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Abstract The combination of cisplatin and pemetrexed
represents the newly established standard of care for
patients with unresectable malignant mesothelioma (MM).
However, this chemotherapy regimen appears to be associ-
ated with an increased prevalence of higher grade anemia
as compared to treatment with cisplatin alone. Human
recombinant erythropoietin (rHuEpo) is currently used for
the treatment of anemia in cancer patients. Still, following
the Wnding that the erythropoietin receptor (EpoR) is
expressed by several tumor cells types and after the trials
reporting that the recombinant cytokine can adversely aVect
tumor progression and patient survival, the clinical safety
of rHuEpo administration to neoplastic patients has
recently been questioned. The observation that the expres-
sion of EpoR, variably associated with the expression of the
cognate ligand, is a common feature of MM cells prompted
us to investigate whether treatment with rHuEpo could
elicit proliferative and cytoprotective signals in EpoR-posi-
tive MM cell lines. Biochemical responsiveness of MM
cells to rHuEpo was demonstrated by the time-course acti-
vation of both ERK1/2 and AKT following treatment with
the recombinant cytokine. A moderately increased mito-
genic activity was observed in two out of Wve MM cell lines
treated with pharmacologically relevant concentrations of

rHuEpo. On the other hand, the recombinant cytokine,
administered either before or after cisplatin and pemetr-
exed, failed to interfere with the cytotoxic eVects exerted by
the chemotherapeutic drugs on the Wve MM cell lines.
According to the presented Wndings, rHuEpo appears to
have an overall limited impact on cell growth and no eVect
on MM sensitivity to chemotherapy.
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Introduction

Malignant mesothelioma (MM) is a tumor originating from
the mesothelial linings of the pleura and, less frequently,
peritoneum and pericardium [1]. Traditionally considered a
rare cancer, MM is showing an ever-increasing worldwide
prevalence due to its strong association with asbestos expo-
sure [2]. The aggressive and invasive properties of MM
make it seldom amenable to surgical intervention, while its
low radiosensitivity limits the eYcacy of radiation therapy.
In addition, until recently, MM response rates to conven-
tional chemotherapeutic drugs or drug combinations were
rarely reported to exceed 20%. In this regard, a systemic
review of the literature indicated cisplatin as the most
active single drug against MM [3]. Of late, a standard Wst-
line treatment for patients with unresectable MM has been
established, based on the combination of cisplatin with the
antifolate pemetrexed and yielding response rates of about
40% [2, 4, 5]. In spite of this signiWcant achievement, MM
remains a tumor with poor prognosis, and median survival
from diagnosis is still less than 2 years.

Anemia is a well-known side eVect of platinum-based
chemotherapy, which can cause damage to both erythroid
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progenitors and renal erythropoietin (Epo)-producing cells
[6]. The combination of cisplatin and pemetrexed appears
to be associated with an increased prevalence of higher
grade anemia as compared to treatment with cisplatin alone
[4, 5]. Human recombinant erythropoietin (rHuEpo) prepa-
rations are currently used for the treatment of anemia
related to cancer therapies. However, the Wnding that sev-
eral tumor cells types express the erythropoietin receptor
(EpoR) has raised concern about the clinical safety of rHu-
Epo supplementation in neoplastic patients, on account of
the growth-stimulatory and cytoprotective eVects poten-
tially exerted by the recombinant cytokine on the EpoR-
bearing tumors [7–9]. This concern has been fostered by
the results of two randomised, placebo-controlled trials,
aimed at investigating the eVects of rHuEpo in chemother-
apy-treated patients with metastatic breast cancer [10] and
in radiotherapy-treated patients with head and neck cancer
[11], reporting decreased patient survival and increased
tumor progression, respectively, in the rHuEpo-supple-
mented arms. Despite the methodological limitations found
in these studies [12], it is remarkable that the reported nega-
tive impact of rHuEpo on head and neck cancer locore-
gional progression appeared restricted to patients with
EpoR-expressing tumors [13]. However, the role played by
the Epo/EpoR system in cancer growth, progression and
response to therapy has yet to be clearly established and
further reasearches are warranted in both preclinical and
clinical settings [8, 9, 14].

In this report we provide evidence for the Wrst time that
expression of the EpoR is a common feature of pleural MM
cells and show that it is associated with variable expression
of the cognate ligand. Furthermore, we investigate whether
the treatment with rHuEpo could elicit proliferative and
cytoprotective signals in EpoR-positive MM cells and
interfere with the cytotoxic eVects of cisplatin and pemetr-
exed.

Materials and methods

Cell culture and reagents

Reagents for routine cell culture procedures were obtained
from Euroclone (Milan, Italy). Previously characterized
human pleural MM cell lines H-Meso-1 [15], MM-B1 and
MM-F1 [16], Mero-25 and Mero-48a [17] were grown in
DMEM supplemented with 10% fetal bovine serum (FBS),
100 IU/ml penicillin and 100 �g/ml streptomycin (com-
plete medium). HepG2 and MCF-7 cells were maintained
in RPMI 1640 supplemented as above. TF-1 cells were cul-
tured in RPMI complete medium containing 10 ng/ml of
recombinant human granulocyte-macrophage colony-stim-
ulating factor (GM-CSF; R&D Systems, Minneapolis, MN,

USA). The eVects of exogenous Epo on MM cells were
evaluated using the clinical grade rHuEpo epoetin beta
(NeoRecormon; Roche, Mannheim, Germany). A research
grade rHuEpo (R&D Systems) was also used in prolifera-
tion studies. Cisplatin (cis-platinum(II) diammine dichlo-
ride) from Sigma-Aldrich (St Louis, MO, USA) and
pemetrexed (Alimta) from Eli Lilly and Company (India-
napolis, IN, USA) were used in MM survival studies.

Assessment of rHuEpo biological activity

During the course of the study, the biological activity of
rHuEpo preparations was monitored using the growth fac-
tor-dependent TF-1 leukemic cell line [18]. TF-1 cells were
seeded in 24-well plates in the absence of GM-CSF; after
24 h, fresh medium additioned or not of rHuEpo (1 IU/ml)
or GM-CSF (10 ng/ml) was added to the wells and, at 48
and 96 h from treatments, cell proliferation was quantiWed
by trypan blue staining and cell count.

Immunoblot analysis

Protein samples were resolved by SDS-PAGE, transferred
to PVDF membranes (Hybond-P; Amersham Pharmacia
Biotech, Little Chalfont, UK) and probed with the follow-
ing primary antibodies: rabbit anti-EpoR (M-20; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-
Epo (H-162; Santa Cruz), mouse anti-�-actin (clone AC-
15; Sigma-Aldrich), rabbit anti-phospho-p44/42 MAP
kinase and rabbit anti p44/42 MAP kinase (Cell Signaling
Technology, Danvers, MA, USA), rabbit anti-phospho-
AKT (Ser473) and rabbit anti-AKT (Cell Signaling Tech-
nology). After incubation with the appropriate peroxidase-
conjugated secondary antibodies, the immune complexes
were visualized using an ECL detection system (SuperSig-
nal West Pico Chemiluminescent Substrate; Pierce, Rock-
ford, IL, USA). The speciWcity of EpoR labeling was
veriWed by preadsorption of the M-20 antibody with a ten-
fold excess of the corresponding immunizing peptide. Den-
sitometric analysis of autoradiographic Wlms was
performed using the Image J software (National Institutes
of Health, USA).

Evaluation of Epo synthesis and secretion

Near-conXuent MM and HepG2 cultures were grown for
48 h in the presence of 10% FBS or under serum starvation.
Conditioned media were then collected and clariWed by
centrifugation, while the cells were lysed. Culture repli-
cates were trypsinized and used for cell counts. The cyto-
kine released in the conditioned media was quantiWed using
a commercially available ELISA kit (IBL, Hamburg, Ger-
many) with a lower detection limit of 2.5 mIU Epo/ml.
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Media from serum-starved cultures were further assayed
after concentration to one-tenth of the original volume by
Centricon Wltration (10 kDa cut-oV membrane; Millipore,
Bedford, MA, USA). Parallel evaluation of Epo levels in
cell lysates was carried out by western blotting; lyophilized
human serum (IBL) was reconstituted and used as a posi-
tive control of immunostaining. To evaluate the eVect of
hypoxic stress conditions on Epo release, the cells were
grown for 48 h in the presence or absence of the hypoxia-
mimetic agent cobalt chloride (Sigma-Aldrich) at a 100 �M
concentration. Conditioned media were then collected, clar-
iWed and subjected to ELISA.

Sulforhodamine B assay

MM cell proliferation and survival were quantiWed by the
sulforhodamine B (SRB) assay, carried out as previously
described [19]. The optical density (OD) of SRB-stained
cultures was measured by an automated spectrophotometric
plate reader at a wavelength of 490 nm. The assays were at
Wrst performed on samples containing twofold serial dilu-
tions of cells, in order to determine the range of linearity
between cell number and OD values.

MM cell proliferation studies

MM cells were seeded at low density in 96-well plates,
allowed to adhere overnight, serum starved for 6–8 h and
then switched to media additioned or not of rHuEpo (1–
10 IU/ml) and FBS (2–10%). Media and treatments were
renewed at 48 h and cell proliferation was measured after a
total of 96 h. The experiments were performed in quadru-
plicate and repeated a minimum of three times.

Survival studies

The eVects of epoetin beta (10 IU/ml) on survival of MM
cells exposed to cisplatin (1–30 �M) or pemetrexed (10–
1,000 nM) were investigated using two schedules of treat-
ment diVering in the sequence of administration of the
recombinant cytokine versus the cytotoxic drugs. In both
the schedules, MM cells were seeded in complete medium
in 96-well plates at a density of about 7.5 £ 103 cells/well
for cisplatin/epoetin beta studies and at a density of about
3.0 £ 103 cells/well for pemetrexed/epoetin beta studies.
The Wrst schedule of treatment was as follows: MM cells,
allowed to adhere for 4–6 h, were treated with epoetin beta
for 24 h and then switched to medium (200 �l) containing
fresh cytokine and cisplatin or pemetrexed. The outline of
the reverse schedule was: 24 h after cell seeding, medium
(100 �l) containing cisplatin or pemetrexed was added to
the individual wells followed, after additional 24 h, by
medium (100 �l) containing epoetin beta. Control cultures

were left untreated or treated with epoetin beta alone or
either drug alone in the appropriate sequence. Cell survival
was evaluated by SRB staining after a total of 72 h from
cisplatin treatment and after a total of 96 h from pemetr-
exed treatment. The percentage survival of the cultures
treated with cisplatin or pemetrexed was calculated by
normalization of the OD values to those of the cultures
receiving no cytotoxic drug. The percentage survival of
the cultures treated with each drug plus epoetin beta was
calculated by normalization of the OD values to those of
the cultures treated with epoetin beta alone. The experi-
ments were performed in triplicate and repeated three
times.

Statistical analysis

Statistical signiWcance of the observed diVerences was
calculated by the Student’s two-tailed t test.

Results

Expression of EpoR and Epo in MM cell lines

EpoR expression was investigated by western blot analysis
in a panel of human pleural MM cell lines with epithelial
(H-Meso-1, Mero-25), biphasic (MM-B1, Mero-48a) and
sarcomatous (MM-F1) features, using the MCF-7 breast
carcinoma cell line as positive control [7]. EpoR was
expressed in all MM cell lines analyzed and its levels of
expression were similar among MM cells and comparable
to those MCF-7 cells (Fig. 1a, upper panel). The speciWcity
of the immunostaining was veriWed by preincubation of the
anti-EpoR antibody with a tenfold excess of the corre-
sponding immunizing peptide (Fig. 1a, lower panel).

Next, Epo expression in MM cell lysates and its secre-
tion into matched conditioned media were investigated by
western blotting and ELISA, respectively, using the HepG2
hepatocellular carcinoma cell line as positive control.
Indeed, HepG2 cells are known to synthesize and secrete
large amounts of this cytokine [20]. As determined by
western blot analysis, the cytokine was expressed at high
levels, comparable to those of HepG2, in Mero-25 cells
only, while much lower levels of expression were observed
in the other MM cell lines (Fig. 1b). Serum starvation of
MM and HepG2 cultures did not aVect Epo expression in
the corresponding cell lysates (data not shown). As deter-
mined by ELISA, HepG2 cells grown in the presence or
absence of serum released 43 § 3 and 24 § 2 mIU of Epo
per ml of medium, respectively. Conversely, in spite of its
presence in the corresponding cell lysates, Epo was not
detectable in the conditioned media of MM cells grown
either in complete medium or serum-starved. Furthermore,
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media from serum-starved MM cultures lacked Epo immu-
noreactivity even when concentrated to one-tenth of the
original volume. Taking into account that Mero-25 cell
lysates showed levels of Epo comparable to those of
HepG2 and that similar numbers of cell equivalents were
contained in the media of the two cell lines, the lack of Epo
immunoreactivity in the media of Mero-25 cells is remark-
able, and indicates that Epo secretion is at least poorly
eYcient in these cells. Finally, in order to determine
whether the release of Epo by MM cells could be stimu-
lated by hypoxic stress conditions, conditioned media of
cultures grown for 48 h in the presence of the hypoxia-
mimetic agent cobalt chloride were also tested by ELISA.
Under cobalt chloride treatment, the Epo content of HepG2
conditioned media increased about 3.8-fold as compared to
that measured in media from untreated control cultures, in
agreement with previous reports [20], while the cytokine
remained undetectable in MM cell media.

Assessment of biochemical responsiveness of MM cells 
to rHuEpo

According to the current literature, the treatment of EpoR-
positive non-hematopoietic cancer cells with rHuEpo is not
consistently eVective in activating EpoR-linked signaling
pathways [8, 21, 22]. Furthermore, it has been reported that
a predominant cytosolic localization of the EpoR could
account for the apparent lack of biochemical activity of
rHuEpo on some cancer cell types [14, 23]. In order to
deWne the biochemical responsiveness of EpoR-expressing
MM cell lines to exogenous Epo, we investigated whether
rHuEpo treatment of MM cultures could activate down-
stream eVectors of the proliferative and cytoprotective sig-
nals elicited by the activated EpoR, namely the
extracellular signal-regulated kinase 1 and 2 (ERK1/2 or
p44/42 MAP kinases) and AKT [24, 25]. To this end, H-
Meso-1, MM-B1 and MM-F1 cells, representative of the
three main tumor histotypes, were serum-starved for 24 h,
stimulated with rHuEpo (epoetin beta) at the pharmacologi-
cally relevant concentration of 10 IU/ml [22, 23] and lysed
at diVerent time points over a time course of 90 min from
stimulation. MM cell lysates were then subjected to immu-
noblot analysis with antibodies that recognize phosphory-
lated epitopes of ERK1/2 and AKT. The results reported in
Fig. 2a–c show that epoetin beta was eVective in promoting
the phosphorylation of ERK1/2 in MM cells. Kinetics and
amplitude of ERK1/2 activation were similar in the three
cell lines, with a peak activation occurring between 5 and
15 min from epoetin beta stimulation, followed by a decline
toward basal levels. When investigating the eVect of epoe-
tin beta on AKT, basal levels of AKT phosphorylation were
found in serum-starved H-Meso-1 and MM-B1, but not in
MM-F1 cells (Fig. 2b), consistent with the marked diVer-
ences in the basal as well as inducible activity of this kinase
previously observed in distinct MM cell lines [26]. Upon
epoetin beta treatment, the extent of AKT phosphorylation
increased in H-Meso-1 and MM-B1, with slightly diVerent
kinetics but similar overall amplitudes (Fig. 2b–d). Con-
versely, the status of AKT activation was not apparently
modiWed in MM-F1 cells (Fig. 2b). Altogether, these
results indicate that rHuEpo treatment elicits signaling
responses in EpoR-positive MM cells.

EVect of rHuEpo on MM cell proliferation

To investigate whether proliferation of EpoR-positive MM
cell lines could be modulated by the administration of exog-
enous Epo, all Wve cell lines were grown under continuous
exposure to 1–10 IU/ml of epoetin beta over a period of
96 h. Cell proliferation was then assessed by the SRB
method. The assays were performed either in the absence of
serum or, on account of a possible mitogenic synergism

Fig. 1 Expression of EpoR and Epo in MM cell lines with epithelial
(H-Meso-1, Mero-25), biphasic (MM-B1, Mero-48a) and sarcomatous
(MM-F1) histotype. a Upper panel immunoblot analysis of EpoR
expression in MCF-7 and MM cell lysates (40 �g/lane). Lower panel
unlike non-speciWc band staining (ns), staining of the EpoR-speciWc
band is inhibited by preadsorption of the primary antibody with a ten-
fold excess of the corresponding immunizing peptide. After stripping,
the membranes were reprobed with anti-�-actin to ensure equal loading
and transfer of samples. b Immunoblot analysis of Epo in HepG2 and
MM cell lysates (100 �g/lane) and, as additional control of the immu-
nostaining, in a sample of human serum. This last is presented in a sep-
arate insert since the exposure times required to detect Epo in cell
lysates resulted in overexposure of the corresponding Epo band
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between rHuEpo and serum-contained growth factors or
cytokines [27], in the presence of low (2%) and high (10%)
serum concentrations. The treatment with epoetin beta
exerted moderate but statistically signiWcant mitogenic
eVects on H-Meso-1 and Mero-48a (Fig. 3a), whereas the
growth of Mero-25, MM-B1 and MM-F1 was not aVected
by the recombinant cytokine under any of the tested condi-
tions. The mitogenic activity of epoetin beta increased with
decreasing serum concentration on both H-Meso-1 and
Mero-48a cells. However, in the absence of serum epoetin
beta exerted proliferative eVects on H-Meso-1 but not on
Mero-48a cells. In this regard, it is of note that Mero-48a
cultures were the most sensible to serum depletion and,
unlike the other MM cultures, displayed a high proportion
of dying cells under prolonged serum starvation; nonethe-
less, this cell death was not rescued by epoetin beta supple-
mentation. Proliferation of both the responsive cell lines
was stimulated to a similar extent by 1 and 10 mIU/ml of
epoetin beta, with an average gain versus the untreated cul-
tures of about 20, 30 and 50% in H-Meso-1 cells grown in
10, 2 and 0% FBS, respectively, and of about 15 and 30% in
Mero-48a cells cultured in the presence of 10 and 2% FBS.

Depending on their source, rHuEpo preparations can
exhibit structural diVerences, mainly related to the presence
and/or relative abundance of diVerentially glycosylated iso-
forms, which can impact on their biological properties and
result in unequal activity on speciWc cell types [28–30].
Therefore, in order to rule out that the lack of mitogenic
response observed in Mero-25, MM-B1 and MM-F1 cells
could be related to the speciWc isoform composition of
epoetin beta, proliferation assays on these cell lines were
also performed using a diVerent rHuEpo preparation (R&D
Systems rHuEpo). The existence of structural diVerences
between the two preparations of rHuEpo was veriWed by
immunoblot analysis. As shown in Fig. 3b, the electropho-
retic migration pattern of epoetin beta is characterized by a
broader smear of diVerent molecular weight products, con-
sistent with the reported wide spectrum of isoforms con-
tained in this preparation [29]. Nonetheless, as well as
epoetin beta, the second rHuEpo preparation also failed to
aVect the proliferation of MM-B1, MM-F1 (Fig. 3c) and
Mero-25 cells (data not shown). Finally, in order to exclude
that the overall limited mitogenic eVect exerted by HuEpo
on MM cells could be due to a reduced biological activity

Fig. 2 Time courses of rHuEpo-induced ERK1/2 and AKT activation
in epithelial (H-Meso-1), biphasic (MM-B1) and sarcomatous (MM-
F1) cell lines. Serum-starved MM cells were treated with 10 IU/ml of
rHuEpo (epoetin beta) for the indicated times and, for comparison,
with 10% FBS for 10 min. a–c Representative western blots. The
membranes were probed with anti-phospho-ERK1/2 or with anti-
phospho-AKT and, after stripping, with anti-ERK1/2 or anti-AKT.

b-d Ratios of p-ERK/total ERK and p-AKT/total AKT, as calculated
after densitometric analysis of autoradiographic Wlms. Shown are
mean § SE values from two to three diVerent time course experiments
performed with H-Meso-1 (gray bars), MM-B1 (black bars) and MM-
F1 (white bars) cell lysates. The ratios are expressed in arbitrary units
versus the values of serum-starved cultures
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of the preparations here employed, the activity of both
epoetin beta and R&D Systems rHuEpo was monitored by
assessing their eVect on the growth factor-dependent TF-1
leukemic cell line. Indeed, while long-term maintenance of
TF-1 cells requires either GM-CSF or interleukin-3, their
short-term growth and survival are sustained by Epo sup-
plementation [18]. As shown in Fig. 3d, cell number of
GM-CSF-deprived TF-1 cultures grown for 96 h in the
presence of epoetin beta or R&D Systems rHuEpo was
about 30-fold higher than that of GM-CSF-deprived control
cultures. Thus, the strong activity of rHuEpos on TF-1 cells
indicates that the overall limited impact exerted on MM cell
growth is actually dependent on the speciWc responsiveness
of MM cells.

Survival of MM cultures exposed to cisplatin 
or pemetrexed in the presence of rHuEpo

The potential modulatory eVect of rHuEpo on MM cell sen-
sitivity to chemotherapeutic drugs was investigated in sur-
vival assays performed on cells grown in the presence of
epoetin beta (10 mIU/ml) and increasing concentrations of
cisplatin (1–30 �M) or pemetrexed (10–1,000 nM). Fur-
thermore, in order to unravel possible schedule-dependent
cytoprotective eVects of epoetin beta, the treatments were
performed according to two schedules, diVering in the

sequence of administration of the recombinant cytokine
versus the cytotoxic drugs, as detailed in “Materials and
methods”. The drug concentrations required to inhibit cell
survival by 50% (IC50) ranged from about 5 to 10 �M for
cisplatin and from about 40 to 150 nm for pemetrexed, in
agreement with previous reports [31–33]. The results
obtained on all Wve cell lines indicate that epoetin beta does
not aVect MM chemosensitivity. Indeed, the recombinant
cytokine failed to modify the survival of cisplatin- and
pemetrexed-treated MM cells, either when administered
before the cytotoxic drugs (Fig. 4) or when applied in the
reverse sequence (not shown).

Discussion

In the present study, we provide evidence that expression of
the EpoR is a common feature of MM cells cultured in
vitro. DeWnite proof of EpoR expression by MM cells has
not been previously reported to our knowledge, although
the presence of binding sites for recombinant biotinylated
Epo has been observed in tissue sections from one case of
MM [34]. Several studies have described the expression
and distribution of the EpoR in cancer tissues [7, 12, 13, 39,
47]. However, the suitability of commercial antibodies to
detect the EpoR in vivo has recently been questioned due to

Fig. 3 EVect of rHuEpo on MM cell proliferation. MM cultures were
subjected to SRB assay after 96 h of growth without (CTRL) or with
rHuEpos, in the presence of 10, 2 and 0% FBS. a Treatment with epoe-
tin beta (1–10 IU/ml) exerted a statistically signiWcant eVect on prolif-
eration rates of H-Meso-1 and Mero-48a (*P < 0.05 and #P < 0.10 vs.
untreated controls, by Student’s two-tailed t test). Columns mean from
at least three diVerent experiments, bars SE values. b Immunoblot
analysis showing the electrophoretic migration patterns of epoetin beta
and R&D Systems rHuEpo. c Treatment with either epoetin beta or

R&D Systems rHuEpo (10 IU/ml) failed to modulate the growth rate
of MM-B1 and MM-F1 cells. A similar lack of eVect was observed on
Mero-25 cells treated with 10 IU/ml of rHuEpos and on the three cell
lines treated with 1 IU/ml of rHuEpos (not shown). Columns means
from three diVerent experiments, bars SE values. d Mitogenic activity
of rHuEpo preparations on leukemic TF-1 cells. TF-1 cells were GM-
CSF deprived for 24 h, treated with epoetin beta or R&D Systems rHu-
Epo (1 IU/ml) or, as control, with GM-CSF (10 ng/ml) and counted at
the indicated time points
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their poor speciWcity when used in immunohistochemical
analysis [14, 35]. Therefore, more speciWc antibodies will
be required to provide conclusive evidence and character-
ization of EpoR expression in MM tissues. Conversely, the

expression of Epo by MM cells has been formerly demon-
strated by an immunohistochemical study performed on
tumor sections [36]. While our results on Epo expression
by MM cells in vitro are corroborated by this study, we
here report that albeit the cytokine is present at variable lev-
els in MM cell lysates, it does not appear to be eVectively
released into MM culture media. Furthermore, lack of Epo
immunoreactivity was observed in conditioned media of
MM cultures grown under either standard conditions or
hypoxic stress conditions generated by cobalt chloride
treatment. The expression of Epo, as well as that of the cog-
nate receptor, has been investigated in many tumor types
both at the mRNA and protein level [12, 37], but the actual
secretion of the cytokine by tumor cells has been demon-
strated in a few studies only [20, 38, 39]. In this regard, our
Wndings indicate that whether the Epo expressed by tumor
cells could be eVectively secreted and made available to
activate autocrine or paracrine signaling pathways, is an
issue which deserves further investigations, also on account
of the reported angiogenic potential of tumor-derived Epo
[28, 37, 40].

Similar to our Wnding of Epo intracellular retention in
MM cells, a low ratio between cell surface and intracyto-
plasmic EpoR protein has been observed in diVerent cell
types [14]. Moreover, intracellular retention of the EpoR
has been associated with the apparent lack of biochemical
activity of rHuEpo on certain EpoR-positive cancer cells
[23]. In fact, rHuEpo treatment of EpoR-positive non-
hematopoietic cancer cells is not consistently eVective in
activating EpoR-linked signaling pathways [8, 21, 22]. Sig-
nal transduction by the EpoR, a receptor lacking intrinsic
kinase activity, involves activation of the associated non-
receptor tyrosine kinase JAK2 and of several downstream
pathways [24, 25]. While the mitogenic action of Epo is
thought to rely primarily on activation of the JAK2/STAT5
and RAS/ERK pathways, the PI3K/AKT pathway appears
to have a main role in mediating Epo cytoprotective and
antiapoptotic eVects [9, 22, 37]. Our results showing the
activation of both ERK1/2 and AKT upon epoetin beta
stimulation demonstrate that rHuEpo is eVective in eliciting
signaling responses in MM cells. On the other hand, activa-
tion of these pathways upon rHuEpo treatment does not
appear to be predictive of proliferative or survival
responses by MM cells. Indeed, although ERK1/2 were
activated to a similar extent and with similar kinetics in
epoetin beta-treated H-Meso-1, MM-B1 and MM-F1 cells,
proliferation was stimulated by the recombinant cytokine in
H-Meso-1 cells only. Moreover, while epoetin beta was
eVective in activating AKT in both H-Meso-1 and MM-B1,
it did not modify the cytotoxic eVect exerted by cisplatin
and pemetrexed on these cells. A similar lack of correlation
between the activation of mitogenic and cytoprotective
pathways and the eVective induction of proliferative and

Fig. 4 Cell survival analysis. MM cultures were treated with epoetin
beta (10 IU/ml) followed, after 24 h, by fresh cytokine and cisplatin or
pemetrexed at the indicated concentrations. Control cultures were left
untreated or treated with epoetin beta alone or either drug alone in the
appropriate sequence. Survival of MM cultures treated with pemetr-
exed alone (open circles/dashed line) or pemetrexed and epoetin beta
(closed circles/solid line) was evaluated after a total of 96 h from
pemetrexed treatment; survival of MM cultures treated with cisplatin
alone (open triangles/dashed line) or with cisplatin and epoetin beta
(closed triangles/solid line) was evaluated after a total of 72 h from cis-
platin treatment. Each data point represents the mean from three diVer-
ent experiments; bars SE values. Results analogous to those reported
in the Wgure were obtained with Mero-48a and Mero-25 cells (not
shown)
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survival responses by rHuEpo has been previously
observed in studies performed on diVerent tumor cell types,
and it is not clear whether it could be due to a limited
amplitude and/or duration of the elicited signals or the par-
allel activation of counteracting molecular pathways [22,
41, 42]. Altogether, these previous studies and the results
presented here highlight that the molecular determinants of
tumor cell responsiveness to the mitogenic and cytoprotec-
tive actions of rHuEpo have yet to be clearly deWned.

The treatment of EpoR-bearing tumors with rHuEpo has
been reported to be ineVective in modulating cell prolifera-
tion or, conversely, to induce mitogenic activity [12, 14,
37]. These conXicting results could be related to diVerences
intrinsic to the speciWc tumor types investigated. However,
the validity of some of these studies is limited due to the
use of suprapharmacological doses of rHuEpo [12, 14]. In
the present study we used pharmacologically relevant con-
centrations of rHuEpo [14, 22, 23] and observed that cell
proliferation was moderately but signiWcantly increased in
only two out of Wve EpoR-positive MM cell lines. In this
respect our results indicate that the mitogenic activity of
rHuEpo on EpoR-expressing tumor cells is cell-line spe-
ciWc rather than tumor type-speciWc. It is of note that we did
not observe the previously reported mitogenic synergism
between rHuEpo and serum [27] since, overall, the mito-
genic activity of rHuEpo on both the responsive cell lines
increased with decreasing serum concentrations. Remark-
ably, the proliferation of MM cells was stimulated to a sim-
ilar extent by 1 and 10 mIU/ml of epoetin beta and the
levels of growth stimulation, although much lower than
those reported for erythroid cells [14, 18, 42], were compa-
rable to those observed in other rHuEpo-treated cancer cell
lines, including breast, renal, prostate and head and neck
carcinomas [7, 27, 43, 44].

Contrasting results have also been reported with respect
to the eVects of rHuEpo on tumor cell sensitivity to chemo-
therapy, and in this regard rHuEpo has been found to have
no eVect as well as to enhance or reduce cell sensitivity to
cytotoxic drugs [12, 14]. In the present study, we demon-
strate that rHuEpo had no eVect on MM cell sensitivity to
cisplatin and pemetrexed, which are the drugs used as Wrst-
line standard regimen for patients with unresectable meso-
thelioma. Furthermore, our results indicate lack of sched-
ule-dependent cytoprotective eVects of rHuEpo, since the
cytokine failed to modulate MM cell survival when admin-
istered either before or after the cytotoxic drugs.

While rHuEpo has been reported to interfere with the cyto-
toxic eVect of cisplatin in cervical cancer, glioma and ovarian
carcinoma cell lines and, conversely, have no eVect on cis-
platin activity in a panel of EpoR-positive malignant cell lines
[45–48], to our knowledge this is the Wrst study investigating
the interaction between rHuEpo and pemetrexed. Remark-
ably, the lack of Epo immunoreactivity in MM cell media

makes it unlikely that autocrine stimulation of the EpoR
could have interfered with the activity of exogenously added
Epo and lead to an underestimation of its mitogenic and cyto-
protective potential on MM cells, and substantiates the results
obtained in both cell proliferation and survival assays.

In conclusion, our data indicate that, although MM cells
commonly express the EpoR and display biochemical respon-
siveness to rHuEpo, the administration of the recombinant
cytokine appears to have an overall limited impact on cell
growth and no eVect on MM sensitivity to chemotherapy.
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