle-treated cells.
(EPS)

S8 Fig. pSTAT3 is not activated in response to rHuEpo in primary tumor cell populations
from human tumor tissues. (a) colorectal (n = 33), (b) breast (n = 27), (c) non-small cell lung
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(n = 34), (d) ovarian (n = 25). Levels are reported as a ratio of mean fluorescent intensity (MFI)
values relative to the appropriate isotype control. (Note: the ratio to isotype was used to nor-
malize data and does not serve as baseline measure; i.e., a ratio of 1 does not imply a lack of
stimulation).
(EPS)

S9 Fig. EpoR surface expression concordance between MAb307 (R&D Systems) and A82
(Amgen, Inc) across a panel of negative and receptor positive cell-lines. (A) Flow cytometry
with Y-axis values expressed as a fold change above a matched isotype control. (B) Correlation
of EpoR surface expression as measured by flow cytometry. Y-axis values represent MAb307.
X-axis values represent A82. Data is expressed as a fold change above a matched isotype con-
trol for each antibody.
(EPS)

S1 Table. Aneuploid distribution in tumor samples.
(DOCX)

S2 Table. Details of Her2 status by immunohistochemistry (IHC).
(DOCX)

Acknowledgments
We thank Yanyan Tudor for technical assistance; Jenn Hawkins and Rachel Hooks for tissue
management assistance; Robert Loberg, Brian Kotzin, Angus Sinclair, Angela Coxon, David
Reese, Chet Bohac, and Richard Markus for critically reviewing the manuscript; Linda Rice and
Shawn Lee at Amgen for editorial and writing assistance.

Author Contributions
Conceived and designed the experiments: IM SDP CGB VDF SE. Performed the experiments:
IM KP LB JMR. Analyzed the data: IM SDP CGB VDF JMR SE. Wrote the paper: IM SDP
CGB VDF JMR KP LB SE.

References
1. Groopman JE, Itri LM. Chemotherapy-induced anemia in adults: incidence and treatment. Journal of

the National Cancer Institute. 1999; 91(19):1616–1634. PMID: 10511589

2. Ludwig H, Van Belle S, Barrett-Lee P, Birgegard G, Bokemeyer C, Gascon P, et al. The European Can-
cer Anaemia Survey (ECAS): a large, multinational, prospective survey defining the prevalence, inci-
dence, and treatment of anaemia in cancer patients. Eur J Cancer. 2004; 40(15):2293–2306. PMID:
15454256

3. Caro JJ, Salas M, Ward A, Goss G. Anemia as an independent prognostic factor for survival in patients
with cancer: a systemic, quantitative review. Cancer. 2001; 91(12):2214–2221. PMID: 11413508

4. Cella D, Dobrez D, Glaspy J. Control of cancer-related anemia with erythropoietic agents: a review of
evidence for improved quality of life and clinical outcomes. Ann Oncol. 2003; 14(4):511–519. PMID:
12649095

5. Egrie JC, Browne JK. Development and characterization of novel erythropoiesis stimulating protein
(NESP). British journal of cancer. 2001; 84 Suppl 1:3–10. PMID: 11308268

6. Hedenus M, Adriansson M, San Miguel J, Kramer MH, Schipperus MR, Juvonen E, et al. Efficacy and
safety of darbepoetin alfa in anaemic patients with lymphoproliferative malignancies: a randomized,
double-blind, placebo-controlled study. British journal of haematology. 2003; 122(3):394–403. PMID:
12877666

7. Littlewood TJ, Bajetta E, Nortier JW, Vercammen E, Rapoport B. Effects of epoetin alfa on hematologic
parameters and quality of life in cancer patients receiving nonplatinum chemotherapy: results of a ran-
domized, double-blind, placebo-controlled trial. J Clin Oncol. 2001; 19(11):2865–2874. PMID:
11387359

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 21 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122149.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122149.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122149.s012
http://www.ncbi.nlm.nih.gov/pubmed/10511589
http://www.ncbi.nlm.nih.gov/pubmed/15454256
http://www.ncbi.nlm.nih.gov/pubmed/11413508
http://www.ncbi.nlm.nih.gov/pubmed/12649095
http://www.ncbi.nlm.nih.gov/pubmed/11308268
http://www.ncbi.nlm.nih.gov/pubmed/12877666
http://www.ncbi.nlm.nih.gov/pubmed/11387359


8. Vansteenkiste J, Pirker R, Massuti B, Barata F, Font A, Fiegl M, et al. Double-blind, placebo-controlled,
randomized phase III trial of darbepoetin alfa in lung cancer patients receiving chemotherapy. Journal
of the National Cancer Institute. 2002; 94(16):1211–1220. PMID: 12189224

9. Bohlius J, Wilson J, Seidenfeld J, Piper M, Schwarzer G, Sandercock J, et al. Recombinant human
erythropoietins and cancer patients: updated meta-analysis of 57 studies including 9353 patients. Jour-
nal of the National Cancer Institute. 2006; 98(10):708–714. PMID: 16705125

10. Hadland BK, Longmore GD. Erythroid-stimulating agents in cancer therapy: potential dangers and bio-
logic mechanisms. J Clin Oncol. 2009; 27(25):4217–4226. doi: 10.1200/JCO.2008.21.6945 PMID:
19636005

11. Elliott S, Busse L, McCaffery I, Rossi J, Sinclair A, Spahr C, et al. Identification of a sensitive anti-
erythropoietin receptor monoclonal antibody allows detection of low levels of EpoR in cells. Journal of
immunological methods. 2010; 352(1–2):126–139. doi: 10.1016/j.jim.2009.11.016 PMID: 19945460

12. Sinclair AM, Coxon A, McCaffery I, Kaufman S, Paweletz K, Liu L, et al. Functional erythropoietin recep-
tor is undetectable in endothelial, cardiac, neuronal, and renal cells. Blood. 2010; 115(21):4264–4272.
doi: 10.1182/blood-2009-10-248666 PMID: 20124513

13. Osterborg A, Aapro M, Cornes P, Haselbeck A, Hayward CR, JelkmannW. Preclinical studies of eryth-
ropoietin receptor expression in tumour cells: impact on clinical use of erythropoietic proteins to correct
cancer-related anaemia. Eur J Cancer. 2007; 43(3):510–519. PMID: 17150352

14. Henke M, Mattern D, Pepe M, Bezay C, Weissenberger C, Werner M, et al. Do erythropoietin receptors
on cancer cells explain unexpected clinical findings? J Clin Oncol. 2006; 24(29):4708–4713. PMID:
17028293

15. Arcasoy MO, Amin K, Karayal AF, Chou SC, Raleigh JA, Varia MA, et al. Functional significance of
erythropoietin receptor expression in breast cancer. Laboratory investigation; a journal of technical
methods and pathology. 2002; 82(7):911–918. PMID: 12118093

16. Westphal G, Niederberger E, Blum C, Wollman Y, Knoch TA, Rebel W, et al. Erythropoietin and G-CSF
receptors in human tumor cells: expression and aspects regarding functionality. Tumori. 2002; 88
(2):150–159. PMID: 12088257

17. Acs G, Acs P, Beckwith SM, Pitts RL, Clements E, Wong K, et al. Erythropoietin and erythropoietin re-
ceptor expression in human cancer. Cancer research. 2001; 61(9):3561–3565. PMID: 11325818

18. Miller CP, lowe KA, Valliant-Saunders K, Kaiser JF, Mattern D, Urban N, et al. Evaluating erythropoie-
tin-associated tumor progression using archival tissues from a phase III clinical trial. Stem cells (Day-
ton, Ohio). 2009; 27(9):2353–2361. doi: 10.1002/stem.156 PMID: 19544471

19. Elliott S, Busse L, Swift S, McCaffery I, Rossi J, Kassner P, et al. Lack of expression and function of
erythropoietin receptors in the kidney. Nephrol Dial Transplant. 2012; 27(7):2733–2745. doi: 10.1093/
ndt/gfr698 PMID: 22167585

20. Elliott S, Sinclair AM. The effect of erythropoietin on normal and neoplastic cells. Biologics. 2012;
6:163–189. doi: 10.2147/BTT.S32281 PMID: 22848149

21. BrownWM, Maxwell P, Graham AN, Yakkundi A, Dunlop EA, Shi Z, et al. Erythropoietin receptor ex-
pression in non-small cell lung carcinoma: a question of antibody specificity. Stem cells (Dayton, Ohio).
2007; 25(3):718–722. PMID: 17110616

22. Elliott S, Busse L, Bass MB, Lu H, Sarosi I, Sinclair AM, et al. Anti-Epo receptor antibodies do not pre-
dict Epo receptor expression. Blood. 2006; 107(5):1892–1895. PMID: 16249375

23. Sinclair AM, Rogers N, Busse L, Archibeque I, BrownW, Kassner PD, et al. Erythropoietin receptor
transcription is neither elevated nor predictive of surface expression in human tumour cells. British jour-
nal of cancer. 2008; 98:1059–1067. doi: 10.1038/sj.bjc.6604220 PMID: 18349818

24. Lai SY, Childs EE, Xi S, Coppelli FM, Gooding WE, Wells A, et al. Erythropoietin-mediated activation of
JAK-STAT signaling contributes to cellular invasion in head and neck squamous cell carcinoma. Onco-
gene. 2005; 24(27):4442–4449. PMID: 15856028

25. Takeshita A, Shinjo K, Higuchi M, Miyawaki S, Takemoto Y, Kishimoto Y, et al. Quantitative expression
of erythropoietin receptor (EPO-R) on acute leukaemia cells: relationships between the amount of
EPO-R and CD phenotypes, in vitro proliferative response, the amount of other cytokine receptors and
clinical prognosis. Japan Adult Leukaemia Study Group. British journal of haematology. 2000; 108
(1):55–63. PMID: 10651724

26. Liang K, Esteva FJ, Albarracin C, Stemke-Hale K, Lu Y, Bianchini G, et al. Recombinant human eryth-
ropoietin antagonizes trastuzumab treatment of breast cancer cells via Jak2-mediated Src activation
and PTEN inactivation. Cancer Cell. 2010; 18(5):423–435. doi: 10.1016/j.ccr.2010.10.025 PMID:
21075308

27. Laugsch M, Metzen E, Svensson T, Depping R, JelkmannW. Lack of functional erythropoietin recep-
tors of cancer cell lines. International journal of cancer. 2008; 122(5):1005–1011. PMID: 17990315

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 22 / 25

http://www.ncbi.nlm.nih.gov/pubmed/12189224
http://www.ncbi.nlm.nih.gov/pubmed/16705125
http://dx.doi.org/10.1200/JCO.2008.21.6945
http://www.ncbi.nlm.nih.gov/pubmed/19636005
http://dx.doi.org/10.1016/j.jim.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19945460
http://dx.doi.org/10.1182/blood-2009-10-248666
http://www.ncbi.nlm.nih.gov/pubmed/20124513
http://www.ncbi.nlm.nih.gov/pubmed/17150352
http://www.ncbi.nlm.nih.gov/pubmed/17028293
http://www.ncbi.nlm.nih.gov/pubmed/12118093
http://www.ncbi.nlm.nih.gov/pubmed/12088257
http://www.ncbi.nlm.nih.gov/pubmed/11325818
http://dx.doi.org/10.1002/stem.156
http://www.ncbi.nlm.nih.gov/pubmed/19544471
http://dx.doi.org/10.1093/ndt/gfr698
http://dx.doi.org/10.1093/ndt/gfr698
http://www.ncbi.nlm.nih.gov/pubmed/22167585
http://dx.doi.org/10.2147/BTT.S32281
http://www.ncbi.nlm.nih.gov/pubmed/22848149
http://www.ncbi.nlm.nih.gov/pubmed/17110616
http://www.ncbi.nlm.nih.gov/pubmed/16249375
http://dx.doi.org/10.1038/sj.bjc.6604220
http://www.ncbi.nlm.nih.gov/pubmed/18349818
http://www.ncbi.nlm.nih.gov/pubmed/15856028
http://www.ncbi.nlm.nih.gov/pubmed/10651724
http://dx.doi.org/10.1016/j.ccr.2010.10.025
http://www.ncbi.nlm.nih.gov/pubmed/21075308
http://www.ncbi.nlm.nih.gov/pubmed/17990315


28. Swift S, Ellison AR, Kassner P, McCaffery I, Rossi J, Sinclair AM, et al. Absence of functional EpoR ex-
pression in human tumor cell lines. Blood. 2010; 115(21):4254–4263. doi: 10.1182/blood-2009-10-
248674 PMID: 20124514

29. Komatsu N, Yamamoto M, Fujita H, Miwa A, Hatake K, Endo T, et al. Establishment and characteriza-
tion of an erythropoietin-dependent subline, UT-7/Epo, derived from human leukemia cell line, UT-7.
Blood. 1993; 82(2):456–464. PMID: 8329702

30. Thoma SJ, Lamping CP, Ziegler BL. Phenotype analysis of hematopoietic CD34+ cell populations de-
rived from human umbilical cord blood using flow cytometry and cDNA-polymerase chain reaction.
Blood. 1994; 83(8):2103–2114. PMID: 7512840

31. Amgen. Aranesp (Darbepoetin alfa) package insert. Amgen Inc., Thousand Oaks, CA. 2010.

32. Elliott S, Swift S, Busse L, Scully S, Van G, Rossi J, et al. Epo receptors are not detectable in primary
human tumor tissue samples. PLoS One. 2013; 8(7):e68083. doi: 10.1371/journal.pone.0068083 Print
2013. PMID: 23861852

33. Perez OD, Nolan GP. Simultaneous measurement of multiple active kinase states using polychromatic
flow cytometry. Nat Biotechnol. 2002; 20(2):155–162. PMID: 11821861

34. Kirkeby A, van Beek J, Nielsen J, Leist M, Helboe L. Functional and immunochemical characterisation
of different antibodies against the erythropoietin receptor. J Neurosci Methods. 2007; 164(1):50–58.
PMID: 17524492

35. Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L, et al. Efficacy and safety of
trastuzumab as a single agent in first-line treatment of HER2-overexpressing metastatic breast cancer.
J Clin Oncol. 2002; 20(3):719–726. PMID: 11821453

36. Glaspy JA. Erythropoiesis-stimulating agents in oncology. J Natl Compr Canc Netw. 2008; 6
(6):565–575. PMID: 18597710

37. Ortho. Procrit (Epoetin alfa) package insert. Centocor Ortho Biotech Inc., L.P., Raritan, NJ. 2010.

38. Blohmer J-U, Wurschmidt F, Petry U, Weise G, Sehouli J, Kimming R, et al. Results with sequential ad-
juvant chemo-radiotherapy with vs without epoetin alfa for patients with high-risk cervical cancer: Re-
sults of a prospective, randomized, open and controlled AGO- and NOGGO-intergroup study. Ann
Oncol. 2004 (abstr 477PD: ); 15.

39. Moebus V, Lueck H, Thomssen C, Harbeck N, Nitz U, Kreienberg R, et al. The impact of epoetin-alpha
on anemia, red blood cell (RBC) transfusions, and survival in breast cancer patients (pts) treated with
dose-dense sequential chemotherapy: Mature results of an AGO phase III study (ETC trial). J Clin
Oncol. 2007 (abstr 569: ); 25.

40. Witzig TE, Silberstein PT, Loprinzi CL, Sloan JA, Novotny PJ, Mailliard JA, et al. Phase III, randomized,
double-blind study of epoetin alfa compared with placebo in anemic patients receiving chemotherapy. J
Clin Oncol. 2005; 23(12):2606–2617. PMID: 15452187

41. Glaspy J, Crawford J, Vansteenkiste J, Henry D, Rao S, Bowers P, et al. Erythropoiesis-stimulating
agents in oncology: a study-level meta-analysis of survival and other safety outcomes. Br J Cancer.
2010; 102(2):301–315. doi: 10.1038/sj.bjc.6605498 PMID: 20051958

42. JelkmannW, Bohlius J, Hallek M, Sytkowski AJ. The erythropoietin receptor in normal and cancer tis-
sues. Crit Rev Oncol Hematol. 2008; 67(1):39–61. doi: 10.1016/j.critrevonc.2008.03.006 PMID:
18434185

43. Kirkeby A, van Beek J, Nielsen J, Leist M, Helboe L. Functional and immunochemical characterisation
of different antibodies against the erythropoietin receptor. Journal of neuroscience methods. 2007; 164
(1):50–58. PMID: 17524492

44. Sturiale A, Campo S, Crasci E, Coppolino G, Bolignano D, Grasso G, et al. Erythropoietin and its lost re-
ceptor. Nephrol Dial Transplant. 2007; 22(5):1484–1485. PMID: 17267537

45. Jeong JY, Feldman L, Solar P, Szenajch J, Sytkowski AJ. Characterization of erythropoietin receptor
and erythropoietin expression and function in human ovarian cancer cells. International journal of can-
cer. 2008; 122(2):274–280. PMID: 17893874

46. Yasuda Y, Fujita Y, Matsuo T, Koinuma S, Hara S, Tazaki A, et al. Erythropoietin regulates tumour
growth of humanmalignancies. Carcinogenesis. 2003; 24(6):1021–1029. PMID: 12807756

47. Hardee ME, Cao Y, Fu P, Jiang X, Zhao Y, Rabbani ZN, et al. Erythropoietin blockade inhibits the in-
duction of tumor angiogenesis and progression. PLoS One. 2007; 2(6):e549. doi: 10.1371/journal.
pone.0000549 PMID: 17579721

48. Satoh K, Kagaya Y, Nakano M, Ito Y, Ohta J, Tada H, et al. Important role of endogenous erythropoietin
system in recruitment of endothelial progenitor cells in hypoxia-induced pulmonary hypertension in
mice. Circulation. 2006; 113(11):1442–1450. PMID: 16534010

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 23 / 25

http://dx.doi.org/10.1182/blood-2009-10-248674
http://dx.doi.org/10.1182/blood-2009-10-248674
http://www.ncbi.nlm.nih.gov/pubmed/20124514
http://www.ncbi.nlm.nih.gov/pubmed/8329702
http://www.ncbi.nlm.nih.gov/pubmed/7512840
http://dx.doi.org/10.1371/journal.pone.0068083
http://www.ncbi.nlm.nih.gov/pubmed/23861852
http://www.ncbi.nlm.nih.gov/pubmed/11821861
http://www.ncbi.nlm.nih.gov/pubmed/17524492
http://www.ncbi.nlm.nih.gov/pubmed/11821453
http://www.ncbi.nlm.nih.gov/pubmed/18597710
http://www.ncbi.nlm.nih.gov/pubmed/15452187
http://dx.doi.org/10.1038/sj.bjc.6605498
http://www.ncbi.nlm.nih.gov/pubmed/20051958
http://dx.doi.org/10.1016/j.critrevonc.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18434185
http://www.ncbi.nlm.nih.gov/pubmed/17524492
http://www.ncbi.nlm.nih.gov/pubmed/17267537
http://www.ncbi.nlm.nih.gov/pubmed/17893874
http://www.ncbi.nlm.nih.gov/pubmed/12807756
http://dx.doi.org/10.1371/journal.pone.0000549
http://dx.doi.org/10.1371/journal.pone.0000549
http://www.ncbi.nlm.nih.gov/pubmed/17579721
http://www.ncbi.nlm.nih.gov/pubmed/16534010


49. Nakano M, Satoh K, Fukumoto Y, Ito Y, Kagaya Y, Ishii N, et al. Important role of erythropoietin receptor
to promote VEGF expression and angiogenesis in peripheral ischemia in mice. Circulation research.
2007; 100(5):662–669. PMID: 17293480

50. Siren AL, Fratelli M, Brines M, Goemans C, Casagrande S, Lewczuk P, et al. Erythropoietin prevents
neuronal apoptosis after cerebral ischemia and metabolic stress. Proceedings of the National Academy
of Sciences of the United States of America. 2001; 98(7):4044–4049. PMID: 11259643

51. Sakanaka M, Wen TC, Matsuda S, Masuda S, Morishita E, Nagao M, et al. In vivo evidence that eryth-
ropoietin protects neurons from ischemic damage. Proceedings of the National Academy of Sciences
of the United States of America. 1998; 95(8):4635–4640. PMID: 9539790

52. Gorio A, Gokmen N, Erbayraktar S, Yilmaz O, Madaschi L, Cichetti C, et al. Recombinant human eryth-
ropoietin counteracts secondary injury and markedly enhances neurological recovery from experimen-
tal spinal cord trauma. Proceedings of the National Academy of Sciences of the United States of
America. 2002; 99(14):9450–9455. PMID: 12082184

53. Salahudeen AK, Haider N, Jenkins J, Joshi M, Patel H, Huang H, et al. Antiapoptotic properties of eryth-
ropoiesis-stimulating proteins in models of cisplatin-induced acute kidney injury. American journal of
physiology Renal physiology. 2008; 294(6):F1354–1365. doi: 10.1152/ajprenal.00131.2008 PMID:
18385271

54. Bahlmann FH, Fliser D. Erythropoietin and renoprotection. Current opinion in nephrology and hyperten-
sion. 2009; 18(1):15–20. doi: 10.1097/MNH.0b013e32831a9dde PMID: 19077684

55. Calvillo L, Latini R, Kajstura J, Leri A, Anversa P, Ghezzi P, et al. Recombinant human erythropoietin
protects the myocardium from ischemia-reperfusion injury and promotes beneficial remodeling. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2003; 100
(8):4802–4806. PMID: 12663857

56. Moon C, Krawczyk M, Ahn D, Ahmet I, Paik D, Lakatta EG, et al. Erythropoietin reduces myocardial in-
farction and left ventricular functional decline after coronary artery ligation in rats. Proceedings of the
National Academy of Sciences of the United States of America. 2003; 100(20):11612–11617. PMID:
14500913

57. Baker JE, Kozik D, Hsu AK, Fu X, Tweddell JS, Gross GJ. Darbepoetin alfa protects the rat heart
against infarction: dose-response, phase of action, and mechanisms. Journal of cardiovascular phar-
macology. 2007; 49(6):337–345. PMID: 17577097

58. Parsa CJ, Kim J, Riel RU, Pascal LS, Thompson RB, Petrofski JA, et al. Cardioprotective effects of
erythropoietin in the reperfused ischemic heart: a potential role for cardiac fibroblasts. The Journal of bi-
ological chemistry. 2004; 279(20):20655–20662. PMID: 15020586

59. Katavetin P, Tungsanga K, Eiam-Ong S, Nangaku M. Antioxidative effects of erythropoietin. Kidney in-
ternational Supplement. 2007;( 107):S10–5. doi: 10.1038/sj.ki.5002482 PMID: 17943138

60. Brendt P, Frey U, Adamzik M, Schafer ST, Peters J. Darbepoetin alpha, a long-acting erythropoeitin
derivate, does not alter LPS evoked myocardial depression and gene expression of Bax, Bcl-Xs, Bcl-
XL, Bcl-2, and TNF-alpha. Shock. 2009; 31(1):50–54. doi: 10.1097/SHK.0b013e31817c0188 PMID:
18497705

61. Spreer A, Gerber J, Hanssen M, Nau R. No neuroprotective effect of erythropoietin under clinical treat-
ment conditions in a rabbit model of Escherichia coli meningitis. Pediatric research. 2007; 62
(6):680–683. PMID: 17957150

62. Abdelrahman M, Sharples EJ, McDonald MC, Collin M, Patel NS, Yaqoob MM, et al. Erythropoietin at-
tenuates the tissue injury associated with hemorrhagic shock and myocardial ischemia. Shock. 2004;
22(1):63–69. PMID: 15201704

63. Ehrenreich H, Weissenborn K, Prange H, Schneider D, Weimar C, Wartenberg K, et al. Recombinant
human erythropoietin in the treatment of acute ischemic stroke. Stroke; a journal of cerebral circulation.
2009; 40(12):e647–656. doi: 10.1161/STROKEAHA.109.564872 PMID: 19834012

64. Springborg JB, Moller C, Gideon P, Jorgensen OS, Juhler M, Olsen NV. Erythropoietin in patients with
aneurysmal subarachnoid haemorrhage: a double blind randomised clinical trial. Acta neurochirurgica.
2007; 149(11):1089–1101; discussion 101. doi: 10.1007/s00701-007-1284-z PMID: 17876497

65. Talving P, Lustenberger T, Kobayashi L, Inaba K, Barmparas G, Schnuriger B, et al. Erythropoiesis
stimulating agent administration improves survival after severe traumatic brain injury: a matched case
control study. Annals of surgery. 2010; 251(1):1–4. doi: 10.1097/SLA.0b013e3181b844fa PMID:
19779323

66. Binbrek AS, Rao NS, Al Khaja N, Assaqqaf J, Sobel BE. Erythropoietin to augment myocardial salvage
induced by coronary thrombolysis in patients with ST segment elevation acute myocardial infarction.
The American journal of cardiology. 2009; 104(8):1035–1040. doi: 10.1016/j.amjcard.2009.05.050
PMID: 19801020

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 24 / 25

http://www.ncbi.nlm.nih.gov/pubmed/17293480
http://www.ncbi.nlm.nih.gov/pubmed/11259643
http://www.ncbi.nlm.nih.gov/pubmed/9539790
http://www.ncbi.nlm.nih.gov/pubmed/12082184
http://dx.doi.org/10.1152/ajprenal.00131.2008
http://www.ncbi.nlm.nih.gov/pubmed/18385271
http://dx.doi.org/10.1097/MNH.0b013e32831a9dde
http://www.ncbi.nlm.nih.gov/pubmed/19077684
http://www.ncbi.nlm.nih.gov/pubmed/12663857
http://www.ncbi.nlm.nih.gov/pubmed/14500913
http://www.ncbi.nlm.nih.gov/pubmed/17577097
http://www.ncbi.nlm.nih.gov/pubmed/15020586
http://dx.doi.org/10.1038/sj.ki.5002482
http://www.ncbi.nlm.nih.gov/pubmed/17943138
http://dx.doi.org/10.1097/SHK.0b013e31817c0188
http://www.ncbi.nlm.nih.gov/pubmed/18497705
http://www.ncbi.nlm.nih.gov/pubmed/17957150
http://www.ncbi.nlm.nih.gov/pubmed/15201704
http://dx.doi.org/10.1161/STROKEAHA.109.564872
http://www.ncbi.nlm.nih.gov/pubmed/19834012
http://dx.doi.org/10.1007/s00701-007-1284-z
http://www.ncbi.nlm.nih.gov/pubmed/17876497
http://dx.doi.org/10.1097/SLA.0b013e3181b844fa
http://www.ncbi.nlm.nih.gov/pubmed/19779323
http://dx.doi.org/10.1016/j.amjcard.2009.05.050
http://www.ncbi.nlm.nih.gov/pubmed/19801020


67. Ferrario M, Arbustini E, Massa M, Rosti V, Marziliano N, Raineri C, et al. High-dose erythropoietin in pa-
tients with acute myocardial infarction: a pilot, randomised, placebo-controlled study. International jour-
nal of cardiology. 2011; 147(1):124–131. doi: 10.1016/j.ijcard.2009.10.028 PMID: 19906454

68. Najjar SS, Rao SV, Melloni C, Raman SV, Povsic TJ, Melton L, et al. Intravenous erythropoietin in pa-
tients with ST-segment elevation myocardial infarction: REVEAL: a randomized controlled trial. Jama.
2011; 305(18):1863–1872. doi: 10.1001/jama.2011.592 PMID: 21558517

69. Voors AA, Belonje AM, Zijlstra F, Hillege HL, Anker SD, Slart RH, et al. A single dose of erythropoietin
in ST-elevation myocardial infarction. European heart journal. 2010; 31(21):2593–2600. doi: 10.1093/
eurheartj/ehq304 PMID: 20802250

70. Kamar N, Reboux AH, Cointault O, Esposito L, Cardeau-Desangles I, Lavayssiere L, et al. Impact of
very early high doses of recombinant erythropoietin on anemia and allograft function in de novo kidney-
transplant patients. Transplant international: official journal of the European Society for Organ Trans-
plantation. 2010; 23(3):277–284.

71. Endre ZH, Walker RJ, Pickering JW, Shaw GM, Frampton CM, Henderson SJ, et al. Early intervention
with erythropoietin does not affect the outcome of acute kidney injury (the EARLYARF trial). Kidney in-
ternational. 2010; 77(11):1020–1030. doi: 10.1038/ki.2010.25 PMID: 20164823

72. Park J, Gage BF, Vijayan A. Use of EPO in critically ill patients with acute renal failure requiring renal re-
placement therapy. American journal of kidney diseases: the official journal of the National Kidney
Foundation. 2005; 46(5):791–798. PMID: 16253718

73. Song YR, Lee T, You SJ, Chin HJ, Chae DW, Lim C, et al. Prevention of acute kidney injury by erythro-
poietin in patients undergoing coronary artery bypass grafting: a pilot study. American journal of ne-
phrology. 2009; 30(3):253–260. doi: 10.1159/000223229 PMID: 19494484

74. Broudy VC, Lin N, Brice M, Nakamoto B, Papayannopoulou T. Erythropoietin receptor characteristics
on primary human erythroid cells. Blood. 1991; 77(12):2583–2590. PMID: 1646044

75. Sawada K, Krantz SB, Sawyer ST, Civin CI. Quantitation of specific binding of erythropoietin to human
erythroid colony-forming cells. Journal of cellular physiology. 1988; 137(2):337–345. PMID: 3192618

76. Wickrema A, Krantz SB, Winkelmann JC, Bondurant MC. Differentiation and erythropoietin receptor
gene expression in human erythroid progenitor cells. Blood. 1992; 80(8):1940–1949. PMID: 1391953

EpoR Pathway Utilization Is Not Detected in Human Tumor Tissues

PLOS ONE | DOI:10.1371/journal.pone.0122149 March 25, 2015 25 / 25

http://dx.doi.org/10.1016/j.ijcard.2009.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19906454
http://dx.doi.org/10.1001/jama.2011.592
http://www.ncbi.nlm.nih.gov/pubmed/21558517
http://dx.doi.org/10.1093/eurheartj/ehq304
http://dx.doi.org/10.1093/eurheartj/ehq304
http://www.ncbi.nlm.nih.gov/pubmed/20802250
http://dx.doi.org/10.1038/ki.2010.25
http://www.ncbi.nlm.nih.gov/pubmed/20164823
http://www.ncbi.nlm.nih.gov/pubmed/16253718
http://dx.doi.org/10.1159/000223229
http://www.ncbi.nlm.nih.gov/pubmed/19494484
http://www.ncbi.nlm.nih.gov/pubmed/1646044
http://www.ncbi.nlm.nih.gov/pubmed/3192618
http://www.ncbi.nlm.nih.gov/pubmed/1391953

