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ABSTRACT
Introduction. Supplementation of recombinant human erythropoietin (rHuEpo) is 
one of the methods for the treatment of anemia for patients with colon cancer. How-
ever, the results of in vitro studies investigating the influence of rHuEpo on cancer
cells are contradictory. 
Aim. The aim of the present study was an assessment of the effect of rHuEpo on
proliferation, as well as Epo and EpoR protein expressions in normoxia and hypoxia 
conditions on human colon adenocarcinoma cells (DLD-1). 
Materials and methods. The cells were cultured in medium with rHuEpo in con-
centrations of 1 and 3 IU without (normoxia) or with (hypoxia) cadmium chloride 
for 48 hours. Cell viability was counted using a haematocytometer and trypan blue  
0.4% (w/v) dye. Expression of Epo and EpoR protein was assessed by western blot. 
Results and Discussion. We observed a decrease in the number of colon cancer 
cells in hypoxia. Addition of rHuEpo did not modify cell numbers in normoxia and 
hypoxia. We found a significant increase of EpoR expression in all cells growing in
medium with cobalt chloride in comparison with respective normoxic cells. We also 
noted that rHuEpo in concentration of 3 IU significantly increased expression of Epo
and EpoR protein in colon cancer cells in normoxia and hypoxia conditions. 
Conclusions. We concluded that Epo and EpoR are constitutively expressed in DLD-1 
cells. In hypoxia as well as in the presence of rHuEpo the increase of Epo and EpoR 
protein was found. However, the expression of Epo and EpoR protein in these cells 
does not seem essential to their growth.
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INTRODUCTION
Erythropoietin (Epo) is a 30.4-kDa glycoprotein hormone produced and secreted 
in the kidneys of adults and in fetal liver in response to hypoxia as a 166-amino 
acid peptide [13]. During maturation a carboxy-terminal arginine in position 166 is 
removed resulting in a circulatory mature 165-amino acid protein. Endogenous as 
well as exogenous peptide (recombinant human Epo, rHuEpo) has the same com-
position [15]. The main physiological role of Epo is the stimulation of erythropoi-
esis. However, the results of numerous in vivo studies have shown that Epo protects 
against ischemia and trauma of the brain, retina, and spinal cord in animals [7, 8, 
10]. Moreover, in in vitro studies it has been shown to stimulate angiogenesis, cell 
proliferations and vessel formation [15]. 

The effect of Epo is mediated by binding to the erythropoietin receptor (EpoR),
the expression of which has been shown in nonhematopoietic cells and tissues such as 
endothelial cells, brain, female genital tract, placenta, myoblasts, kidney, intestine and 
various cancers [13]. EpoR is a transmembrane protein. The presence of EpoR in these
cells may suggest the participation of Epo in autocrine or paracrine mechanisms. The
binding of Epo to EpoR activates also others cascades that lead to the enhancement 
of proliferation, differentiation and survival [13, 16]. Thus, an endogenous Epo/EpoR
system plays a prominent role in developing many tissues, including cancers. 

In solid cancers, including colon cancer, Epo and EpoR expressions are mainly 
regulated by hypoxia via hypoxia inducible factors-1 (HIF-1) [1]. HIF-1 is composed 
of HIF-1A and HIF-1B and under normoxic as well as hypoxic conditions mRNA in 
both of them are constantly expressed in a number of mammalian cell lines. How-
ever, HIF-1A protein is markedly increased by hypoxia, whereas HIF-1B protein is 
constantly present regardless of oxygen tension [9].  Then, HIF-1A is the main regu-
lator of Epo and EpoR expressions in hypoxic cancer cells.

In vitro studies investigating the role of Epo and Epo–EpoR signaling in tumor 
growth and angiogenesis have yielded contradictory results. Yasuda et al. observed 
the inhibition of angiogenesis and tumor cell survival in stomach and melanoma 
xenografts following the blockade of Epo–EpoR signaling [25]. These results are in
opposition to the findings of Hardee et al. who did not observe any effects on angio-
genesis and tumor growth in colon and head and neck xenografts after Epo admin-
istration [12]. 

AIM
At present in literature there have been no reports describing the influence of rHuE-
po on human colon adenocarcinoma cells (DLD-1). Thus, the aim of our study was
to estimate whether rHuEpo might directly affect human colon cells in normoxia
and hypoxia. We also assayed the influence of rHuEpo on Epo and EpoR protein
expressions in DLD-1 cells in normoxia and hypoxia conditions. 
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MATERIALS AND METHODS
Reagents
RPMI-1640 medium, fetal bovine serum, penicillin and streptomycin were obtained 
from ATCC (American Type Culture Collection, Manassas, VA, USA),  RhEpo beta 
(NeoRecormon, Roche) was purchased from Roche (Basel, Switzerland) and cad-
mium chloride was provided by Sigma (Sigma-Aldrich, St. Louis, MO, USA).

Cell culture
DLD-1 cells were obtained from American Type Culture Collection (ATCC) and cul-
tured in RPMI-1640 medium, supplemented with 10% fetal bovine serum (ATCC), 
penicillin (50 IU), streptomycin (50 µg/L) in humidified atmosphere (90% relative
humidity) with 5% CO2 at 37οC. The culture media were changed every two days.
Cells were generally maintained in 75 cm2 flasks (Sarstedt Inc., Newton, NC, USA)
but for the experiments, they were plated onto 100-mm dishes (Sarstedt) with 6 mL 
of medium. The cells were incubated for a 24-hour period prior to treatment and al-
lowed to proliferate to 70–80% confluence before the commencement of each experi-
ment, without serum in RPMI-1640 medium. The control was media with PBS only.
For all experiments, cells at the 5th to 9th passages were used.

Drug treatment
Prior to each treatment, DLD-1 cells were grown until they reached 50–60% conflu-
ence. Then the cells were treated with rHuEpo in the final concentration of 1 IU and
3 IU. Untreated cells were used as control. The incubation time was 48 hours.

Cell number
The DLD-1 cells (5 × 105 cells) were plated on 6-well cluster plates (Nunck, Denmark) 
in 2 mL medium, and cultured for up to 96 hours at 37°C. Cells were harvested by 
0.25% trypsin treatment, and counted at each time point using haematocytometer. 
Samples were analyzed in triplicate at 48 hours after cell culture was initiated. Cell vi-
ability was expressed as a number of viable cells counted using a haematocytometer 
and trypan blue 0.4% (w/v) dye. 

Western blot analysis for Epo, EpoR, and β-actin
Cells were lysed in NP-40 buffer consisting of 50 mmolar Tris-HCL (pH 8.0), 
150 mmolar NaCl, 1% Triton X-100 and protease inhibitor cocktail (Roche). The lysate
was centrifuged at 10 000 × g for 20 minutes at 4°C. An aliquot (10 µL) of supernatant 
was subjected to electrophoresis on a 10% SDS-PAGE, followed by transfer to 0.2 μm 
pore-sized nitrocellulose membrane (Bio-Rad) according to the method described in 
the manual accompanying the unit. Blots were blocked for 1 hour at room tempera-
ture with 5% non-fat milk (Bio-Rad) in Tris-buffered saline, pH 8.0 (Sigma-Aldrich).
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The nitrocellulose was incubated overnight with: mouse anti-Epo (1 :400), goat anti- 
-EpoR (1 : 500), mouse anti-Actin (1 : 3000) antibodies from Sigma-Aldrich in TBS-T 
(20 mmol/L Tris–HCl buffer, pH 7.4, containing 150 mmol/L NaCl and 0.05% Tween
20). Secondary antibodies alkaline phosphatase conjugated were goat anti-mouse or 
rabbit anti-goat conjugated antibodies (Sigma-Aldrich) were added at concentration 
of 1 : 10 000 in TBS-T and incubated for 1 hour by slowly shaking. Then nitrocellulose
was washed with TBS-T (2 × 10 min) and submitted to Sigma-Fast BCIP/NBT reagent. 
The intensity of the bands was quantified by densitometric analysis using Image J 1.37a
software (National Institutes of Health, USA).

Statistical analysis
Shapiro–Wilk’s W-test for normality was used for data distribution analysis. In all 
experiments, the mean values for six assays with standard deviation were calculated 
unless otherwise indicated. The differences between groups were estimated with the
Tukey–Kramer Multiple Comparisons Test. If P value was less than 0.05, it was consid-
ered statistically significant.

RESULTS
We observed a significant decrease in the number of cancer cells in hypoxia in compari-
son to normoxia conditions. Medium with rHuEpo in concentrations of 1 and 3 IU did 
not indicate a significant impact on a number of these cells growing up under normoxia
as well as hypoxia conditions. Also, no differences in the number of cancer cells were
found in DLD-1 cells growing in medium with solvent of rHuEpo and control (Fig. 1). 

 

Fig. 1. Effect of rHuEpo on cell number in normoxia (21% of O2) and hypoxia (250 µmolar CoCl2).
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A significant increase of Epo expression was observed in the cells growing in
medium with 3 IU rHuEpo in comparison to control. The addition of CoCl2 to me-
dium also caused an increase of Epo expression in comparison to control as well as 
in comparison to group of cells growing in medium with rHuEpo in concentration 
of 3 IU in normoxia conditions (Fig. 2). 

Fig. 2. Epo expression in DLD-1 cells treated with rhEpo in concentrations of 1 and 3 IU for 48 hours in 
normoxia (21% of O2) and hypoxia (250 µmolar CoCl2) conditions by western immunobloting.

In normoxia, an increase in EpoR expression was observed in cells growing in 
medium with 3 IU of rHuEpo in comparison to control. In all DLD-1 cells growing 
in hypoxia a significant increase of EpoR expression was found in comparison to the
expression observed in cells growing without CoCl2. In hypoxia, an increase in EpoR 
expression in cells growing in medium with rHuEpo in concentration of 3 IU was 
observed in comparison to control as well as to expression of EpoR occurrence in 
cells growing in medium with 1 IU of rHuEpo (Fig. 3). 
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Fig. 3. EpoR expression in DLD-1 cells treated with rHuEpo in concentrations of 1 IU and 3 IU for 48 hours 
in normoxia (21% of O2) and hypoxia (250 µmolar CoCl2) conditions by western immunobloting.

DISCUSSION
The influence of rHuEpo on DLD-1 cells in normoxia and hypoxia conditions has
not been studied yet. In the present study we observed that induction of hypoxia 
conditions by cobalt chloride caused a significant decrease in the number of colon
cancer cells. The addition of rHuEpo did not modify the cell numbers in normoxia
and hypoxia. In all cells growing in medium with cobalt chloride we observed a sig-
nificant increase of EpoR expression in comparison with respective normoxic cells.
We also found that rHuEpo in concentration of 3 IU significantly increased the ex-
pression of Epo and EpoR protein in colon cancer cells in normoxia. The same effect
was observed in hypoxia conditions. 
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Our results are in line with the study of Song at al. who demonstrated that hy-
poxia inhibits cell proliferation. They postulated that the expression of HIF-1A and
caspase-3 resulted in the production of the apoptosis of periodontal ligament cells 
[19]. Moreover, Yamamoto et al. showed translocation of a pro-apoptotic factor, Bax, 
from the cytoplasm to the mitochondrial membrane and induction by caspase-3- 
-like activity-dependent apoptosis in response to hypoxia. At the same time, they 
observed a significant decrease in anti-apoptotic factors such as Bcl-2 and Bcl-xL
in epithelial cells under hypoxic conditions [23]. However, the influence of hypoxia
on the proliferation of cancer cells is not clear and some of the published results are 
apparently conflicting. Sahai et al. demonstrated that chronic hypoxia induces prolif-
eration of proximal tubule cells mediated by the activation of protein kinase C (PKC) 
[17]. Yang and Kang found that suppression of HIF-1A gene results in a decrease of 
pancreatic cancer cell proliferation [24]. In turn, Volm and  Koomägi did not observe 
a relationship between HIF-1A or HIF-1B and proliferation, but found a significant
correlation between HIF-1 expression, apoptosis and the pro-apoptotic factors cas-
pase-3, Fas, and Fas ligand [20].

In the next set of experiments, our objective was to determine the expression of 
Epo and EpoR protein. We proved the presence of Epo and EpoR protein in DLD-1 
cells in normoxia and hypoxia conditions. The literature data showed no significant
measurable Epo-specific binding activity on the surface of the head and neck squa-
mous carcinoma cells in normoxia and a significant increase of EpoR expression
in hypoxia and rHuEpo treatment [14]. On the other hand, another study reported 
EpoR expression in DLD-1 cells in normoxia conditions [4].

The presence of EpoR on the cancer cell surface may suggest a potential role of Epo
in the activation of specific signal transduction of these cells. Indeed, Hammerling
et al. demonstrated a 650% increase in the proliferation of erythroid cell line after
administration of rHuEpo in pharmacologically relevant doses (0.01–0.4 IU) [11]. 
However, 68 tumor cell lines with no observed biological response to rHuEpo have 
been described [18]. Moreover, rHuEpo (dose range 0.01–100 IU) did not have an 
impact on human solid tumors (head and neck, lung, breast, stomach, colorectal, 
hepatocellular, pancreas, ovary, choriocarcinoma, osteogenic sarcoma, glioblastoma, 
neuroblastoma, prostate, renal) in in vitro experiments [6]. Further, another study 
demonstrated the absence of biological response of cancer cells to this peptide [5]. 
Therefore, in the next part of the experiments we studied the influence of rHuEpo
on cell number as well as Epo and EpoR expressions. In our in vitro study we showed 
the lack of effect of rHuEpo in concentrations of 1 and 3 IU on DLD-1 cells in nor-
moxia and hypoxia conditions. Similar results were achieved by Wang et al. who 
demonstrated no toxicity under normal conditions over a 48-hour period in retinal 
pigment epithelium cells treated with rHuEpo at concentrations of 0.001–100 IU/mL 
compared with control [21]. Also results of another study show that in hypoxia con-
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ditions rHuEpo in concentration of 30 IU had no effect on head and neck squamous
cells survival [14]. Thus, it seems that rHuEpo stimulates proliferation of hemato-
logical cancers but in the case of other tumors its effect depends on the types of cells
and probably also on conditions of culture. 

However, we found that an addition of rHuEpo to the growth medium led to an 
increase of Epo and EpoR expressions both in normoxia and hypoxia conditions. This
observation is in line with findings published by Lo Nigro et al., who demonstrated that
the addition of rHuEpo in culture medium increased EpoR expression [14].  Moreover, 
in an in vivo study a positive correlation between the semi-quantitative EPO score and 
the EPOR score in breast cancer tumor cells [2] and prostate cancer [3] was found. 

In our in vitro study we proved the presence of EpoR in DLD-1 cells, but we did 
not observe evidence of the biological action of rHuEpo on these cells except for an 
enhancement of Epo and EpoR expressions. Westphal et al. suggested that only 60% 
of the newly synthesized EpoR is processed to the glycosylated receptor protein in 
the Golgi apparatus. It is possible that the performed staining showed both mature 
and also premature protein [22]. Thus, not all receptors detected by western blot
possess biological activity and, despite an increase of EpoR expression, we did not 
observe any effects of rHuEpo.

CONCLUSIONS
We conclude that Epo and EpoR are constitutively expressed in DLD-1 cells. In hy-
poxia, as well as in the presence of rHuEpo, the increase of Epo and EpoR protein 
was found. However, the expression of Epo and EpoR protein in these cells does not 
seem essential to their growth. 
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