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Abstract:

Supplementation of recombinant human erythropoietin (rHuEpo) is one of the methods for the treatment of anemia. The influence of

rHuEpo on proliferation or clonogenic growth of cancer cells is not clear and some of the published results are conflicting. The aim

of this work was to study the effect of rHuEpo on colon cancer cells when given alone or in combination with cytostatics. Human co-

lon adenocarcinoma cells (DLD-1) were cultured in medium with rHuEpo, 5-fluorouracil (5-FU) and an active metabolite of irinote-

can (SN-38). Cell viability was determined using a hematocytometer and 0.4% (w/v) trypan blue dye. Cell proliferation was

measured by the MTT assay. Expression of EpoR, Bax, Bcl-2 and Akt1 protein was assessed by Western blot. The results of this

study indicate a dose-dependent inhibitory effect of rHuEpo on DLD-1 cell growth and proliferation. Moreover, the combined treat-

ment of rHuEpo and cytotoxic agents such as 5-FU and SN-38 increases the antitumor action, which is indicated by decreases in pro-

liferation in the MTT test, cell numbers and DNA synthesis. We found a significant increase in EpoR, Bcl-2 and Akt1 protein

expression in all cells grown in medium containing 3 IU of rHuEpo. We observed that EpoR is constitutively expressed in DLD-1

cells. Our results indicate that rHuEpo acts via EpoR to directly inhibit DLD-1 cell growth and indirectly modulate the cytostatics ef-

fects of 5-FU and SN-38.
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Abbreviations: Akt1 – serine-threonine protein kinase, Bax –

Bcl-2-associated X protein, Bcl-2 – B-cell lymphoma 2, DLD-1

– human colon adenocarcinoma cells, DNA – deoxyribonucleic

acid, 5-FU – 5-fluorouracil, JAK – Janus-activated kinase, rHuEpo

– recombinant human erythropoietin, SN-38 – 7-ethyl-10-

hydroxycamptothecin (active metabolite of irinotecan), STAT

– signal transducers and activators of transcription

Introduction

Colorectal cancers are the second leading cause of

cancer-related deaths in developed countries. Histopa-

thologically, most are adenocarcinomas, which origi-

nate from the glandular epithelium of the colorectal

mucosa. After surgery, chemotherapy and radiother-

apy remain an important part of their treatment [30].

5-Fluorouracil (5-FU) has been used as the gold stan-

dard drug for the treatment of many cancers, includ-

ing colon cancer, for more than half a century [13].

The combination of 5-FU with newer cytostatics such

as irinotecan or oxaliplatin has improved the treat-

ment outcomes and lowered the frequency and sever-

ity of side effects. Despite the use of adjuvants such as

leucovorin, which protects red cells against 5-FU and

amplifies the effect of 5-FU, the major side effect of

treatment with this anticancer agent is anemia [24].
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Anemia, which affects approximately 60–80% of

oncological patients, is an important clinical problem

in oncology. It may be caused by the development of

cancer as well as the pharmacotherapy outcome. Se-

verity of the anemia depends on duration of the can-

cer, the type of cancer, its staging and clinical pro-

gression, intensity of treatment and subsequent com-

plications. Sometimes anemia may occur as the first

symptom of a proliferation disease in its early stage or

may appear later in advanced stage cancer. Neverthe-

less, anemia always has a relevant negative influence

on the quality of life of oncological patients, regard-

less of its cause. Additionally, it may lead to hypoxia

in tumor cells, which could contribute to the impair-

ment of chemo- and radiotherapy effectiveness.

Supplementation of recombinant human erythro-

poietin (rHuEpo) is one of approaches to treat anemic

patients. Under the physiological conditions, rHuEpo

is involved in proliferation, survival and differentia-

tion of the erythroid lineage [27]. Apart from its he-

matological role, erythropoietin protects against

ischemia and trauma of the brain, retina, and spinal

cord in animals [7, 9, 14].

It has been demonstrated that erythropoietin recep-

tors are present not only in erythroid cells, but also in

the pituitary glands and in breast, brain, colon, kidney,

lung, ovarian, endometrial, prostate and lymphoma

cancer cells [3, 19]. This observation may suggest the

participation of erythropoietin in the autocrine or para-

crine mechanisms of these cells. In in vitro studies,

some investigators have observed that the supplemen-

tation of rHuEpo can increase tumor cell number [1,

38, 40]. However, the findings of Hardee et al. [16]

did not confirm these observations. Two randomized

clinical trials that used rHuEpo to prevent anemia in

patients with breast or head and neck cancer showed

an increase in tumor progression and a decrease in the

survival rate of patients who received epoetin � or

epoetin � as compared with patients who received the

placebo [17, 22]. In contrast, erythropoietin did not

reduce the survival rate in patients with small cell

lung cancer [20]. Similar results have been obtained

in a multicenter, phase III, randomized, double-blind,

placebo-controlled study carried out in patients with

lung cancer or malignant lymphoma [39]. Another

multicenter phase III trial study on epoetin � did not

find any impact of rHuEpo on side effects, progres-

sion-free survival, and overall survival in patients

with solid or hematologic tumors [32].

Presently, there is no report in the literature de-

scribing the influence of rHuEpo on the efficiency of

chemotherapeutic treatment of human colon cancer.

The aim of our study was to determine whether

rHuEpo might directly affect human colon adenocar-

cinoma cells (DLD-1) and modulate the cytostatic ef-

fect of 5-FU and the active metabolite of irinotecan

(SN-38).

Material and Methods

Reagents

RPMI-1640 medium, fetal bovine serum, penicillin

and streptomycin were obtained from ATCC (Ameri-

can Type Culture Collection, Manassas, VA, USA).

RhEpo � (NeoRecormon) was purchased from Roche

(Basel, Switzerland). 5-Fluorouracil was obtained from

Ebewe (Unterach, Austria). SN-38 was a product of

Tocris (Bristol, UK). Due to the poor aqueous solubil-

ity of SN-38, this compound was dissolved in DMSO,

and a similar quantity of DMSO was added to the

control preparations.

Cell culture

DLD-1, cell line, was obtained from the American

Type Culture Collection (ATCC, Manassas, VA, USA).

DLD-1 cells were cultured in RPMI-1640 medium

supplemented with 10% fetal bovine serum, penicillin

(50 IU), and streptomycin (50 µg/l) and maintained in

a humidified atmosphere (90% relative humidity)

with 5% CO� at 37°C. The culture media were

changed every two days. Cells were generally main-

tained in 75 cm� flasks (Sarstedt, USA). However, for

the experiments, cells were plated in 100-mm dishes

(Sarstedt, USA) with 6 ml of medium. When cells

reached 80% confluence, they were collected and seeded

in 6-well culture plates (Sarstedt, USA) at a density of

2.5 × 10� cells per well. The cells were incubated for

24 h prior to treatment and allowed to proliferate to

70–80% confluence in RPMI-1640 medium without

serum before commencing each experiment. The con-

trol was medium with PBS only. For all experiments,

cells in the fifth to nine passage were used.
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Drug treatment

Prior to each treatment, DLD-1 cells were grown until

they reached 50–60% confluence. The cells were then

treated with rHuEpo, 5-FU, SN-38, 5-FU + SN-38,

rHuEpo + 5-FU, rHuEpo + SN-38, rHuEpo + 5-FU +

SN-38 at different concentrations and for various ex-

posure times . Untreated cells were used as a control.

The final concentrations ranged from 1 to 10 IU of

rHuEpo, 1 to 50 µM 5-FU and 1 to 10 nM SN-38. The

incubation times used to determine the influence of the

study drugs on cell number were 24, 48, 72, and 96 h.

Proliferation assay

The assay was performed according to the method de-

scribed by Mosmann using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) [26].

Confluent cells cultured for 24 and 48 h with various

concentrations of the studied compounds in 6-well

plates were washed three times with PBS and then in-

cubated for 4 h in 1 ml of MTT solution (0.5 mg/ml of

PBS) at 37C in a 5% CO� incubator. The medium was

removed and 1 ml of 0.1 M HCl in absolute isopropa-

nol was added to the attached cells. Absorbance of the

converted dye in living cells was measured at a wave-

length of 570 nm. Viability of DLD-1 cells cultured in

the presence of the studied compounds was calculated

as a percentage of the control cells. The experiments

were performed in triplicate. After treatment of the

cells with drug, the ratio of living to dead cells in the

drug and no drug (control) treatments was calculated

for each drug concentration.

Potency of the combination was evaluated using

the Chou-Talalay method, which calculates a combi-

nation index (CI) that is interpreted as follows: CI < 1,

synergistic effect; CI = 1, additive effect; CI > 1, an-

tagonistic effect.

Cell viability

DLD-1 cells (5 × 10� cells) were plated in 6-well clus-

ter plates (Nunc, Denmark) in 2 ml of media and cul-

tured for up to 96 h at 37°C. Cells were harvested by

treatment with 0.25% trypsin and counted at each

time point using a hematocytometer. Samples were

analyzed in triplicate at 0, 24, 48, 72 and 96 h after

cell culture was initiated. Cell viability was expressed

as the number of viable cells counted using a hemato-

cytometer and 0.4% (w/v) trypan blue dye.

[
3
H]Thymidine incorporation

To examine the effects of the drugs on cell prolifera-

tion, cells were seeded in 6-well plates (Sarstedt,

USA) and incubated with various concentrations of

rHuEpo, 5-FU, SN-38, as well as combinations of

those agents and 0.5 mCi of [�H]thymidine for 24 h at

37°C. After the incubation period, the cell surface was

rinsed three times with PBS. The cells were lysed in

1 ml of 0.1 M NaOH containing 1% SDS. Cell lysate

was then added to 9 ml of scintillation liquid, and ra-

dioactivity incorporation into the DNA was measured

in a scintillation counter (LS 6500, Beckman Instru-

ments, USA).

Western blot analysis for EpoR, Bax, Bcl-2,

Akt1 and �-actin

Cells were lysed in NP-40 buffer (50 mM Tris-HCl

(pH 8.0), 150 mM NaCl, 1% Triton X-100 and prote-

ase inhibitor cocktail (Roche)). The lysate was centri-

fuged at 10,000 × g for 20 min at 4°C. An aliquot

(10 µl) of the supernatant was subjected to electrophore-

sis in a 10% SDS-polyacrylamide gel, followed by

transfer to 0.2-µm pore size nitrocellulose membrane

(Bio-Rad) according to the method described in the

manual accompanying the unit. Blots were blocked

for 1 h at room temperature with 5% nonfat milk

(Bio-Rad) in Tris-buffered saline, pH 8.0 (Sigma-

Aldrich, St. Louis, MO, USA). The membrane was

incubated with goat anti-EpoR (1:500), mouse anti-

Bax (1:400), mouse anti-Bcl-2 (1:400), mouse anti-

Akt1 (1:400) or mouse anti-actin (1:3000) antibodies

from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO,

USA) in TBS-T (20 mM Tris-HCl buffer (pH 7.4)

containing 150 mM NaCl and 0.05% Tween 20) over-

night. Alkaline phosphatase-conjugated goat anti-

mouse or rabbit anti-goat secondary antibodies

(Sigma-Aldrich, St. Louis, MO, USA) were added at

a 1:10,000 dilution in TBS-T and incubated for 1 h

with slow shaking. The nitrocellulose was then

washed with TBS-T (2 × 10 min) and exposed to the

Sigma-Fast BCIP/NBT reagent. Intensity of the bands

was quantified by densitometric analysis using Image

J 1.37a software (National Institutes of Health, USA).

Statistical analysis

The Shapiro-Wilks W-test of normality was used for

data distribution analysis. In all the experiments, the
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mean values for the six assays ± SD were calculated un-

less otherwise indicated. Differences between groups

were estimated with the Tukey-Kramer Multiple

Comparison Test. The Student’s t-test was used to

compare the expression of EpoR, Bax, Bcl-2 and

Akt1. The data were deemed statistically significant

when p < 0.05.

Results

Results of the MTT test showed dose-dependent inhi-

bition of the proliferation of cancer cells after 24 and

48 h incubations with rHuEpo in comparison with the

control group. This effect was statistically significant

at rHuEpo concentrations greater than or equal to 10

IU (Fig. 1A).

We observed significant inhibition of cancer cell

proliferation after 48 h incubation with 10 µM and

50 µM 5-FU. Lower 5-FU concentrations such as 1

and 5 µM were less effective (Fig. 1B). SN-38 con-

centrations ranging from 1 to 10 nM did not show an

antiproliferative effect on DLD-1 cells during either

the 24 or 48 h incubation time (Fig. 1C). Following

the 24 h incubation, a significant decrease in prolif-

eration was observed only with 10 µM 5-FU and 10

nM SN-38. However, the 48 h incubation with 1, 5

and 10 µM 5-FU and 10 nM SN-38 yielded a cyto-

toxic effect (Fig. 1D). Quantification of the potency

of these combinations using the Chou-Talalay method

showed synergistic combination indices for all the

treatments.

Treatment with rHuEpo decreased cancer cell vi-

ability in a dose-dependent manner in comparison

with the control group. Treatment with this peptide at

concentration of 10 IU had a significant impact on the

viability of these cells. No differences in the number

of cancer cells were found in DLD-1 cells growing in

medium containing the rHuEpo solvent or the control

group (Fig. 2A). 5-FU concentrations of 5, 10 and

50 µM significantly decreased the viability of DLD-1

cells in comparison with the control group (Fig. 2B).

SN-38 used in range of 1 to 10 nM did not affect the

viability of cancer cells in comparison to the control

group (Fig. 2C). The combined effect of 5-FU and

SN-38 was concentration-dependent. We observed

a significant decrease in cell number after incubation

with 5, 10 and 50 µM of 5-FU and 10 nM of SN-38

(Fig. 2D).
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Evaluation of the combined effect of rHuEpo and

cytostatic agents was performed after the 48 h incuba-

tions. We observed significant inhibition of prolifera-

tion after incubation of the DLD-1 cells with 3 IU of

rHuEpo and 5 µM 5-FU, as well as 3 IU of rHuEpo

and 10 nM SN-38 in comparison with the control

group (Fig. 3A). Additionally, a significant decrease

in cell number was observed after incubation of the

cancer cells with 3 IU of rHuEpo and 5 µM 5-FU,

3 IU of rHuEpo and 10 nM SN-38, and 3 IU of

rHuEpo, 5 µM 5-FU and 10 nM SN-38 (Fig. 3B). The

incorporation of [3H]thymidine into DNA was signifi-

cantly inhibited by 3 IU of rHuEpo in comparison

with the control group. A decrease in DNA synthesis

after incubation of DLD-1 cells was also noted with

rHuEpo and SN-38, as well as rHuEpo, SN-38 and

5-FU (Fig. 3C).

A significant increase in EpoR expression was ob-

served in cells growing in medium containing 3 IU of

rHuEpo in comparison with the control group (Fig. 4).

This effect was inhibited by the addition of 5-FU or

SN-38 alone or in combination (5-FU + SN-38) to the

medium. The expression of Bax was significantly in-

creased in cells incubated with 5-FU and 5-FU + SN-

38 and, to lesser extent, in cells incubated with

rHuEpo + 5-FU + SN-38 in comparison with the con-

trol group (Fig. 5). Expression of the antiapoptotic

protein Bcl-2 was increased in cells grown in medium

containing rHuEpo and rHuEpo + 5-FU + SN-38 (Fig.

6). Cells incubated with rHuEpo showed an increase in
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Akt1 expression in comparison with the control group

(Fig. 7).

Discussion

The combined impact of rHuEpo and the selected cy-

tostatics 5-FU and SN-38 on proliferation, viability

and DNA synthesis in DLD-1 cells had not yet been

studied. In the current in vitro study, we combined

a well-known therapeutic standard of polytherapy

(5-FU and SN-38) with the use of rHuEpo in colon

cancer cells. We observed a dose-dependent inhibi-

tory effect of rHuEpo on DLD-1 cell growth. A high

concentration of rHuEpo (10 IU) caused a significant

decrease in both the number and proliferation of can-

cer cells.

According to the literature, the influence of

rHuEpo on the proliferation or clonogenic growth of

cancer cells is not clear, and some of the published re-

sults are apparently contradictory. Hammerling et al.

[15] demonstrated a 650% increase in the prolifera-
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tion of an erythroid cell line after the administration

of rHuEpo at pharmacologically relevant doses

(0.01–0.4 IU). On the other hand, the use of rHuEpo

in a dosage range from 0.01–100 IU did not have any

impact on solid human tumors (head and neck, lung,

breast, stomach, colorectal, hepatocellular, pancreas,

ovary, choriocarcinoma, osteogenic sarcoma, glio-

blastoma, neuroblastoma, prostate, renal) in in vitro

experiments [6]. Additionally, another study showed a

lack of biological response in cancer cells to this pep-

tide [5]. Until now, no observed biological response to

rHuEpo has been described in 68 tested tumor cell

lines [35]. Thus, it seems that rHuEpo stimulates the

proliferation of hematological cancers, but in case of

other tumors, its effect depends on the cell type, cul-

ture conditions and type of rHuEpo used [15].

Although treatment with 10 IU of rHuEpo is very

effective, it was not pharmacologically relevant.

Therefore, we used 3 IU of rHuEpo in additional ex-

periments. We observed a decrease in cancer cell

number after incubation with rHuEpo and 5-FU,

rHuEpo and SN-38 and rHuEpo, 5-FU and SN-38 in

combination. Our observations are in agreement with

a study from Tóvári et al. [39], which demonstrated

that rHuEpo treatment led to the significant improve-

ment in the efficacy of 5-FU chemotherapy in colo-

rectal cancer xenografts. Increased cytotoxicity of

chemotherapeutics after use of rHuEpo has been also

described in the study of Thews et al. [37]. The

mechanism responsible for this in vitro effect of

rHuEpo is not yet known.

In the next set of experiments, our objective was to

determine the expression of EpoR. Data in the litera-

ture indicate the presence of two erythropoietin recep-

tors. The first is the homodimeric Epo-R receptor that

is responsible for erythropoiesis. The second is the

heterodimeric receptor that consists of Epo-R and the

common �-receptor (�C-R). The heterodimeric

Epo-R/�C-R is required for mediation of the tissue

protective effects of erythropoietin [33]. Mannello et

al. [23] showed no significant measurable Epo-

specific binding activity on the surface of head and

neck squamous carcinoma cells under normoxic con-

ditions, but demonstrated a significant increase in

EpoR expression under hypoxic conditions and after

rHuEpo treatment. In our experiments, we used

monoclonal anti-EpoR antibodies. We found that 3 IU

of rHuEpo significantly increased the expression of

EpoR in colon cancer cells under normoxic condi-

tions. Our results suggest that via EpoR, rHuEpo

might directly inhibit the survival, growth and prolif-

erations of DLD-1 cells. As we observed a dose-

dependent inhibitory effect on cancer cell growth in

our experiments, we can exclude the participation of

the protective � receptor in the noted action of rHuEpo.

Erythropoietin binds to EpoR, which activates vari-

ous metabolic pathways, one of which is the phos-

phoinositide 3-kinase (PI3K)/AKT1 pathway [19,

23]. Data in the literature showed that erythropoietin-

activated Akt1 protects tissues [11]. On the other

hand, it was reported that Akt1 plays a critical role in

oncogene-induced senescence through the increase of

reactive oxygen species [28]. In our studies we ob-

served a significant increase in the expression of this

protein in cells incubated with rHuEpo. Similar re-

sults were seen by Chong et al. [11] who found that

rHuEpo increased Akt1 activity in primary hippocam-

pal neuronal cultures. Therefore, we hypothesized

that the antiproliferative action of rHuEpo observed in

our studies can be caused by superoxide radical pro-

duction via the activation of Akt1.

The findings of Paschos et al. [29] indicated that

the antiapoptotic effects of erythropoietin are associ-

ated with an increase in Bcl-2 expression. Indeed, we

observed that rHuEpo increased the expression of

Bcl-2 in apoptosis studies. This observation is in

agreement with Solár et al. [36] who achieved similar

results in ovarian cancer cells.

Recent in vitro studies to evaluate whether rHuEpo

could overcome the direct toxic effects of hydrogen

peroxide showed that at high concentrations this pep-

tide can significantly increase the cell damage caused

by oxidative stress. As the authors suggested, this

damage is caused by a decrease in the important sig-

naling pathways involved in cell survival and prolif-

eration [2]. Other recent studies have also shown that

erythrocytes incubated in L-arginine-free medium and

treated with therapeutic doses of rHuEpo are charac-

terized by the upregulation of superoxide radical pro-

duction with concomitant shifting of the cellular re-

dox state toward the more oxidized state [25].

Mechanisms underlying the beneficial effects of

rHuEpo and anticancer agents are still unclear and

mainly hypothetical. It is known that various chemo-

therapeutic agents are more effective in the presence

of oxygen. Buemi et al. [8] found that rHuEpo can

potently increase pO2 and decrease pCO2 in cerebro-

spinal fluid.

Additionally, the augmented effects of 5-FU were

mediated by a decrease in the activities of superoxide
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dismutase and glutathione peroxidase, and rendered

the system unable to cope with free radical attack

[12]. Moreover, it was found that the therapeutic ef-

fectiveness of 5-FU was enhanced by antioxidants

[10]. According to our study and literature data, we

suggest that 5-FU can lower the activity of the colon

cell antioxidant defense system, which induces colon

cancer cell death via free radical injury. We hypothe-

size that this effect could be influenced by rHuEpo.

However, further studies are needed to evaluate the

interactions between rHuEpo and 5-FU.

In additional experiments we found that the com-

bined use of 5-FU and SN-38 had a greater cytotoxic

effect than the use of each agent alone. This observa-

tion is in agreement with findings published by Inoue

et al. [18], which demonstrated that the cytotoxicity of

5-FU was 4 to 8 times greater after the administration

of irinotecan (prodrug of SN-38) than with irinotecan

alone. The authors postulated that 5-FU might inhibit

the DNA synthesis required for SN-38 cytotoxicity.

Additionally, SN-38 might result in the accumulation

of cells in the G2 phase. Another mechanism that may

lead to increased cytoxicity is the accumulation of

cells in S phase, which can sensitize cells to 5-FU

(DNA-damaging agent) given 24 h after irinotecan

administration [4]. Moreover, Kokura et al. [21] have

demonstrated that SN-38 induced the production of

ROS in a dose-dependent manner.

Ravi et al. [31] found that irinotecan inhibits the

JAK2-STAT3/5-dependent expression of survival pro-

teins such as Bcl-xL and XIAP, whereas the binding

of erythropoietin to the Epo-R receptor results in

autophosphorylation of JAK2 and its activation. Acti-

vated JAK2 then phosphorylates the erythropoietin

receptor and other proteins including STAT1 and

STAT5 [19]. Arcasoy et al. [3] reported that admini-

stration of the pharmacologic JAK2 inhibitor in rat

mammary adenocarcinoma tumors resulted in signifi-

cant tumor growth delay. This observation was con-

firmed in an in vitro study in which the JAK2-specific

inhibitor AG490 inhibits proliferation of K562 cells

[36]. Additionally, it was recently reported that the in-

hibition of STAT3 Tyr705 phosphorylation showed

antitumor activity [34]. In our studies SN-38 alone

did not modulate proliferation, cell number or DNA

synthesis. However, SN-38 used in combination with

rHuEpo and 5-FU significantly affected these pro-

cesses. Therefore, we cannot exclude involvement of

the JAK2-STAT3/5 pathway in the observed action of

rHuEpo on the cytostatic effects of 5-FU and SN-38.

In conclusion, our study revealed that rHuEpo

demonstrates apoptotic effects, inhibits cancer cell

proliferation, decreases the viability of cancer cells,

and decreases DNA synthesis in DLD-1 cells. Moreo-

ver, the combined use of rHuEpo and cytotoxic agents

such as 5-FU and SN-38 enhances the antitumor ef-

fect on DLD-1 human colon cancer cells. Our results

also show that the observed mechanism of rHuEpo

action is complex and many intracellular systems are

involved. Therefore, further studies are needed to

clarify the mechanism.
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