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Abstract

Background: Erythropoietin (EPO) is a hypoxia-inducible stimulator of erythropoiesis. Besides its traditional applica-
tion in anemia therapy, it offers an effective treatment in the cancer patients, especially those who receive chemo-
therapy. Several reports indicated that it could promote the tumor cell proliferation through its specific receptor
(EPOR). Unfortunately, the role of EPO/EPOR in hepatocellular carcinoma (HCC) progressing is still uncertain.

Methods: Protein in tumor tissue from HCC patients or H22 tumor-bearing mice was detected with immunohis-
tochemistry. Cells were cultured under 1% oxygen to establish hypoxia. RT-PCR and western blotting were used to
measure mRNA and protein of EPO/EPOR, respectively. MTT, flow cytometry and PCNA staining were used to detect
cell proliferation. Immunofluorescence staining was applied to study the expression and location of cellular EPOR. The
EPOR binding studies were performed with '?°I-EPO radiolabeling assay.

Results: EPO and EPOR protein were up-regulated in HCC tissue of patients and H22-bearing mice. These were
positively correlated with hypoxia-inducible factor -1 a and ki-67. Hypoxia up-regulated the expression of EPO and
EPOR in HepG2 cells. It also induced the proliferation and increased the percentage of divided cells after 24, 48 and
72 h treatment. These were inhibited in cells pre-treated with 0.5 pg/mL soluble-EPOR. Immunofluorescence stain-
ing presented that EPOR was obviously translocated from nucleus to cytoplasm and membrane under hypoxia. EPOR
binding activity was also increased after exposure to hypoxia. Recombinant human erythropoietin obviously elevated
cell proliferation rate and the percentage of divided under hypoxia but not normoxia, which were also inhibited by
soluble-EPOR.

Conclusions: Our result indicated for the first time that EPO promoted the proliferation of HCC cells through hypoxia
induced translocation of it specific receptor.

Trial registration TJC20141113, retrospectively registered
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Background cancer-related death worldwide [1]. This situation is par-

Hepatocellular carcinoma (HCC) is one of the most ticularly concerning in China. Statistics have shown that

common cancers and the third most frequent cause of the annual incidence of HCC in China alone contributes
to 55% of global HCC cases. Previously, we have con-

" —— — ducted a series of clinical and basic investigations into
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for surgical resection and carries a very poor prognosis.
To these patients, conventional therapy provides very
limited benefit and more effective systemic therapies are
urgently needed.

Erythropoietin (EPO) is a single chain glycoprotein,
with an approximate molecular weight of 30-34.0 kDa,
which is produced by the kidneys and, to a lesser extent,
the liver [6]. It can regulate the survival, proliferation and
differentiation of erythrocytic progenitors and the matu-
ration of erythrocytic precursors [7]. As the first identi-
fied hematopoietic factor, one of the key indication for
its clinical use is in the management of severe anemia [8].
In addition, EPO had also been known for its angiogenic,
anti-inflammatory, endothelial cell stabilization and neu-
roprotective effects [9-12].

Recently, EPO has drawn much attention in the field
of cancer treatment, because anemia is a common com-
plication in cancer patients, especially those who receive
chemotherapy [13, 14]. Erythropoiesis-stimulating
agents (ESA), such as recombinant human erythropoi-
etin ({HUEPO), offer an effective treatment by decreasing
the use of blood transfusion and improving disease-spe-
cific measures of life quality [15-18]. However, it can-
not be ignored that there are still some potential risks of
rHuEPO therapy in cancer patients. Beside its most com-
mon adverse effect to increasing venous thromboembo-
lism [19], there is much more to be concerned regarding
its direct influence on tumor progression such as in cer-
vical carcinogenesis [20] and breast cancer [21]. Several
clinical-trials even indicated impaired disease control or
decreased survival in cancer patients treated with EPO,
such as in head and neck cancer patients [22]. Based on
current situation, it is quite necessary to conduct further
exploration on the effect of EPO, both endogenous and
exogenous, on tumor progress.

In order to make a better understanding of the func-
tion of EPO and its specific receptor (EPOR) in HCC,
this study was performed to investigate their expres-
sion in the clinical sample, H22 tumor-bearing mice tis-
sue and in vitro cultured HCC cells, and whether they
were correlated with hypoxia and proliferation. Further-
more, the effect of hypoxia on the proliferation of human
HCC cell line was studied. It is out of expectation that
rHUEPO could promote cell proliferation under hypoxia
but not under normoxia. For the first time, we presented
the evidence that this effect of rHUEPO is dependent on
hypoxia-induced membrane translocation of EPOR.

Methods

Patients and tumor samples

Twenty-eight pairs of tumors and adjacent non-tumor
liver tissues (ANLTs) were collected from patients
with HCC who had undergone surgical resection at the
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Hepatic Surgery Center, Tongji Hospital of Huazhong
University of Science and Technology, Wuhan, China,
between Jan 2013 and Dec 2015. All of the recruited
patients in this study were not subjected to preoperative
radiotherapy and/or chemotherapy. The HCC diagno-
sis was based on the histochemistry assay according to
WHO criteria [23, 24]. Informed content was obtained,
and access to human samples was carried out in accord-
ance with the approved consent of the Ethics Committee
of Tongji Hospital (Approval No. T]J-C20141113).

IHC staining

Tissue sections (4-pm) from the clinical samples were
deparaffinized, rehydrated and then heated in 10 mmol/L
citrate buffer (pH 6.0) for antigen retrieval. Subsequently,
the sections were washed in PBS, blocked with 10% nor-
mal goat serum for 30 min and incubated with primary
antibodies to hypoxia inducible factor-la (HIF-1a)
(1:1000), EPO (1:500), EPOR (1:500), Ki67 (1:500) in a
humidified chamber overnight at 4 °C. Immunodetection
was performed using the Envision' ABC kit (GeneTech
Co., Ltd., Shanghai, China). All samples were observed
with a Leica DM4000B/M microscope (Leica Microsys-
tems, Inc., Buffalo Grove, IL, USA). All antibodies were
purchased from Santa Cruze Inc. (CA, USA).

Assessment of IHC staining

To score the immunostaining of target proteins as we
published previously [2], the intensity of IHC was classi-
fied into four categories—O0, 1, 2 and 3—corresponding to
no staining, weak staining, moderate staining and strong
staining, respectively. The percentage of positively stain-
ing tumor cells was classified into five categories—O0, 1,
2, 3 and 4—which corresponding to < 10, 10-25, 26-50,
51-75 and > 75%, respectively. The product of the stain-
ing intensity score and percentage of positive cells was
considered the final score of target protein expression,
which ranged from 0 (no staining) to 12 (75-100% of
cells with 3 staining intensity scores).

Evaluation of HIF-1a

HIF-1a was scored according to the presence of nuclear
staining as previously published [2]. Only cells with com-
pletely and darkly stained nuclei were interpreted as
positive expression. Additionally, because of the narrow
range of the staining intensity, HIF-1a was only scored
as 14+ and 0 according to the presence and absence of
nuclear expression, respectively.

Animal experiments

Five- to 6-week-old, 18—-22 g male BALB/c mice were pur-
chased from the Experimental Animal Center of Tongji
Medical College, Huazhong University of Science and
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Technology. All studies involving mice were approved by
Animal Care and Use Committee of Huazhong Univer-
sity of Science and Technology. Animals were housed in
microisolator cages under pathogen-free conditions, in
a controlled environment of temperature at 25 °C and
12-h cycles of light and dark. Mice were fed a standard
laboratory diet and water ad libitum for at least 1 week to
ensure proper health before study initiation. According
to our published method [5], before implantation, H22
cells were injected and grown i.p. for 7 days in mice. After
the mice were killed by cervical dislocation, H22 cells
in ascites were collected. Cell viability was determined
by trypan blue exclusion. Only preparations with > 90%
viability of the cells were used. Each BALB/c was inocu-
lated with 0.2 mL H22 tumor cell suspension (1 x 10°/
mL PBS) by s.c. injection to the right flank. At the time
of autopsy on day 14 after inoculation, tumors were dis-
sected. The general conditions of mice including activity,
tumor growth and weight were observed daily. The size of
tumors was determined by caliper, measuring length (L)
and width (W) of tumors every other day. Tumor volumes
(V) were calculated by the formula: V=L x W? x 0.5.

Cell culture and hypoxia exposure

The human HCC cell line HepG2 was purchased from
ATCC and was cultured in DMEM media (Hyclone,
USA), supplemented with 10% fetal bovine serum (Siji-
qing, Zhejiang, China) at 37 °C in a humidified atmos-
phere containing 5% CO,, 21% O,. Hypoxia experiments
were performed with a Hypoxia chamber (Coy Labora-
tory Products, Grass Lake, Michigan) at 1% O,, 37 °Cin a
5% CO, humidified environment. The cells were dissoci-
ated using 0.25% trypsin and 0.02% EDTA solution and
resuspended into fresh medium once every 2-3 days.

Measurement of cell proliferation with MTT assay

Cell proliferation was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium (MTT, Sigma-
Aldrich). Cells were seeded in a 96-well microplate
(4500 cells/well) and incubated at 37 °C overnight before
rHUuEPO (R&D Systems, Minneapolis, USA) or soluble-
EPOR (R&D Systems, Minneapolis, USA) treatments.
After culture finished, the cells were incubated with a
medium containing 5 mg/mL MTT for 4 h at 37 °C. After
precipitated formazan was dissolved in 150 ul DMSO,
then the absorbance was detected on a BioTek Elx 800
ELISA reader (Winooski, VT, USA) at a wavelength of
570 nm.

Measurement of cell proliferation with flow cytometry

HepG2 cells were labeled with Carboxyfluorescein diace-
tate, succinimidyl ester (CFDA-SE/CESE, final concentra-
tion: 1 uM, R&D Systems, Minneapolis, USA) for 7 min at

Page 3 of 14

37 °C. Then, cells were washed and re-suspended in cul-
ture medium for additional 15 min to stabilize the CFSE
staining. After the final wash step, cells were cultured in a
48-well microplate (5 x 10* cells/well) overnight prior to
rHuEPO (R&D Systems, Minneapolis, USA) or soluble-
EPOR (R&D Systems, Minneapolis, USA) treatments.
After being treated for the indicated times, cells were
analyzed by flow cytometry.

Western blot analysis

The cells were lysed in an RIPA buffer and centrifuged
at 13,000 rpm for 15 min. Supernatants were collected,
and the total protein concentration was quantified
using BCA Protein Assay Kit (Beyotime Biotechnol-
ogy, shanghai, China). Equal amounts of proteins were
then separated by SDS-PAGE gels and transferred to a
PVDF membrane. After blocking with 5% skim milk at
room temperature for 1 h, the membranes were incu-
bated with primary antibodies against EPO, EPOR or
proliferating cell nuclear antigen (PCNA) (1:500). Equal
lane loading was confirmed using a monoclonal anti-
body against B-actin (1:2000) (All of the above antibodies
were procured from Santa cruz biotechnology, USA). The
membranes were then incubated in an HRP-conjugated
anti-rabbit IgG (1:2000) for 1 h at room temperature.
Chemiluminescence was detected using an ECL Western
blotting substrate, and band intensity was assessed using
a gel imaging analysis system (Syngene, UK). The rela-
tive expression of target protein was normalized to the
expression of B-actin.

RNA purification and RT-PCR

Total RNA was isolated using Trizol reagent (Takara,
Tokyo, Japan) following the manufacturer’s proto-
col. Reverse transcription of total RNA was performed
using PrimeScript 1I1st strand cDNA Synthesis Kit
(Takara,Tokyo, Japan). PCR analysis was performed using
the ABI Veriti9% (Applied Biosystems, Foster City, USA).
The primers were shown in Table 1. The cycling parame-
ters for PCR were as follows: denaturation at 95 °C 4 min,
94 °C 50 s, annealing at 54 °C, 56 °C, and 58 °C (for EPOR,
GAPHD and EPO, respectively) for 30 s, and extension at
72 °C for 50 s for a total 30 cycles, which were followed
by an extension at 72 °C for 10 min.

Real-time PCR

Target gene and internal control gene were measured on
a 7300 Real-time PCR system using SYBR Green Master
mix (TOYOBO, Osaka, Japan) according to the manu-
facturer’s protocol. GAPDH was served as the internal
control. The primers were shown in Table 1. All the
reactions were run in triplicate. The *ACt method was
used for relative quantification of target gene expression
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Table 1 Sequences of primers
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Target gene Conventional RT-PCR

Real-time PCR

GAPDH
Forward 5'-CTCTGATTTGGTCGTATTGGG-3'
Reverse 5'-CTGGAAGATGGTGATGGGAT-3/
EPO
Forward 5'-ATCACGACGGGCTGTGCTGAACAC-3/
Reverse 5'-ATCACGACGGGCTGTGCTGAACAC-3/
EPOR
Forward 5'- GGGAGATGGCTTCCTTCTGGGCTC-3!
Reverse 5'-CGGGGACAGATGATGAGG-3/

5/-ATTGCCCTCAACGACCACTT-3/
5'-CCCTGTTGGTCAACTCTTCC-3/

5/-CCCTGTTGGTCAACTCTTCC-3!
5'-GTGTACAGCTTCAGCTTTCC-3’

5"-GCACCGAGTGTGTGCTGAGCAA-3!
5'-GGTCAGCAGCACCAGGATGAC-3/

levels. The results are expressed as fold change over con-
trol values.

Immunofluorescence staining
Cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.1% Triton X-100/PBS for 5 min.

After blocking with 2% FBS in PBS, cells were incu-
bated with the primary antibodies against EPOR, for 1 h
at room temperature. Secondary antibodies were goat
anti—rabbit labeled with TRITC (Jackson ImmunoRe-
search Laboratories, Inc.) for 1 h. Nuclei were coun-
terstained with 4,6-diamidino-2-phenylindole (Sigma,
USA). Confocal images were acquired with a TCS S2
microscope adapted to a DMIRBE inverted microscope
(Leica Microsystems, Inc.).

EPOR binding assay

The EPOR binding studies were performed with '**I-EPO
(Amersham Piscataway, NJ) as previously described [25].
After cultured under normoxia or hypoxia for indicated
time, cells were then washed with binding buffer (PBS
with calcium and magnesium with 1 mg/mL human
serum albumin and 0.02% sodium azide). After cells were
incubated with 5 nmol/L [***I] rHUEPO at room tem-
perature for 3 h, binding was terminated by the addition
of ice-cold wash buffer (PBS with calcium and magne-
sium with 1% fetal bovine serum). Nonspecific binding
of ['*I]-rHUEPO was determined by adding a 300-fold
excess of unlabeled rHUEPO to the binding assay. Finally,
cells were lysed with lysis buffer (20 mmol/L HEPES
with 1% Triton, 10% glycerol and 0.1 mg/mL BSA) and
surface-bound radioactivity was quantified using a
Y-counter.

Statistical methods

All of the data were analyzed by Graphpad Prime 5 soft-
ware. All cell experiments were repeated at least three
times. Differences between groups were evaluated using

2-tailed Student’s t test. The IHC score of the target pro-
tein was compared using non-parametric approach (Wil-
coxon signed-rank test) between the tumor tissue and
paired ANLTs in human or tumor tissue and paired liver
tissue. p < 0.05 was considered to indicate a statistically
significant difference. Spearman rank correlation was
applied to assess the correlation among the protein level
of EPO, EPOR, HIF-1a, and Ki-67.

Results

Expression of EPO and EPOR is up-regulated in human HCC
tissue

Twenty-eight HCC patients accepted surgery and the
tissues were sent to EPO and EPOR detection by IHC.
Meanwhile, ANLTs from the same patient were set as the
control group. It was found that EPO was nearly unde-
tectable in ANLTs, but EPOR showed very weak staining
(seen in Fig. 1a). While, in HCC tissue, both EPO and
EPOR were strongly expressed. The mean score of EPO
in tumor tissues was much higher than that in ANLTSs,
8.357 £ 0.528 vs 3.679 £ 0.371 (p < 0.001, Wilcoxon
signed rank test). Similarly, the mean scores of EPOR
in tumor tissues and ANLTs were 9.036 + 0.423 and
4.000 £ 0.371, respectively (p < 0.001, Wilcoxon signed
rank test). As for the localization, different with EPO,
which is predominantly in the cytoplasm, EPOR could be
seen both in the cytoplasm and membrane.

Correlations among EPO, EPOR, HIF-1a and Ki-67 in human
HCC tissue

As the best known hypoxia-regulated gene, EPO is
induced mainly by the activation of HIF-la pathway
[26-28]. In order to investigate whether there is a cor-
relation between EPO/EPOR and HIF-1a in HCC, IHC
was also applied to measure HIF-1a. Results showed a
significant enhancement of its expression in HCC tis-
sue compared with ANLTs. The mean score was elevated
from 0.071 +£ 0.050 to 0.929 % 0.050 (p < 0.001, Wilcoxon
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Fig. 1 Expression of EPO, EPOR, HIF-1a and Ki-67 in human HCC tissues. a Representative images were taken. Scale bar, 200 um. b-e IHC scores
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signed rank test). The similar expression pattern was also
observed in Ki-67, a commonly used tumor cell prolif-
eration index. As shown in Fig. 1a, e, its mean score was
increased from 2.179 4+ 0.193 to 6.571 £ 0.227 (p < 0.001,
Wilcoxon signed rank test).

As presented in Table 2, by using the Spearman’s rank
correlation test, it was confirmed that the positive cor-
relations among these four proteins (EPO vs. EPOR,
EPO vs. Ki-67, EPO vs. HIF-1a, EPOR vs. Ki-67, EPOR
vs. HIF-1qa, and Ki-67 vs. HIF-1a) were close (r = 0.592,
0.574, 0.606, 0.533, 0.602 and 0.586, respectively). This

analysis indicated that in the tumor region, which had
a higher level of HIF-1a, EPO and EPOR also expressed
higher and cells grew faster.

Expression of EPO and EPOR is up-regulated

in H22-bearing mice

After confirming the up-regulation of EPO/EPOR in
human HCC tissue and their positive correlation with
HIF-la and Ki-67, we applied a murine H22-bearing
mice model to further evaluate the expression pat-
tern and relationship among these proteins. After
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Table 2 Correlations among the expression levels of EPO,
EPOR, Ki67 and HIF-1a in human HCC tissue

EPO EPOR Ki67 HIF-1a

HIF-1a

r 0606 0602 0586 -

P 0.007 <0007 0.001 -
Ki67

r 0574 0533 - -

P 0.007 0.003 - -
EPOR

r 0592 - - -

p 0.007 - - -
EPO

; _ _ _ _

b _ _ _ _

Spearman’s rank correlation test was applied
Italic values indicate significance of p value (p < 0.01)

r Spearman’s rank correlation coefficient

subcutaneous injection of H22 cells, the volume of tumor
was measured and calculated once every 2 days. As seen
in Fig. 2a, the tumors grew obviously, reaching an average
volume of 793.1 4 123.9 mm? on day 14 post inoculation.
This indicated a successful establishment of tumor-bear-
ing mouse model.
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At the time of autopsy (day 14 after inoculation),
tumors were dissected and target proteins were meas-
ured with specific antibodies. Normal liver tissue from
the same mouse was set as control. All of the four tar-
get proteins expressed much more obvious in tumor tis-
sue than that in liver (Fig. 2b). The differences between
the mean scores (in Table 3) were significant, with p
value < 0.001 (shown in Fig. 2c—f and Table 3).

Positive correlations were also observed between these
four proteins, except EPO and EPOR (shown in Table 4).

Hypoxia up-regulated the expression of EPO and EPOR

in HepG2 cells

After confirmed the correlation between hypoxia and
EPO/EPOR in clinical sample and mice model, we
explored the effect of hypoxia on EPO and EPOR in
HepG2 cells. Cells were cultured under 1% oxygen to
imitate hypoxic micro-environment in tumor. 24-72 h
hypoxia obviously enhanced nuclear HIF-1a protein level
(data not shown) which indicates the successful estab-
lishment of cellular hypoxia. At the same time, hypoxia
induced EPO and EPOR expression, both mRNA and
protein in whole cell, with a time-dependent manner.
As seen in Fig. 3a, b, after cultured in hypoxic condi-
tion for 72 h, the relative mRNA level of EPO and EPOR
increased from 0.103 £ 0.009 to 0.798 £ 0.024 and

€
" P<0.001 f P<0.001
e ks
[7) w | — |
g £o
3] e e 521 .
) ~ ——
T n 2 °e
= S M 00
T ° —8688°—
- s o - . 2

+ Maasasaad

Tumors Liver tissues Tumors Liver tissues

Fig. 2 Expression of EPO, EPOR, HIF-1a and Ki-67 in HCC tumor from H22-bearing mice. 2 x 10° H22 mouse tumor cells were inoculated s.c. into
BALB/c mice. a The tumor growth was measured. The results were shown as the mean value from 12 mice. b Representative images were taken.
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Table 3 IHC scores of four target proteins in HCC tumor tis-
sue from H22-bearing mice (mean + SEM)

Target protein Score (n=12)

Tumor tissue Liver tissue
EPO 7.583 £ 0.668* 3250 £0.329
EPOR 8.000 £ 0.728* 3.500 £ 0.399
HIF-1a 0917 4+ 0.083* 0.083 4+ 0.083
Ki-67 7.583 + 0.570* 2667 £ 0.256

*p <0.001 vs liver tissue

Table 4 Correlations among the expression levels of EPO,
EPOR, Ki67 and HIF-1a in H22-bearing mice

EPO EPOR Ki67 HIF-1a
HIF-1a
r 0624 0624 0731 -
p 0.003 0.003 0.007 -
Ki67
r 0873 0.766 - -
p <0001 0.004 - -
EPOR
r 0467 - - -
p 0.106 - - -
EPO
] _ _ _ _
o _ _ _ _

Spearman’s rank correlation test was applied
Italic values indicate significance of p value (p < 0.01)

r Spearman’s rank correlation coefficient

0.116 £ 0.008 to 0.602 % 0.017, respectively (p < 0.001).
Real-time PCR also presented a fourfold (4.260 £ 0.1514)
and threefold (3.210 4+ 0.1819) increase of EPO and
EPOR at 72 h, respectively (Fig. 3c). Correspondingly,
the relative protein level increased from 0.156 + 0.014
to 0.700 + 0.061 and 0.220 + 0.031 to 0.677 =+ 0.044,
respectively (p < 0.001) (Fig. 3d, e).

Hypoxia induced proliferation of HepG2 cells

Given the observed correlation between hypoxia and
proliferation in vivo, we further investigated whether the
in vitro experiments had similar pattern and how EPO/
EPOR was involved.

As observed in Fig. 4a, MTT assay indicated that cells
grew obviously during the evaluation. But hypoxic cells
had significantly higher proliferation rate at all time
points. After continuously cultured for 72 h, HepG2 cells
reached 368.57 £ 17.89 and 430.03 £ 20.52% of the ini-
tial counts, in normoxia and hypoxia group, respectively.
Flow cytometry was further used to monitor the dilution
of cellular label CFSE, which provided a measurement of
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both percentage of cells divided and the average number
of cell divisions. The results also revealed that at the same
time points, hypoxia cells had significantly higher per-
centage of divided cells (Fig. 4b, c).

EPOR mediated hypoxia-induced HepG2 cell proliferation
When testing the role of EPO/EPOR pathway in hypoxia-
induced HepG2 proliferation, cells were pre-treated with
0.5 pg/mL soluble-EPOR, which is known to antago-
nize the effect of EPO [29]. Both MTT assay and flow
cytometry assay showed that, under normal oxygen,
soluble-EPOR had no obvious effect on cell prolifera-
tion rate during 24—72 h. But, under hypoxia, it remark-
ably reduced the proliferation rate at all the time points.
After cultured for 72 h, the percentage of cells divided
was decreased from 12.670 £ 0.338 to 5.660 + 0.753
(p <0.01).

We also testified the cellular EPOR localization with
Immunofluorescence staining. Seen in Fig. 5, in cells cul-
tured under normoxia, the green fluorescence is well con-
fined to the nucleus indicating a predominant location of
EPOR in the nucleus. While, after treated with hypoxia,
cells presented a uniform distribution of green fluores-
cence in nucleus, cytoplasm and membrane. The results
indicated that EPOR obviously translocated from nucleus
to cytoplasm and cell membrane under hypoxic condition.
The results indicated that, hypoxia not only increased the
total EPOR protein expression, but also induced its trans-
location and accumulation in the membrane.

Furthermore, to confirm the data obtained by Immu-
nofluorescence staining and determine whether EPOR
expression was functional at the cell surface, HepG2
cells were exposed to ['2°I]-rHUEPO with or with-
out 300-fold excess of unlabeled rHUEPO. The results
revealed that after exposure to hypoxia for 48 and
72 h, the EPO-specific binding activity was increased
from 4230 + 340 cpm to 12,000 £ 890 cpm and
15,340 + 760 cpm, respectively (p < 0.05), which were
obviously higher than the activity of cells under nor-
moxia at the same time point.

rHUEPO promoted the proliferation of HepG2 cells

under hypoxia

After confirmed the correlation between endogenous
EPO and HCC cell proliferation, we tested the effect of
exogenous EPO. Different dose of rHUEPO was applied
to stimulate the cells. At the concentration between 5
and 100 IU/mL, rHUEPO had no remarkable effect on
cell proliferation under normoxia (Fig. 6a). But under
1% oxygen, 10, 50 and 100 IU/mL rHuEPO obviously
elevated the cell proliferation rate (Fig. 6b). At 24, 48 and
72 h, the p values are lower than 0.001, 0.01 and 0.001
compared with control, respectively. In the following
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indicated

flow cytometry assay and PCNA detection, 10 IU/mL It was represented in Fig. 6d, e, that at all time points,
rHuEPO was chosen based on its most effective influence  the percentage of divided cells were significantly elevated
confirmed by MTT assay. by 10 IU/mL rHuEPO in hypoxic cells (p < 0.01). Similar
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results were also seen in Fig. 6f, g, which presents the
PCNA protein level is upregulated by rHUEPO in HepG2
cells treated under 24, 48 or 72 h, reaching the peak value
at72 h.

The role of EPOR was further considered in the mech-
anism underlying which rHUEPO could promoted the
hypoxic cell proliferation. Cells were pretreated with both
rHUEPO and soluble-EPOR. Proliferation was tested with
MTT, flow cytometry assay and PCNA protein. Results
showed that cells treated with both rHUEPO and soluble-
EPOR had lower proliferation rate, less percentage of
cells divided and lower expression of PCNA (Fig. 6¢—g).

Discussion

ESAs, including rHUuEPO, have been used since 1993
for the treatment of chemotherapy-induced anemia in
Europe and the USA [30]. Although many clinical and
preclinical researches have examined the benefits and
risks associated with ESAs treatment, it is still inconclu-
sive about whether this is a favorable therapy to the can-
cer patients with anemia, because the origin of cancer

and the evaluation standard vary across studies. Several
recent clinical trials have raised new concerns that ESAs
may have direct tumor-stimulating effects and promote
tumor progression, such as in head and neck cancer [22],
breast cancer [31].

In patients with liver cancer following major hepatec-
tomy, chemotherapy-dependent anemia might even lead
to liver insufficiency, representing a serious challenge in
liver surgery. Unfortunately, compared with other cancer
types, very few studies have been conducted regarding
the role of endogenous or exogenous EPO/EPOR in HCC.
In this area, the initial investigation was approached with
measurement of the serum EPO level. From 1993, there
have been 3 clinical investigations reporting the elevated
serum EPO value in a part of HCC patients [32-34]. It
was speculated that this might be related to the abnormal
production of EPO by liver tumor tissue, reduced hepatic
clearance of EPO, or the influence of cytokine-mediated
inflammatory factors. Direct intratumoral evidence was
first presented in a case of a 64-year-old HCC patient in
2000, of whom tumor expressed higher amount of EPO
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Fig. 5 Expression and localization of EPOR in HepG2 cells. HepG2 cells were cultured under normoxia or hypoxia for 24, 48 and 72 h. The cells were
analyzed by double immunofluorescence staining with anti-EPOR antibody (green) and DAPI for nuclei (blue). The results shown are representative

[35]. This was supported by a larger scale clinical trial
involving 50 patients [36]. Similarly, in our study, the
up-regulation of EPO was also found in clinical samples.
Meanwhile, with H22 tumor-bearing mice model, this
phenomenon was further confirmed in vivo for the first
time. It is very interesting that not only the HCC cells
in situ but also the cells at metastatic place could express
higher level of EPO, which was observed recently in a
HCC patients with bone metastasis after liver segmen-
tectomy [37].

Different with previous clinical study, hypoxia and pro-
liferation index were further explored in our research. As
we known, the rapidly expanding mass of tumor cell is
inadequately oxygenated because of the diffusion limit of
oxygen. HIF-1a is the key molecule to maintain the adap-
tive response of the cells to reduced oxygen level, mak-
ing the cells capable of surviving under a hypoxic tumor
microenvironment [38]. As the best known hypoxia-
regulated gene, EPO is a critical factor through which
HIF-1a mediates increased O, delivery to hypoxic cells
[26, 27]. In this study, with IHC assay, we found out that
HIF-1a and Ki-67 protein were elevated in tumor tissue,
both from HCC patients and mice model. In addition,
Spearman rank correlation analysis revealed a strong
positive relevance between EPO and these two proteins.
That means in the tumor region, which had a higher

HIF-1a level, EPO also expressed higher and cells grew
faster. Although the overexpression of HIF-1a in HCC
had been observed previously by us and several other
groups [2, 5], this is the first time to reveal the correlation
between EPO and hypoxia in HCC.

In addition to above correlation, in vitro experiments
further revealed another relation between hypoxia
and EPO. Hypoxia upregulated the expression of EPO
in HepG2 cells at both transcript and protein levels.
Although as early as 1998, Giovanardi et al. [39] hypoth-
esized that an intratumoral hypoxia with compensatory
production of EPO may have occurred in HCC patients,
unfortunately, they did not present any evidence. First
comparable in vitro evidence was reported on Hep3B
cells. But the authors only measured the mRNA but
not the protein of EPO [40]. In our study, it could be
clearly seen that 24-72 h hypoxia obviously enhanced
the expression of EPO accompanied with nuclear accu-
mulation of HIF-1a. It could be easily acceptable that the
effect of hypoxia is mediated by HIF-1a binding to the
cis-acting DNA hypoxia response element and activating
the transcription of EPO mRNA.

Although hypoxia is toxic to both normal cells and can-
cer cells, the later undergo genetic adaptive changes that
allow them to survive and even proliferate under hypoxic
conditions [41]. Based on the positive correlation we
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found between EPO, HIF-la and Ki-67, a commonly exogenous EPO on the cell proliferation was then tested.
used cell proliferation index, the effect of hypoxia and  Through several different proliferation assays, the
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promotion of hypoxia on cell growth could be confirmed.
The results also indicated that HepG2 cells treated with
both hypoxia and rHUuEPO had the highest proliferation
rate among cells cultured under normoxia, normoxia
with rHUEPO and hypoxia alone. What out of our expec-
tation is that the proliferation promotion effect of exog-
enous rHUEPO could only be exerted under hypoxia but
not normoxia. Previously, similar phenomena that HCC
cells respond differently to EPO under different condi-
tions was reported in the presence or absence of TGF-
beta [42]. We are quite interested in the mechanism
underlying which EPO could behave differently in differ-
ent oxygen concentration.

EPOs, including rHUEPO, exerts their action through
specific binding to EPOR which is a member of the
cytokine receptor superfamily [43]. In recent years, it has
become clear that the expression of EPOR was not strictly
limited to erythroid or hematopoietic lineage. A variety
type of non-hematopoietic cells, including endothelial
cells, neurons, trophoblast cells and mammary epithe-
lial cells could also expression EPOR [20]. But the data
surrounding tumor cells, especially whether they have
functional EPOR are still conflicting [44—48]. Some stud-
ies presented that even in the same cell type, there were
different expression pattern between EPO mRNA and
protein. It is believed that, besides the intrinsic diversity
of cancer biology, the differences within EPOR protein
detection results were mainly caused by the low-speci-
ficity of commercial antibody used, such as EPOR rabbit
polyclonal, C-20, sc-695 (Santa Cruz) [49, 50]. In current
study, we chose another antibody (M-20, sc-697, Santa
Cruz) which was proved to have higher specificity and
acceptance degree [51-53]. As a result, EPOR protein
was clearly presented by IHC in tumor tissue from HCC
patients and H22 tumor-bearing mice. More importantly,
its expression was also positive correlated with HIF-1«
and Ki-67.

As a well-reasoned decision, in order to make the role
of EPOR in EPO-induced different proliferation status
under normoxia or hypoxia, how hypoxia could influ-
ence the in vitro expression and location of EPOR was
tested. HepG2 cells exhibited higher EPOR mRNA/pro-
tein expression and accumulation in the cell membrane
after hypoxia stimulation. More importantly, EPO-spe-
cific binding activity was also higher in hypoxic cells,
indicating a greater EPOR function. Combining the
results from receptor blocking experiment with soluble
EPOR, which not only inhibited hypoxia-induced pro-
liferation but also inhibited the proliferation promotion
effect of rtHUEPO under hypoxia, we can get the conclu-
sion that hypoxia-induced EPOR translocation medi-
ated the effect of exogenous EPO on cell proliferation
(Fig. 7). In details, hypoxia up-regulated the production
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of endogenous EPO and EPOR. It also induced the
translocation of EPOR from nuclear and cytoplasm to
membrane. Binding of EPOR to rHUEPO or endogenous
generated EPO finally caused proliferation of cells. This
can help us explain why rHUuEPO had no obvious effect
on cell proliferation under normoxia because cells were
lack of functional EPOR. Actually, researchers had been
attached the importance in the role of different EPOR
location in tumor progression, such as in breast cancer
cells [25]. A post hoc analysis suggested that progres-
sion-free survival was poorer in ESA-treated patients
with EPOR-positive tumors [54].

It is well known, as one of the fundamental micro-
environmental features of solid tumors, hypoxia plays
a critical role in tumor-related cellular and physiologic
events. Sustained hypoxia can enhance local and sys-
temic malignant progression and aggressiveness. A lot of
studies have been conducted to understand the underly-
ing mechanism. Hypoxia-induced angiogenesis is one of
the most important feature of solid tumors. This phe-
nome is strongly correlated with EPO/EPOR and even
progression of HCC patients [36, 43]. Our investigation
provided new evidence that EPO/EPOR participated in
the hypoxia-induced HCC proliferation. These results
also will provide new possible targets for HCC diagno-
sis and treatment. It cannot be ignored that our data of
protein expression of EPO and EPOR comes from tumor
tissue and normal adjacent tissue. Although this is a com-
monly used setting of control, more and more research-
ers concern that tissue around tumor is suitable normal
control. Because little is known about the transcriptomic
profile of the normal adjacent tissue, how it is influenced
by the tumor, and how the profile compares with non-
tumor-bearing tissues. In this study, subcutaneous mice
model was only established with H22 cell line. We believe
that application of two different mice cell lines or estab-
lishment of xenograft model with human HCC cell line
could provide us more information. There is still need for

Hypoxia
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Tralb ‘

Proliferation

Proliferation
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Fig. 7 The possible mechanisms by which rHUEPO promoted HepG2
cells proliferation under hypoxia
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additional research to understand the full profile of this
process.

Conclusion

Our study demonstrated that EPO/EPOR were up-reg-
ulated in HCC and positively correlated with hypoxia
and cell proliferation. At the same time, hypoxia-induced
EPOR translocation mediated the effect of exogenous
EPO on cell proliferation. These findings suggest that
EPO/EPOR will be the possible targets for HCC diagno-
sis and treatment.
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