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Role of Erythropoietin in Cerebral Glioma: An Innovative Target in Neuro-Oncology
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BACKGROUND: Erythropoietin (EPO) is a cytokine primarily involved in the regulation of erythropoiesis. In
response to hypoxiaeischemia, hypoxia-inducible factor 1
induces EPO production, which, in turn, inhibits apoptosis
of erythroid progenitor cells. By the same mechanism and
acting through other signaling pathways, EPO exerts neuroprotective effects. Increased resistance to hypoxia and
decreased apoptosis are thought to be important mechanisms for tumor progression, including malignant glioma.
Because recent studies have demonstrated that EPO and its
receptor (EPOR) are expressed in several tumors and can
promote tumor growth, in the present study, we investigated EPO and EPOR expression in human glioma and the
effect of EPO administration in a rat model of glioma
implantation.

-

METHODS: Using Western blotting and immunohistochemical analysis, we examined the expression of EPO,
EPOR, platelet endothelial cell adhesion molecule, and
Ki-67 in human glioma specimens and experimentally
induced glioma in rats. In the experimental setting, a daily
dose of recombinant human EPO (rHuEPO) or saline solution were administered for 21 days in Fischer rats subjected to 9L cell line implantation.

-

RESULTS: In both human and animal specimens, we
found an increase in EPOR expression as long as the lesion
presented with an increasing malignant pattern. A significant direct correlation was found between the expression
of EPOR and Ki-67 and EPOR and platelet endothelial cell
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Abbreviations and Acronyms
EphB4: Ephrin-type B receptor 4
EPO: Erythropoietin
EPOR: Erythropoietin receptor
GBM: Glioblastoma multiforme
HGG: High-grade glioma
HIF-1: Hypoxia-inducible factor-1
LGG: Low-grade glioma
PBS: Phosphate-buffered saline
PECAM: Platelet endothelial cell adhesion molecule

adhesion molecule in low- and high-grade gliomas. The
rats treated with rHuEPO presented with significantly
larger tumor spread compared with the saline-treated rats.
CONCLUSIONS: The results of our study have shown
that the EPO/EPOR complex might play a significant role in
the aggressive behavior of high-grade gliomas. The larger
tumor spread in rHuEPO-treated rats suggests a feasible
role for EPO in the aggressiveness and progression of
malignant glioma.

-

INTRODUCTION

A

lthough the treatment of brain malignant neoplasms has
been evolving, helped by advances in molecular biology,
the search has continued for new therapies to target the
speciﬁc steps in the pathogenesis of cerebral gliomas. Investigators have been concentrating efforts in this area of research
because, despite the use of multiple therapies in combination,
such as surgery, radiotherapy, and/or chemotherapy, the survival
of patients with high-grade glioma (HGG) has remained poor.1,2
To improve the therapeutic approaches, current research has
focused on the molecular and genetic factors associated with the
development and progression of glioma. Glioblastoma multiforme
(GBM) has explosive biological properties with rapid clinical
progression. The median survival after its initial diagnosis has
remained at only 50 weeks,3 and <2% of patients will survive 3
years after the diagnosis.4 Its distinguishing pathological
features, necrosis and microvascular hyperplasia, are believed to

rHuEPO: Recombinant human erythropoietin
STAT: Signal transducer and activator of transcription
From the 1Neurosurgical Unit, Department of Biomedicine, Neurosciences, and Advanced
Diagnostics, University of Palermo, Palermo, Italy; Departments of 2Clinical and Experimental
Medicine and 3Veterinary Sciences, University of Messina, Messina, Italy; and
4
Neurosurgical Unit, Department of Medical and Surgical Science, Magna Graecia
University, Catanzaro, Italy
To whom correspondence should be addressed: Fabio Torregrossa, M.D.
[E-mail: fabiotorregrossa00@gmail.com]
Citation: World Neurosurg. (2019) 131:346-355.
https://doi.org/10.1016/j.wneu.2019.06.221
Journal homepage: www.journals.elsevier.com/world-neurosurgery
Available online: www.sciencedirect.com
1878-8750/$ - see front matter ª 2019 Elsevier Inc. All rights reserved.

346

www.SCIENCEDIRECT.com

WORLD NEUROSURGERY, https://doi.org/10.1016/j.wneu.2019.06.221

INNOVATION
FABIO TORREGROSSA ET AL.

be instrumental to its accelerated growth. Microvascular
hyperplasia arises in response to the secretion of proangiogenic
factors after hypoxic stimuli and allows for peripheral neoplastic
expansion.5 The mechanisms underlying necrosis and hypoxia
have remained obscure; however, the proangiogenic and
prothrombotic contributions could be substantial. Thus, among
the many hypoxia-regulated genes considered to play a possible
role in carcinogenesis and tumor progression is erythropoietin
(EPO). EPO is a glycoprotein hormone member of the cytokine
superfamily type 1.6 As a hormone produced by the kidney under
conditions of tissue hypoxia, the classical role for EPO has been to
exert its effect on erythrocyte progenitor cells in the bone marrow
such that the circulating erythrocyte mass increases to improve
tissue oxygen delivery.7 EPO gene expression occurs mainly at
the mRNA level, mediated by hypoxia-inducible transcription
factor-1 (HIF-1).7,8 EPO acts by binding with its receptor (EPOR),
which belongs to the cytokine receptor type I superfamily.9-11 The
signaling mechanisms after receptor activation include the Jak
(Janus kinase)/signal transducer and activator of transcription
(STAT) and the Ras (rat sarcoma)/microtubule-associated protein
kinase pathways.7,9,12-14 EPOR stimulation in erythroblasts promotes their proliferation and differentiation and leads to increased
expression of the anti-apoptotic proteins B-cell lymphoma 2 and
B-cell lymphoma-extra-large,13 and inhibition of apoptosis.14-18 By
the same mechanism and acting through other signaling pathways, EPO has been shown to exert neuroprotective actions.19-23
Recent studies have shown that EPO promotes neuronal survival
against hypoxic or ischemia insults,24 reverses vasospasm,25,26
attenuates apoptosis,27 modulates inﬂammation,28 and recruits
stem cells.29 It has also been reported that EPO stimulates the
proliferation and migration of human endothelial cells30,31 and
angiogenesis.32
Increased resistance to hypoxia and decreased apoptosis are
thought to be important mechanisms for the progression of
several tumors, including malignant gliomas.33 It has been
demonstrated that EPO and EPOR are expressed in several
neoplastic cell lines and solid tumors,34-36 and experimental evidence has shown that the EPO/EPOR complex might be involved
in the growth, viability, and angiogenesis of tumor.37-39 Recently,
it has been demonstrated that EPO can signiﬁcantly accelerate the
proliferation of glioma through the Akt (protein kinase B)
pathway40 and that greater EPOR expression is associated with
worse outcomes for patients with GBM.41
To investigate whether EPO signaling might play a role in the
development and progression of glioma, we determined the
expression of EPO and EPOR in human glioma specimens and
changes in EPO/EPOR status in the progression from low-grade
glioma (LGG) to HGG. Furthermore, we assessed whether treatment with recombinant human erythropoietin (rHuEPO) directly
affects tumor growth and progression in experimentally induced
glioma in rats.
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committee approved the present study, and all the patients had
provided written informed consent. Six samples of normal brain
tissue obtained from cadavers were used as normal controls. The
specimens underwent Western blotting and immunohistochemical assays to assess the expression of EPO, EPOR, platelet
endothelial cell adhesion molecule (PECAM), and Ki-67.
Animal Study
The tumor cell line used in the present study (9L glioma) was
cultured in appropriate media, as suggested by its provider. The
procedures involving animals and their care were conducted in
conformity with institutional guidelines, which are in compliance
with international laws and policies. Thirty Fischer rats, weighing
200e250 g, were assigned to 1 of 2 groups: tumor implantation
plus placebo (n ¼ 15) or tumor implantation plus rHuEPO (n ¼ 15).
All doses, both saline and rHuEPO (1000 UI/kg), were administered intravenously in a 1-mL volume, starting 1 day after the
surgical procedure and continuing every day for 21 days. After 21
days, the rats were sacriﬁced.
Intracranial Tumor Implantation
The rats were anesthetized using a mixture of oxygen and isoﬂurane. Their body temperature was maintained at 37 e38 C using
a heating pad during all the procedures. Surgery was performed
using a sterile technique and with the aid of a surgical microscope.
The heads were shaved and disinfected with a 70% ethanol and
povidone-iodine solution. After a midline scalp incision, the galea
overlying the left cranium was swept laterally. With the aid of an
operating microscope, a 3-mm burr hole was created over the right
parietal bone, with its center 2e3 mm posterior to the coronal
suture and 3e4 mm lateral to the sagittal suture. Great care was
taken to avoid injury to the dura mater. The rats were then placed
in a stereotactic frame and 10,000 9L glioma cells were injected
over 3 minutes through a 26-gauge needle inserted into the center
of the burr hole at a depth of 3 mm.42 The needle was then
removed, and the site was irrigated with normal saline. After
ensuring hemostasis, the wound was closed with surgical staples.
The rats were observed daily for signs of toxicity or neurological
deterioration. At 21 days after the surgical procedure, the rats were
sacriﬁced. The brains were extracted and processed for Western
blotting and histopathological analysis.
Pathological Analysis and Calculation of Tumor Size
The tumor volume between the saline- and rHuEPO-treated rats
was determined by calculating the distance between the ﬁrst and
last serial sections identiﬁed as positive for tumor by hematoxylin
and eosin staining. The area of each section was measured using
AIS Image Analysis System software (Imaging Research, St.
Catherines, Ontario, Canada). In brief, the tumor volume was
determined from the area of the tumor in each section multiplied
by the thickness of the sections and summed to obtain the total
tumor volume for each brain.

METHODS
Human Study
Tumors samples, histologically veriﬁed as grade IIeIV astrocytomas, were obtained from 21 adult patients who had undergone
craniotomy for microsurgical tumor resection. The local ethics
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Western Blotting
In each human tumor specimen, in the samples of normal brain
tissue, and in 4 of 15 rat specimens from each group, anti-EPO,
anti-EPOR, anti-Ki-67, and anti-PECAM detection was assessed
using Western blotting analysis. In brief, the samples were
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Figure 1. (A) Western blot and (B) bar graph depicting
mean number of positive cells on
immunohistochemical assays. (C)
Immunohistochemistry showed that Ki-67 and platelet
endothelial cell adhesion molecule (PECAM) were
markedly detected in anaplastic astrocytoma (AA) and
glioblastoma multiforme (GBM) compared with
low-grade (LG) tumors (*P < 0.05). These proteins
were barely revealed in the control specimens (N). The

homogenized at 4 C in 1 mL of homogenization buffer.
The homogenate was separated using a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis system (Bio-Rad
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erythropoietin (EPO)/EPO receptor (EPOR) complex
expression was weak in LG tumors. The same trend
was observed in normal brain tissue (N). In contrast,
although EPO expression did not significantly change
between LG and high-grade tumors (double asterisks),
EPOR expression was significantly increased in GBM.
The number of Ki-67e, PECAM-, and EPOR-positive
cells was significantly greater in high-grade glioma
compared with LG tumors (*P < 0.05).

Laboratories, Hercules, California, USA), and the proteins were
transferred to nitrocellulose membrane. After washing with
Tris-buffered saline containing 0.05% Tween-20, the membrane
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was incubated with blocking buffer for 2 hours. Next, the membrane was incubated with anti-EPO, anti-EPOR, anti-Ki67, and
anti-PECAM (Santa Cruz Biotechnology, Dallas, Texas, USA) in
blocking buffer at 4 C overnight. A mouse anti-human monoclonal antibody recognizing the human b-actin (catalog no. A5441;
Sigma-Aldrich, St. Louis, Missouri, USA) was used as the control
in all the experiments. After a thorough washing, the membrane
was incubated with anti-mouse IgG peroxidase conjugate in
blocking buffer for 60 minutes. The blots were developed using
the enhanced chemiluminescence method with LumiGLO and
peroxide reagents (Cell Signaling Technology, Beverly, Massachusetts, USA). A semiquantitative evaluation of the protein levels
detected by immunoblotting was performed using computerassisted densitometric scanning (Kodak 4.04 Digital Imaging
System, Rochester, New York, USA). Data were acquired as arbitrary densitometric units. We used 2 different negative controls for
each blot.

Figure 2. Graphs showing the correlation between the expression of (A)
erythropoietin (EPO) receptor (EPOR) and Ki-67, (B) EPOR and platelet
endothelial cell adhesion molecule (PECAM), and (C) EPOR and EPO. A
significant correlation was found between the expression of EPOR and
Ki-67 and EPOR and PECAM immunoexpression (r ¼ 0.766 and r ¼ 0.
801, respectively; P < 0.05). No correlation was found between EPOR
and EPO expression (r ¼ 0.423; P > 0.05).
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Immunohistochemical Staining
Human tumor specimens, samples of normal brain tissue, and the
remaining brain tissue from each experimental group underwent
immunohistochemical analysis. The samples were isolated, ﬁxed
in 10% formaldehyde, embedded in parafﬁn, and processed for
histological study. The sections were 5 mm thick. The sections
were cut with a microtome and deparafﬁnized in xylene and
rehydrated in graded ethanol series. The slides were steamed in
0.01 mol/L sodium citrate buffer (pH 6) for 10 minutes in a
microwave oven. Endogenous peroxidase activity was quenched by
exposing the slides to 3% hydrogen peroxide in methanol for 20
minutes, after which the slides were rinsed in phosphate-buffered
saline (PBS) for a total of 10 minutes. The slides were incubated
with primary antibodies (1:200 anti-EPO [Santa Cruz Biotechnology]; 1:300 anti-EPOR [Santa Cruz Biotechnology]; 1:100
anti-Ki67 [Novocastra Antibodies; Leica Biosystems, Wetzlar,
Germany]; 1:200 anti-nestin [Chemicon International; Thermo
Fisher Scientiﬁc, Waltham, Massachusetts, USA]; 1:300 antiPECAM [Santa Cruz Biotechnology]), overnight at 4 C. The
slides were rinsed 2 times in PBS for 10 minutes and incubated for
30 minutes with the speciﬁc biotinylated secondary antibody
(Vector Laboratories, Inc., Burlingame, California, USA). The
slides were then washed in PBS and incubated for 30 minutes with
ABC complex (Vector Laboratories, Inc.), followed by development
with DAB (3,30 -diaminobenzidine) for 5 minutes. The slides were
counterstained with hematoxylin and eosin and examined microscopically to assess the immunoreactivity. All the specimens were
compared with negative controls using as primary antibodies
either normal IgG or PBS. Cells with positive immunoreactivity for
EPO, EPOR, Ki-67, and PECAM were counted in each section. The
number of positive cells is expressed as the mean labeled cell
count  standard deviation. An investigator who was unaware of
the experimental groups from which each sample had been obtained conducted the assessment. Nissl staining was performed on
mounted, air-dried brain sections. The sections were mounted and
incubated in cresyl violet (0.1% [Sigma-Aldrich]) for 15 minutes.
They were washed in destaining solution (70% ethanol, 10% acetic
acid) for 1 minute and then dehydrated (100% ethanol and xylene)
and mounted. The tissues were analyzed and photographed.
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Figure 3. Recombinant human erythropoietin (rHuEPO)
administration promoted tumor growth.
(A) Representative images of mouse brains bearing
human glioma originating from 9L glioma cell
transplantation. (B) Rats treated with rHuEPO

Statistical Analysis
Statistical analysis was accomplished using the unpaired Student t
test and the Spearman nonparametric correlation test. Signiﬁcance was determined at a probability value of P < 0.05.
RESULTS
Human Study
A total of 21 tumor samples were included in the present study.
The tumor samples were obtained from 13 men and 8 women,
whose age had ranged from 30 to 75 years (mean age, 53.2  14.5).
The tumors were diagnosed as low-grade astrocytoma in 7 patients, anaplastic astrocytoma in 7 patients, and glioblastoma
multiforme (GBM) in 7 patients.
Western blotting and immunohistochemistry showed that Ki-67
and PECAM were markedly detected in anaplastic astrocytoma and
GBM compared with LGG (P < 0.05). These proteins were scarcely
present in the control samples. Also, EPO/EPOR complex
expression was weak in the LGG. The same trend was observed in
normal specimens. However, although EPO expression was not
signiﬁcantly different between the LGGs and HGGs, EPOR
expression was increased in lesions showing an increasing
malignant pattern, with the greatest expression in GBM. The
histological ﬁndings differed markedly among the specimens. The
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presented with significantly greater tumor growth
compared with that of the rats in the saline group
(*P < 0.05). Histological images showing tumor growth
in (C) saline-treated and (D) rHuEPO-treated rats.

number of Ki-67e, PECAM-, and EPOR-positive cells was significantly greater in the HGG specimens than in the LGG specimens
(P < 0.05; Figure 1).
A signiﬁcant correlation was found between the expression of
EPOR and Ki-67 and between EPOR and PECAM immunoexpression (r ¼ 0.766 and r ¼ 0.801, respectively; P < 0.05). No
correlation was found between EPOR and EPO expression
(r ¼ 0.423; P > 0.05; Figure 2).
Animal Study
In all the rats, the tumor had presented with a cortical-subcortical
growth pattern. The rats treated with rHuEPO presented with
signiﬁcant larger tumor growth compared with that of the rats in
the saline group (P < 0.05; Figure 3).
Western blotting and immunohistochemistry showed that rats
treated with rHuEPO exhibited a signiﬁcant increase in Ki-67,
PECAM, and EPOR expression compared with the expression in
the saline group (P < 0.05). No statistically signiﬁcant differences
were observed in EPO expression (P > 0.05; Figure 4).
The expression of EPOR correlated well with tumor extension,
reaching statistical signiﬁcance. Linear regression analysis
demonstrated that the correlation between the tumor volume and
EPOR expression was highly statistically signiﬁcant (r ¼ 0.795;
P < 0.05; Figure 5A). In contrast, linear regression analysis did not
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Figure 4. (A) Western blot and (B) bar graph
depicting the mean number of positive cells on
immunohistochemical assays. (C)
Immunohistochemistry showed that the rats treated
with recombinant human erythropoietin (rHuEPO)
exhibited a significant increase in Ki-67, platelet
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endothelial cell adhesion molecule (PECAM), and
erythropoietin (EPO) receptor (EPOR) expression
compared with the saline group (*P < 0.05). No
statistically significant differences were observed in
EPO expression (**P > 0.05).
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Figure 5. Graphs showing the correlation between tumor extension and
(A) erythropoietin (EPO) receptor (EPOR) and (B) EPO expression. The
expression of EPOR correlated well with tumor extension, reaching
statistical significance. (A) Linear regression analysis demonstrated that
the correlation between the tumor volume and EPOR expression was
highly statistically significant (r ¼ 0.795; P < 0.05). (B) In contrast, linear
regression analysis did not show a significant correlation between EPO
expression and tumor volume (r ¼ 0.409; P > 0.05).

show a signiﬁcant correlation between EPO expression and the
tumor volume (r ¼ 0.409; P > 0.05; Figure 5B).
DISCUSSION
Recent ﬁndings have shown that the expression of EPO and EPOR
is not restricted to the hematopoietic system. EPO and EPOR have
been found in cancer cells from the kidney,35 brain,43 breast,44 and
other tissues.45 These observations suggest that the biological
effects of EPO are not limited to the regulation of
erythropoiesis. EPO has a broader role in regulating normal and
neoplastic cell survival and in enhancing the process of
angiogenesis. The results of the present study have provided
further evidence that EPO and EPOR are involved in the
development and progression of brain tumors. The results from
human studies have demonstrated that Ki-67, an index of tumor
proliferation,46 and PECAM, a marker of glioma microvascular
proliferation,47 were markedly detected in HGGs compared with
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LGGs. Furthermore, although EPO expression did not change
between LGGs and HGGs, EPOR expression was found to
increase with an increasing malignant pattern in the tumor and
was greatest in GBM. We found a highly signiﬁcant correlation
between the expression of EPOR and overexpression of Ki-67
and PECAM in the human tumor samples. The role of the EPO/
EPOR complex was also conﬁrmed by the results from our
experimental study in which rHuEPO administration resulted in
signiﬁcantly larger tumor growth compared with that in the rats
treated with saline solution. Taken collectively, our ﬁndings are in
agreement with previous studies suggesting that the EPO/EPOR
complex might contribute to the growth and progression of
HGG.40,48-54 It has been reported that hypoxia can provide selection for aggressive neoplastic phenotypes and promote tumor
angiogenesis.55,56 Our ﬁnding of high EPOR levels in HGG, in
both human specimens and an experimental transplanted tumor
model, and our demonstration that rHuEPO administration results
in signiﬁcantly greater tumor spread suggests novel methods by
which EPO/EPOR-related hypoxia might contribute to cancer
promotion.
It has been demonstrated that EPOR is upregulated after
ischemic stroke, and EPO administration has been shown to
enhance ischemic and hypoxic brain cell survival.24 The high
expression of EPOR in HGG could similarly improve the hypoxic
or ischemic survival of cancer cells. It is well-known that hypoxia induces transcription of the EPO gene via activation of the
transcription factor HIF-1.57 Overexpression of HIF-1 is common
in human cancers and has been correlated with increased cell
proliferation, angiogenesis, and a malignant phenotype.57
Sustained activation of the EPOR by EPO is known to block
apoptosis in hematopoietic progenitors.58 If EPO signaling has a
similar function in cancer cells, upregulation of functional EPOR
and EPO might contribute to the hypoxia-mediated selection of
cells with diminished apoptotic potential and relative resistance to
therapy.57 In such a scenario, endogenously produced or
exogenously administered EPO could conceivably promote the
proliferation and survival of cancer cells,59 as observed in our
experimental study in which rHuEPO administration resulted in
signiﬁcantly greater tumor growth compared with that of the
rats treated with saline solution.
Randomized clinical studies of breast, lung, and head and neck
cancers have demonstrated that EPO treatment adversely affected
overall survival and local tumor control.60-62 Two large clinical
trials were terminated early because of the unexpected greater
mortality in the EPO-treated patients.63,64 The known angiogenic
effects of EPO and its intrinsic potential to stimulate cancer cell
growth and/or invasion have led to the re-evaluation of the systematic use of EPO.65-67
The knowledge that EPO could act through EPOR to contribute
to glioma cell growth through autocrine and paracrine mechanisms has been conﬁrmed by an increasing number of
studies.40,48-54 Some studies have also shown that EPO or EPOR
inhibition was associated with a decrease in extracellular
signal-regulated kinase phosphorylation, which is 1 of the major
pathways involved in cell proliferation, but also 1 of the pathways
triggered by EPOR activation.52
Controversial effects of EPO on the response of glioma cells to
radiation or chemotherapy have been reported. In vivo studies
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have shown that rHuEPO administration increased the efﬁcacy of
radiotherapy by reducing anemia and tumor hypoxia.68,69 However, several studies have reported that in vitro treatment with
rHuEPO induced a signiﬁcant resistance of glioma cells to
ionizing radiation and drugs that depend on the signaling induced
by EPOR.37,48,50 Recently, it has been reported that EPOR inhibition sensitizes GBM cells to treatments in normoxia and hypoxia
conditions.53 Considering that hypoxia is a common feature of
GBM, the observation that EPOR knockdown counteracts the
hypoxia-induced chemotherapy resistance and radioresistance is
also noteworthy. These results were conﬁrmed using a preclinical
hypoxic GBM model.53 In that model, EPOR silencing, combined
with temozolomide treatment, was more efﬁcient in delaying
tumor relapse and increasing animal survival compared with
temozolomide alone.53
Among the mechanisms by which EPO can interact with glioma, it has been demonstrated that EPO can signiﬁcantly accelerate the proliferation of glioma through STAT3 and Akt
pathways.40,53 These mechanisms are consistent with those
reported the previous few decades regarding the signaling pathways downstream of EPO/EPOR, which have been shown to
inﬂuence anti-apoptotic pathways, not only in erythroid cells, but
also in brain cells, such as neurons.70,71
A new EPO receptor, the ephrin-type B receptor 4 (EphB4),
involved in triggering downstream signaling via STAT3, has been
associated with tumor growth and progression.72 In human
ovarian and breast cancer samples, expression of EphB4, rather
than expression of the classic EPOR, correlated with decreased
disease-speciﬁc survival in rHuEPO-treated patients.72 This
observation opened a new scenario in EPO tumor involvement.
Similar to neuroprotection, in which EPO and its analogs have
been shown to speciﬁcally exert their tissue-protecting effects
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