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Erythropoietin Promotes
the Growth of Tumors

Lacking Its Receptor and
Decreases Survival of
Tumor-Bearing Mice by
Enhancing Angiogenesis’

Abstract

Erythropoietin (Epo), a known hematopoietic growth factor, has been reported to promote tumor growth and angio-
genesis in Epo receptor (EpoR)-positive tumors, but its effects on EpoR-negative tumors have not been clearly
shown. Here, we show that Epo accelerates the growth of EpoR-negative tumors by promoting tumor angiogenesis.
Mice were inoculated with Lewis lung carcinoma cells and treated with Epo. Erythropoietin accelerated tumor
growth and increased intratumoral microvessel density, although it did not accelerate Lewis lung carcinoma cell
tumor proliferation /in vitro. To observe the direct effect of Epo on endothelial cells, we examined human dermal
microvascular endothelial cells (HMVECs) that expressed EpoR. Erythropoietin induced the proliferation of HMVECs
and protected them from H,O,-induced cell death. Erythropoietin activated the extracellular signal-regulated kinase
signaling pathway and up-regulated the expression of the downstream antiapoptotic protein Bel-xL in HMVECs.
Moreover, in both the absence and presence of tumors, /n vivo treatment of mice with Epo increased circulating
endothelial progenitor cells. To investigate the role of Epo in a primary tumor model, we inoculated the chemical
carcinogen methylcholanthrene (MCA) subcutaneously into mice at two doses, a high or a low dose, which induced
fibrosarcoma, and treated them with Epo. Erythropoietin promoted tumor growth after MCA inoculation at both
doses and decreased the overall survival of the mice inoculated with the high-dose MCA. However, Epo did not in-
crease theincidence of fibrosarcoma at either dose. Lewis lung carcinoma cells and MCA-induced fibrosarcomas did
not express EpoR. These results suggest that Epo accelerates the growth of tumors that lack EpoR expression by
promoting tumor angiogenesis.
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Introduction

Hematopoietic growth factors are often used in intensive cancer
chemotherapy to help overcome myelosuppression, a reduction in
blood cell numbers caused by anticancer treatment. However, recent
studies in mice suggest that hematopoietic growth factors such as
macrophage colony-stimulating factor (M-CSF) and granulocyte
colony-stimulating factor (G-CSF) can cause tumor growth by pro-
moting angiogenesis [1-3], which supplies blood to solid tumors
[4,5]. Erythropoietin (Epo) is one of the hematopoietic growth fac-
tors often used in cancer treatment. It normally regulates the prolif-
eration, survival, and differentiation of the erythroid lineage, but
recent studies have shown that Epo can act on nonhematopoietic or-
gans including solid tumors [6]. The effect of Epo on the survival
rate of cancer patients seems variable: Epo decreases the survival of
cancer patients with head and neck, metastatic breast, or non—small
cell lung cancer [7-9], but by contrast, erythropoiesis-stimulating
agents (ESAs), which include Epo, does not reduce the survival rate
of patients with small cell lung cancer [10]. In 2007, the Food and
Drug Administration convened a meeting to discuss the risks of ad-
ministrating ESAs to cancer patients. However, no clear conclusion
was reached, and the Food and Drug Administration simply advised
caution in the use of ESAs [10]. A clearer understanding of Epo’s
effect on tumor growth is therefore urgently needed to help clinicians
decide whether to prescribe Epo to their cancer patients.

One way in which Epo could trigger tumor growth is by acting
directly on the tumor cells because many tumor cells express the
Epo receptor (EpoR). However, the response of EpoR-expressing
tumor cells to Epo varies. Some studies found that Epo treatment
can increase tumor cell numbers in vitro [11-13], although others
found no effect [6]. Ir vivo studies found that blocking Epo function
can inhibit the progression of certain tumors [13,14], although other
studies found that Epo treatment had no effect on tumor growth
[15]. Whereas the effect of Epo on EpoR-positive tumors is still
controversial, even less is known about the effects of Epo on EpoR-
negative tumors.

Several studies suggest that Epo could act indirectly on tumor
growth. For instance, Epo has been reported to act on tumor angio-
genesis [6,16] and some studies have shown a direct effect of Epo on
some endothelial cells (ECs) [17,18]. Moreover, Epo can increase the
number of circulating endothelial progenitor cells (EPCs) in tumor-
free humans and mice [19,20]. However, although EPCs have re-
cently been found to contribute to tumor vessel formation [21,22],
the effect of Epo on circulating EPCs has not been reported in can-
cer models. In addition, because most previous studies used EpoR-
positive tumors, they could not distinguish between a direct effect of
Epo on tumors and an indirect effect through angiogenesis.

In the present study, we examined the effect of Epo on two types
of EpoR-negative tumors: implanted Lewis lung carcinoma cells
(LLCs) and primary fibrosarcoma induced by a chemical carcinogen
methylcholanthrene (MCA) [23]. We found that Epo could trigger
growth of these tumors by stimulating angiogenesis and examined
which pathway responded to Epo in the ECs.

Materials and Methods

Cell Culture

Lewis lung carcinoma cells, H9¢2 cells, and KLN 205 cells were
purchased from American Type Culture Collection (Manassas, VA).

Lewis lung carcinoma cells were cultured in a high-glucose Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum (FCS) and
100 pg/ml kanamycin. H9¢2 cells were cultured in a high-glucose
Dulbecco’s modified Eagle’s medium containing 10% FCS, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. H9¢2 cells were differenti-
ated to H9¢2 myotubes as previously shown [24]. KLN 205 cells
were cultured in minimum essential medium containing 10% FCS,
1% nonessential amino acids, and 100 pg/ml kanamycin. Normal
adult human dermal microvascular endothelial cells (HMVECs),
originally derived from foreskins, and human umbilical vein en-
dothelial cells (HUVECs) were purchased from Kurabo (Osaka,
Japan) and were cultured in HuMedia-MvG medium (Kurabo).

Lewis Lung Carcinoma Cell Tumor Model

Lewis lung carcinoma cells (3 x 10° cells per mouse) were injected
subcutaneously into the hind flank of male C57BL/6 mice (6-
9 weeks old) on day 0. Tumor size was quantified daily as width® x
length x 0.52 [1]. For tumor growth rate models, human recombi-
nant Epo (epoetin beta, 200 1U/kg; Chugai Seiyaku, Tokyo, Japan)
was injected into mice subcutaneously once a week from day 1.
The mice were killed on day 25 (total four Epo injections per
mouse). For the culture assay of EPCs, Epo was injected subcuta-
neously for 3 days daily from day 18, and the mice were killed on
day 21. Controls were subcutaneously injected with phosphate-
buffered saline (PBS).

Histology

When the diameter of the tumors reached approximately 1.2 cm,
tumors were fixed in 10% formalin, embedded in paraffin and
sectioned [1]. Control mice were killed on day 21, and the Epo-
treated mice were killed on day 19 (total three Epo injections). The
sections were stained with hematoxylin and eosin (H&E). The
intratumoral microvessel density was determined as previously de-
scribed by immunohistochemical staining with polyclonal anti—
human factor VIII-related antigen antibody (DakoCytomation,
Carpinteria, CA) [1,25,26].

Cell Proliferation and Cell Death Assays

The assays were performed as previously shown [27]. In shorrt,
LLCs (5 x 10> cells) were incubated with 0, 0.2, 1, or 5 IU/ml
Epo for 48 hours. Human dermal microvascular endothelial cells
(3 x 10? cells) were incubated with 0, 0.008, 0.04, 0.2, or 1 [U/ml
Epo for 36 or 48 hours. Then, the cell numbers were determined by
water-soluble tetrazolium (WST) assay using a Cell Counting Kit
(Dojindo, Tokyo, Japan). For cell death assays, HMVECs were incu-
bated with 0, 0.04, 0.2, or 1 IU/ml Epo for 16 hours. Then, the cells
were stimulated with H,O, for 8 hours. The WST assay determined
the cell viability.

Flow Cytometry

Fluorescein isothiocyanate-labeled anti-CD34 and purified rat
anti-CD144 (VE-cadherin) antibodies were purchased from BD
Pharmingen (San Diego, CA), PE-labeled anti-EpoR was purchased
from DakoCytomation, and control rat IgG2a was purchased from
eBioscience (San Diego, CA). Flow cytometry for EPCs was per-
formed as previously shown [1]. For EpoR detection, the cells were
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St. Louis, MO). Two independent investigators evaluated the num-
ber of double-positive cells by counting three randomly selected

high-power fields.

Methylcholanthrene-Induced Fibrosarcoma

Six-week-old male C57BL/6 mice were injected subcutaneously
into the hind flank with 25 (low dose) or 100 pg (high dose) of
3-MCA (Sigma-Aldrich) in 0.1 ml of maize oil. Development of
the fibrosarcoma was assessed periodically for 100 to 150 days. Tu-
mors more than 2 mm in diameter were recognized as positive. Tu-
mor size was quantified as described in the Lewis Lung Carcinoma
Cell Tumor Model section. For the MCA-induced fibrosarcoma cell
isolation, when the diameter of 100-ug MCA-induced fibrosarcoma
reached 1 cm, the mice were killed and the tumors were removed
aseptically. Tumors were cut into small pieces and treated with col-
lagenase (Sigma type IV) at 37°C for 1 hour. Clumps were removed,
and single cells were cultured in RPMI 1640 medium supplemented
with 10% FCS and 2 mM L-glutamine.

Data Analysis

Data are shown as mean + SD. Statistical analysis was performed
using analysis of variance with Fisher’s least significant difference test.
Statistical analysis of the overall survival of MCA-induced fibrosarcoma-
bearing mice was performed using Mann-Whitney U test. P values <
.05 were considered as significant.

Results

Erythropoietin Accelerates Tumor Growth In Vivo
But Not In Vitro

To test the effect of Epo in vive, we inoculated LLCs into mice
subcutaneously on day 0 and injected Epo or PBS into the mice once
a week starting at day 1. Erythropoietin significantly accelerated tu-
mor growth (Figure 14). To test whether this growth might reflect a
direct effect of Epo on LLCs, we examined the response of LLCs to
Epo in vitro. We found that Epo did not increase LLC proliferation
in vitro (Figure 1B). Because the FCS might contain some growth
factors that made high-growing background, we examined the re-
sponse of LLCs to Epo under low-FCS culture medium condition
that contained 5% FCS. We found that Epo did not increase LLC
proliferation under this condition (data not shown). The effect of
Epo on LLC tumor growth therefore seems to be indirect.

Erythropoietin Increases Tumor Microvessel Density In Vivo
To analyze the mechanism of tumor growth acceleration by Epo, we
stained the tumors with H&E and found that the number of tumor
blood vessels was higher in Epo-treated mice than in PBS-treated mice
(Figure 2, A and C). To quantify tumor angiogenesis, we stained
tumors with an antibody against the factor VIII-related antigen, a
blood vessel marker (Figure 2, B and D) [1,26]. Erythropoietin sig-
nificantly increased microvessel density in tumors (Figure 2E).

Erythropoietin Promotes Proliferation and Survival of
HMVEC In Vitro, Activates ERK Signaling, and Increases
Bcl-xL Expression

Because Epo promoted tumor angiogenesis, we examined effect of
Epo on ECs more precisely in vitro. We examined EpoR expression

on two types of ECs using FACS analysis. We found EpoR expres-
sion on HMVEC:s (Figure 34) but not on HUVECs (data not shown).
Because HMVECs expressed EpoR, we next examined HMVEC
proliferation after various periods of exposure to Epo. Erythropoietin
significantly promoted proliferation of HMVECs at 36 and 48 hours
of exposure (Figure 3B) but not at 24 hours (data not shown). An-
other hematopoietic growth factor, M-CSE, supports the survival of
cardiomyocytes and skeletal muscle cells in the presence of the toxic
dose of H,O, [24]. Therefore, we examined the effect of Epo on
the survival of HMVEGCs exposed to H,O,. Erythropoietin signif-
icantly protected HMVECs from H,Oj-induced cell death (Fig-
ure 3C). In erythroid cells, Epo activates cell signaling pathways
such as the Akt pathway, the Janus-associated kinase 2 (Jak2)-Stat5
pathway, and the ERK pathway [31,32]. To elucidate the molecular
mechanisms of Epo-induced proliferation and survival, the activa-
tion status of the ERK, Akt, and Stat5 signaling pathways was in-
vestigated in HMVECs after treatment with Epo. Erythropoietin
activated ERK, as indicated by ERK phosphorylation, although it
did not affect the total ERK protein levels in cell lysates (Fig-
ure 3D). In contrast, Epo did not activate Akt or Stat5 (Figure 3D).
Cell lysates derived from H9c2 myotubes stimulated with M-CSF
and Hela cells stimulated with IFN-a were used as positive con-
trols for the activated form of Akt and Stat5 respectively (Fig-
ure 3D). Extracellular signal-regulated kinase activation by Epo
up-regulates the antiapoptotic protein Bcl-xL in a leukemia cell
line and in erythroid progenitor cells [33]. Therefore, we examined
Bcl-xL expression in Epo-stimulated HMVECs. Low-level Bcl-xL
expression was detected in HMVECs without Epo stimulation
(Figure 3D). Erythropoietin up-regulated Bcl-xL expression after
12 and 24 hours of exposure (Figure 3D) before Epo has any effect
on cell proliferation. At later time points, Bcl-xL levels kept increas-
ing, but we cannot interpret this increase because of Epo’s effect on
cell proliferation. These results suggest that Epo induces the prolif-
eration and survival of HMVECs by activating ERK and their sur-
vival by up-regulating Bcl-xL.

Erythropoietin Increases the Number of Circulating EPCs in
Tumor-Bearing Mice

We hypothesized that Epo enhanced tumor angiogenesis by in-
creasing the numbers of circulating EPCs in addition to directly
stimulating ECs. To investigate the effects of Epo on the number
of circulating EPCs, mice were injected with Epo for 3 days and cir-
culating EPCs, characterized by Dil-acLDL uptake, lectin binding,
and CD34 and VE-cadherin expression (Figure 4, A and B) [34-
36], were counted. Erythropoietin significantly increased the number
of circulating EPCs (Figure 4C). We next evaluated the effect of Epo
on circulating EPCs in mice bearing LLCs. Injection of Epo once a
week starting 1 day after LLC inoculation significantly increased the
tumor volume after day 17 (Figure 14). Previous study showed that a
growing LLC tumor itself increased serum vascular endothelial
growth factor (VEGF) level and the numbers of EPCs [1], which
suggested that when the volume of LLC tumors increased, it could
increase the number of circulating EPCs. To isolate circulating EPCs
from mice bearing a similar volume of LLC tumors, we injected Epo
from day 18 for three consecutive days and isolated EPCs on day 21.
This treatment significantly increased the number of circulating
EPCs (Figure 4D) without significantly affecting tumor size (data
not shown).
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