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Abstract Bortezomib represents the first proteasome inhibitor
(PI) with demonstrated antitumor activity in the clinical setting,
particularly for treatment of hematological malignancies. At
the preclinical level, its action is shown to be mediated by
induction of growth arrest and apoptosis in many tumor types,
including androgen-dependent (AD) and androgen-
independent (AI) prostate cancer (PCa) cells. Hypoxia-
inducible factor-1α (HIF-1α), which is directly involved in
tumor growth, is one of the most studied and promising
molecular targets for anti-cancer therapy and is often overex-
pressed in PCa. Bortezomib has been reported to impair tumor
growth by also inhibiting HIF-1α. In this study, we investigat-
ed the effect of bortezomib on the expression, activity and
localization of HIF-1α in LNCaP (AD) and PC3 (AI) PCa
cells. First, we show that hypoxic upregulation of HIF-1α

protein levels and activity involves both the PI3K/Akt/mTOR
and p44/42 MAPK pathways. Second, bortezomib inhibits
expression of HIF-1α protein under both normoxic and
hypoxic conditions, represses HIF-1 transcriptional activity
and attenuates the release of vascular endothelial growth factor.
These effects correlate with the ability of bortezomib to cause
dephosphorylation of phospho-Akt, phospho-p70S6K, and
phospho-S6RP, thus inactivating a pathway known to be
required for HIF-1α protein expression at the translational
level. Furthermore, bortezomib also abrogates p44/42 MAPK
phosphorylation, which results to reduced nuclear transloca-
tion of HIF-1α. Taken together, these results suggest that
bortezomib inhibits HIF-1α protein synthesis and its nuclear
targeting through suppression of PI3K/Akt/mTOR andMAPK
pathways, respectively, in both AD and AI PCa cells.
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Introduction

Bortezomib (PS-341, Velcade®) is a specific and reversible
boronate inhibitor of the chymotryptic activity of the 20S
proteasome currently approved for the treatment of multiple
myeloma and mantle cell lymphoma [1]. Bortezomib has
been studied extensively in vitro and in vivo, and anticancer
activity was observed in cellular and animal models of
several solid tumors, including androgen-dependent (AD)
and androgen-independent (AI) prostate cancer (PCa) cells
[2]. Bortezomib indirectly inhibits angiogenesis in multiple
myeloma and endothelial cells by decreasing vascular
endothelial growth factor (VEGF) levels [3], and these
effects involve the repression of HIF-1[4].

The transcriptional activator HIF-1 plays a crucial role in
adaptation to low oxygen conditions and tumor progression
by switching on genes that are involved in angiogenesis, cell
metabolism, apoptosis, invasion, or/and metastasis. HIF-1 is a
heterodimer composed of two subunits, HIF-1α and HIF-1β
(also known as ARNT). HIF-1α is the oxygen-regulated
subunit that determines HIF-1 activity. Under normoxic
conditions, HIF-1α is hydroxylated by HIF-1 prolyl hydrox-
ylases (PHDs), and subsequently targeted by the von Hippel–
Lindau protein, ubiquitinated, and finally degraded by the 26S
proteasome. In addition, HIF-1α is hydroxylated at Asn803
by the factor inhibiting HIF-1 (FIH), which represses HIF-1α
transcriptional activity by blocking recruitment of the p300
coactivator. Under hypoxic conditions, HIF-1α is stabilized
and translocates into the nucleus, where it heterodimerizes
with HIF-1β, thereby activating transcription of several target
genes, including VEGF [5].

In addition to oxygen-dependent regulation, HIF-1α
activation is controlled by multiple oncogenic pathways,
which involve loss of tumor suppressor genes, such as PTEN
and growth factor signaling. PTEN negatively regulates
downstream effectors of phosphatidyl inositol-3 kinase
(PI3K), such as Akt, which has been reported to increase
HIF-1α protein synthesis and mediate VEGF induction under
hypoxia [6]. On the other hand, enhanced MAPK signaling
is a common event in neoplasia as constitutively active
MAPK signaling transforms benign mammalian cells to
malignant [7]. p44/42 (also known as ERK1/2) refers to two
serine/threonine kinases of the MAPK signaling pathway
that have been implicated in HIF-1 activation by promoting
the formation and modulating the transactivation activity of
the HIF-p300/CBP complex [8]. MAPK activation also
increases HIF-1 transcriptional activity via direct phosphor-
ylation of HIF-1α [9]. More recent studies have shown that
p44/42-mediated modification of HIF-1α at residues Ser641

and Ser643 causes activation of HIF-1 by inhibiting the
CRM1-dependent nuclear export of HIF-1α [10–12].

The underlying mechanism of bortezomib-mediated
inhibition of HIF-1α function is not fully understood, and
published data are controversial. Previous studies have
shown that bortezomib inhibits the hypoxic response by
stimulating the interaction between the C-terminal activa-
tion domain (CAD) of HIF-1α and the FIH, thus impairing
recruitment of p300 coactivator to HIF-1 [13]. However, it
has also been reported that CAD inhibition by bortezomib
is FIH independent [14, 15]. More recently, bortezomib was
suggested to control HIF-1α expression via phosphoryla-
tion of eIF2α, which caused inhibition of HIF-1α protein
translation in PCa cells [16].

In this work, we have analysed several levels of HIF-1α
regulation in AD (LNCaP) and AI (PC3) PCa cells exposed
to the proteasome inhibitor bortezomib. Our results show
that bortezomib inhibits HIF-1α protein synthesis by
impairing the PI3K/Akt/mTOR pathway. Furthermore, we
show for the first time that bortezomib interferes with the
p44/42 MAPK (ERK1/2) pathway in PCa cells, causing,
thereby, efficient repression of HIF-1α nuclear accumula-
tion and transcriptional activity. These data suggest a multi-
potent role for bortezomib, at least, in PCa, and offer novel
therapeutic perspectives for its clinical application.

Materials and methods

Cell lines and culture

Human LNCaP and PC3 PCa cells lines were purchased
from the European Collection of Animal Cell Cultures
(ECACC, Health Protection Agency, Salisbury, UK). Cells
were cultured in RPMI 1640 (Euroclone, UK)) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS;
(Gibco, UK), 5% L-glutamine (Gibco, UK), 100 U/ml
penicillin/streptomycin solution (Euroclone, UK). All cul-
tures were maintained at 37°C in a humidified atmosphere
containing 5%CO2. For all experiments, NEP-specific activity
was measured, and low-passage LNCaP cells were used [17].
For hypoxic treatment, cells were exposed for the indicated
times to 1% O2, 94% N2 and 5% CO2 in an IN VIVO2 200
hypoxia work-station (RUSKINN Life Sciences). All other
incubation protocols were as stated in figure legends.

Reagents and antibodies

The PI bortezomib (VELCADE®)was purchased from Janssen-
Cilag Pharmaceuticals, Greece. TransPassTM D2 Transfection
Reagent was from New England Biolabs Inc., Beverly, MA,
USA. Antibodies were obtained from the following commercial
sources: human HIF-1α and HIF-1β/ARNT (BD Biosciences
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Transduction Laboratories, New Jersey, USA); phospho-p44/
42 MAPK (Erk1/2) (Thr202/Tyr204), p44/42 MAPK (Erk1/
2), phospho-Akt (Ser473), total Akt; phospho-p70 S6 kinase
(Thr389); phospho-S6 ribosomal protein (Ser235/236), total
eIF2a (Cell Signaling Technology, Inc., Danvers, USA);
Histone 2B (Abcam, Cambridge, UK). Horseradish
peroxidise-conjugated secondary antibodies were obtained
from Santa Cruz Biotechnology, California, USA. The kinase
inhibitors, LY294002 (PI3 Kinase Inhibitor), rapamycin
(FRAP/mTOR Inhibitor), and PD98059 (MEK1 Inhibitor)
were from Cell Signaling Technology, Inc.

Western blot and immunofluorescence

Fractionation of cells, analysis of fractions, or total cellular
proteins by sodium dodecyl sulfate polyacrylamide gel
electrophoresis, immunoblotting, and immunofluorescent
microscopy were carried out as previously described [10–
12]. All experiments were performed in triplicate and
representative results are shown.

Luciferase reporter assays

To examine the transcriptional activity of HIF-1, LNCaP
and PC3 cells were cotransfected with the firefly luciferase
reporter plasmid pGL3–5HRE-VEGF and the Renilla
luciferase expressing plasmid PCIRenilla, under the control
of an autologous promoter (pGL3) as previously described
[10, 11]. Luciferase activity was measured using the dual-
luciferase assay system (Promega, Wisconsin, USA) with a
luminometer (TD20/20, Turner Designs).

Quantification of VEGF by ELISA

LNCaP and PC3 cells were plated in six-well plates and
were incubated with indicated chemicals for 24 h under
normoxic or hypoxic conditions (1% O2). Media were then
collected, and VEGF levels were determined using Quanti-
kine ELISA kits (R&D Systems, Inc.). Results were
expressed as VEGF concentrations (pg/μg protein).

20S Proteasome enzymatic activity assay

Total protein cell lysates were prepared using a 0.5%
CHAPS buffer, which did not affect proteasomal enzymatic
activity. Chymotryptic activity of the 20S proteasome was
measured in total cell lysates as previously described [17].

Statistical analysis

The Graph Pad Instat Statistical package for Windows was
used. Data are expressed as mean±standard deviation (SD).
The one-way analysis of variance (ANOVA) with the

Bonferroni post-test was used for the comparison of data,
and the statistical significance limit was set at p<0.05.

Results

Hypoxic induction of HIF-1α protein and activity in PCa
cells involves the PI3K/Akt/mTOR and MAPK pathways

To assess the pattern of HIF-1α protein expression after
treatment with hypoxia in PC3 and LNCaP cells, we performed
a kinetic analysis. As shown in Fig. 1a, LNCaP cells do not
express HIF-1α in normoxia, whereas a basal HIF-1α level
was detected in normoxic PC3 cells. Under hypoxic con-
ditions, HIF-1α was upregulated at 2 h and HIF-1α protein
levels remained high up to 48 h in both LNCaP and PC3 cells.

We then investigated the role of PI3K pathway in HIF-1α
induction under hypoxia in LNCaP and PC3 cells. The PI3K
pathway was active in both cell lines under both normoxia and
hypoxia, as evidenced by high levels of phosphorylated Akt,
the downstream effector of PI3K. Treatment of LNCaP and
PC3 cells with the PI3K inhibitor LY294002 (Fig. 1b, left
panels), which as expected reduced the levels of phospho-
Akt(Ser473), decreased the expression of HIF-1α, suggesting
that induction of HIF-1α by hypoxia requires activation of the
PI3K pathway. To confirm this finding, we used rapamycin, an
inhibitor of mTOR, acting downstream of both PI3K and Akt.
Treatment of cells with rapamycin, which as expected blocked
S6 ribosomal protein phosphorylation(Ser235/236) (an estab-
lished downstream target of mTOR), also impaired the
induction of HIF-1α by hypoxia (Fig. 1b, right panels).

Analysis of the MAPK pathway under the same
conditions revealed that hypoxia induced p44/42 MAPK
phosphorylation in both LNCaP and PC3 cells. However,
treatment with the MAPK pathway inhibitor PD98059,
which reduced the levels of p44/42 MAPK phosphoryla-
tion, had no detectable effect on HIF-1α protein levels
under hypoxia (Fig. 1b, left panels).

We then examined the effect of the PI3K and the MAPK
inhibitors on the hypoxia-induced transcriptional activity of
HIF-1. As measured by luciferase reporter gene assays in
transfected cells, hypoxic treatment led to an approximately
70-fold increase in HIF-1 transcriptional activity in LNCaP
cells and a 10-fold increase in PC3 cells, compared to
untreated cells (Fig. 1c). Addition of each inhibitor alone or
in combination significantly reduced the hypoxia-
stimulated HIF-1α transcriptional activity in both cell lines,
although this effect was more pronounced in LNCaP
compared to PC3 cells. The survival of LNCaP and PC3 cells
was tested after treatment with LY294002 and PD98059 under
hypoxia for 16 h, and no significant loss of viability was
detected in either cell line (Supplementary Fig. 1). Thus,
under hypoxia inhibition of the PI3K pathway impairs both

J Mol Med (2012) 90:45–54 47



protein and activity levels of HIF-1α, whereas inhibition of
the MAPK pathway impairs the activity of HIF-1α without
affecting its protein expression levels.

Bortezomib attenuates both HIF-1α expression
and transcriptional activity in PCa cells under hypoxia

The effects of bortezomib on HIF-1α expression were
analysed in PC3 and LNCaP cells under both normoxic and
hypoxic conditions. In normoxia, a basal amount of HIF-1α

protein was detected only in PC3 cells, and this was almost
completely abrogated after incubation with either 10 or
100 nM of bortezomib whereas a lower dose (1 nM) of
bortezomib had no significant effect. After 16 h exposure to
hypoxia, HIF-1α levels were significantly increased in both
cell lines, but the addition of 10 or 100 nM bortezomib
significantly reversed this effect, while 1 nM bortezomib
remained ineffective (Fig. 2a).

We then examined the effect of bortezomib on HIF-1
transcriptional activity using a reporter gene assay. Treat-

Fig. 1 Effect of PI3K/Akt,
MAPK, and mTOR pathways in-
hibition on HIF-1α induction and
transcriptional activity under hyp-
oxia in LNCaP and PC3 cells. a
Kinetics of HIF-1α accumulation
in LNCaP and PC3 cells. Cells
were exposed to hypoxia
(1% O2), for the indicated times,
and HIF-1α was measured by
immunoblotting. Actin served as
a loading control. b Inhibition of
the PI3K/Akt/mTOR pathway but
not of the MAPK pathway pre-
vents HIF-1α protein induction
by hypoxia in LNCaP and PC3
cells. Cells were pretreated for
20 min with the indicated
concentrations of PD98059 or
LY294002 or rapamycin. In all
cases, cells were exposed to hyp-
oxia after pre-treatment and incu-
bation was continued for 16 h.
HIF-1α, p-MAPK, MAPK, p-
Akt, Akt, and p-S6 were mea-
sured by immunoblotting. Actin
served as a loading control. The
lines divide images from different
parts of the same gel. c Inhibition
of PI3K/Akt and MAPK signal-
ing represses the hypoxia-induced
upregulation of HIF-1α transcrip-
tional activity. LNCaP and PC3
cells were treated with the indi-
cated concentrations of PD98059
or LY294002 or both for 20 min,
followed by culturing at normoxic
or hypoxic conditions for 16 h.
HIF-1α transcriptional activities
were measured using an HRE-
driven firefly luciferase expres-
sion construct and a renilla lucif-
erase construct as an internal
normalization control. Results are
shown as fold increase in relation
to the corresponding normoxic
conditions and represent the mean
of three independent experiments
performed in triplicate (±SEM)
(*p<0.001; no inhibitors versus
inhibitors treated)
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ment of hypoxic cells with either 10 or 100 nM of
bortezomib resulted in a significant reduction of transcrip-
tional activity of HIF-1α in both LNCaP and PC3 cells

(Fig. 2b). Interestingly, the inhibition of HIF-1 transcrip-
tional activity by 100 nM bortezomib was much more
pronounced than its effects on HIF-1α protein expression

Fig. 2 Effect of bortezomib on HIF-1α induction and VEGF
expression in LNCaP and PC3 cells. a Bortezomib down-regulates
HIF-1α protein level. Cells were exposed to increasing concentrations
of bortezomib (1, 10, and 100 nM) under normoxic or hypoxic
conditions for 16 h and HIF-1α was measured by immunoblotting.
Actin served as a loading control. Densitometric analysis of the bands
in blots was performed with the public domain software for image
analysis ‘ImageJ’ (National Institute of Health, USA). b Bortezomib
down-regulates HIF-1α transcriptional activity. LNCaP and PC3 cells
were treated with bortezomib (1, 10, and 100 nM) under normoxic or
hypoxic conditions for 16 h. HIF-1a transcriptional activities were
measured using an HRE-driven firefly luciferase expression construct
and a renilla luciferase construct as an internal normalization control.
Results are shown as fold increase in relation to the corresponding
normoxic conditions and represent the mean of three independent

experiments performed in triplicate (±SEM) (*p<0.001; no bortezo-
mib versus bortezomib-treated). c Bortezomib inhibits VEGF expres-
sion. LNCaP and PC3 cells were treated with bortezomib (1, 10, and
100 nM) under normoxic or hypoxic conditions for 16 h. VEGF
expression was measured by VEGF ELISA (R&D Systems) in
conditioned medium. (#p<0.001; normoxia versus hypoxia, *p<
0.001; no bortezomib versus bortezomib-treated). d Bortezomib
inhibits proteasome activity. LNCaP and PC3 cells were treated with
bortezomib (1, 10, and 100 nM) under normoxic or hypoxic
conditions for 16 h. The proteasome activity was measured by a
fluorogenic assay kit (Chemicon International) in total cell lysates.
Data represent the mean (±SEM) of three independent experiments
performed in triplicate and are expressed as percent of the initial value
of proteasome activity in normoxia (*p<0.001; no bortezomib versus
bortezomib-treated)

J Mol Med (2012) 90:45–54 49



levels (compare Fig. 2a, b), indicating a dual mode of
inhibitory action for bortezomib in PCa cells.

Since bortezomib could down-regulate both HIF-1α
protein levels and transcriptional activity, we tested the
impact of bortezomib on production of VEGF, a known
target of HIF-1, by PC3 and LNCaP cells. As expected,
hypoxia upregulated VEGF protein secretion (Fig. 2c) by
up to 1.8-fold in LNCaP and 1.5-fold in PC3. However, this
effect was inhibited by bortezomib in a dose-dependent
manner (Fig. 2c). Baseline VEGF secretion levels of both
cell lines in normoxia were also decreased after treatment
with bortezomib (Fig. 2c).

We then measured 20S proteasome activity of PC3 and
LNCaP cells under both normoxic and hypoxic conditions
in the presence of bortezomib (1, 10, and 100 nM). There
was no significant change in proteasome activity after
addition of 1 nM bortezomib, whereas treatment of
normoxic or hypoxic cells with either 10 or 100 nM of
bortezomib resulted in significant reduction of proteasome
activity in both cell lines, in a dose-dependent manner
(Fig. 2d).

Bortezomib inhibits the PI3K/Akt and MAPK signaling
pathways in PCa cells under hypoxia

To test whether inhibition of HIF-1α expression by
bortezomib is associated with modulation of PI3K/Akt or/
and MAPK signaling, we examined the effect of bortezo-
mib on these pathways in PC3 and LNCaP cells. As shown
in Fig. 3a, bortezomib down-regulated phospho-Akt(Ser473)

in hypoxia in both cell types in a dose-dependent manner,

whereas protein levels of total Akt were not altered.
Furthermore, bortezomib partially inhibited phosphoryla-
tion of the downstream targets of Akt, p70S6K(Thr389) and
S6RP(Ser235/236), in both cell lines and in a way that
parallels the decrease in HIF-1α protein levels (Fig. 3b).
Phosphorylation of p44/42 MAPK was increased in
hypoxia but was markedly reduced in a dose-dependent
manner after treatment with bortezomib, while the total
amount of p44/42 MAPK remained unchanged under the
same conditions (Fig. 3c). Since both PI3K/Akt and MAPK
pathways are required for HIF-1α protein expression and
activity under hypoxia, their effective inhibition by borte-
zomib explains its negative effects on HIF-1 activity in PCa
cells.

Bortezomib impairs HIF-1α nuclear accumulation via
p44/42 MAPK inactivation

As already mentioned above, the inhibitory effect of
bortezomib on HIF-1 transcriptional activity was more
pronounced compared to its negative effect on HIF-1α
protein expression levels, suggesting that residual HIF-1α
in cells treated with bortezomib might be devoid of activity
(Fig. 2a, b). To investigate this phenomenon, we analyzed
the effect of bortezomib on the intracellular localization of
HIF-1α by indirect immunofluorescence microscopy. In
normoxia, HIF-1α could be barely detected in LNCaP or
PC3 cells, while a strong nuclear signal of HIF-1α was
readily visible under hypoxic conditions (Fig. 4a). However,
in the presence of bortezomib, the signal became weaker
and, more importantly, HIF-1α was re-distributed in both

Fig. 3 Effect of bortezomib on
HIF-1α translation regulation. a
Bortezomib inhibits Akt activa-
tion. Cells were exposed to in-
creasing concentrations of
bortezomib (1, 10, and 100 nM)
under hypoxic conditions for 16 h
and phosphorylated Akt levels,
and total Akt levels were mea-
sured by immunoblotting. b Bor-
tezomib down-regulates phospho-
p70 S6 kinase and phospho-S6
ribosomal protein. Cells were
treated as above under hypoxic
conditions and HIF-1α, phosphor-
ylated p70 S6 kinase, and phos-
phorylated S6 ribosomal protein
were measured by immuno-
blotting. Actin served as a loading
control. c Bortezomib inhibits
p44/42 MAPK activation. Cells
were treated as above under
hypoxic conditions, and phos-
phorylated MAPK and total
MAPK were measured by
immunoblotting
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nucleus and cytoplasm. These effects were dose-dependent
and observed in both the AD (LNCaP) and the AI (PC3) cell
lines (Fig. 4a).

To confirm these data, the subcellular distribution of
HIF-1α was also analysed in PC3 and LNCaP cells by
biochemical fractionation, which was monitored using
actin and eIF2α as cytoplasmic markers while ARNT
and Histone 2B as nuclear markers. HIF-1α was found
almost exclusively in the nuclear fraction after exposure
to hypoxia for 16 h (Fig. 4b). Treatment with increasing

concentrations of bortezomib resulted in reduced nuclear
HIF-1α levels, while, at the same time, cytoplasmic HIF-
1α was correspondingly increased (Fig. 4b). These
changes were accompanied by changes in the phosphor-
ylation status of p44/42 MAPK. As shown in Fig. 4b,
p44/42 MAPK phosphorylation was evident in nuclear
extracts but absent in cytoplasmic extracts of both cell
lines. Bortezomib inhibited nuclear MAPK phosphoryla-
tion and subsequent activation in a dose-dependent
manner.

Fig. 4 Effect of bortezomib on
HIF-1α intracellular localization
and p44/42 MAPK phosphory-
lation. a Bortezomib impairs
HIF-1α nuclear accumulation.
LNCaP and PC3 cells were
incubated under hypoxic condi-
tions (1% O2) in the presence of
the indicated concentrations of
bortezomib for 16 h before
processing for immunofluores-
cence microscopy. Nuclei are
stained with 4′,6-diamidino-2-
phenylindole dihydrochloride
(DAPI). Magnification bars=
10 μm. b Bortezomib impairs
p44/42 MAPK activation.
Western blot analysis of cyto-
plasmic (left panels) and nuclear
(right panels) fractions of
LNCaP and PC3 cells incubated
as in a. Actin and eIF2α served
as cytoplasmic markers while
ARNT and histone 2B served as
nuclear markers
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Discussion

Given the important role of the ubiquitin-proteasome system
(UPS) in cellular homeostasis and its involvement in several
carcinogenesis-related processes in the prostate, it comes as no
surprise that UPS inhibition has antitumor effects in the
prostate and has been proposed as prostate cancer treatment
[2]. The antitumor action of the PI bortezomib in PCa has
been proposed to be mediated via upregulation of pro-
apoptotic proteins, including p53 and p21 [18], combined
with deactivation of anti-apoptotic and pro-survival proteins,
particularly NF-κB and its targets, such as Bcl-2 [19].

The HIF pathway has been previously implicated in PCa
progression to androgen independence [20]. HIF-1α is
overexpressed in primary PCa and bone metastases [21].
Androgen independence in PCa is a critical event hall-
marking a switch to a more aggressive phenotype. Exposure
of AD PCa cells to hypoxia has a similar effect which has
been explained by a high ratio of HIF-1-dependent: p53-
dependent transcription [22]. In the AD state, modeled by
LNCaP cells, androgen-mediated induction of HIF-1α
has been reported to emerge through post-transcriptional
and post-translational modulations of HIF-1α activity [23]
as well as androgen-regulated autocrine tyrosine kinase
receptor/PI3K/Akt/mTOR signaling [24]. Reversibly,
hypoxia enhances through HIF-1α the transcriptional activity
of androgen receptor in a low-androgen environment [25].
Another important mechanism of PCa development and
progression is centered upon the MAPK pathway [26],
which has been previously shown to be responsible for
HIF-1 nuclear targeting and transcriptional activation in
other types of cancer cells [10, 11].

In our study, we have shown that hypoxia-mediated HIF-1α
induction and transcriptional activity are PI3K/Akt/mTOR- and
p44/42 MAPK-dependent processes in both AD and AI PC
cells. We have also shown that bortezomib downregulates
HIF-1α expression and activity by interfering with both of
these pathways in a dose-dependent manner.

First, our data support that bortezomib down-regulates the
hypoxia-induced HIF-1α protein expression by inhibiting the
Akt/mTOR/p70S6K/S6RP pathway. Indeed, Akt-dependent
activation of p70S6K and its downstream target S6RP, known
to lead to stimulation of HIF-1α expression [6], were
markedly reduced after treatment with bortezomib, which in
parallel decreased HIF-1α protein level in both PCa cell
lines. This is in line with a previous report suggesting that
bortezomib mediates inhibition of HIF-1α translation in
hepatocellular carcinoma cells [27]. Translational control is
known to involve, apart from the Akt/mTOR pathway, the
eukaryotic translation initiation factor 2α (eIF2α), phosphor-
ylation of which has been also implicated in translational
repression of HIF-1α by bortezomib in PCa cells [16]. Thus,
both our and previous data suggest that bortezomib exerts, at

least, part of its effect at the level of HIF-1α protein
synthesis.

Second, our findings highlight for the first time the role of
the MAPK pathway in the effects mediated by bortezomib
under hypoxia in PCa cells. We observed a decrease in HIF-1α
nuclear accumulation after treatment with bortezomib, which
coincided with impaired p44/42 MAPK phosphorylation and
an increased cytoplasmic fraction of HIF-1α under hypoxic
conditions. Furthermore, HIF-1α transcriptional activity
was down-regulated when cells were treated with either
bortezomib or the MAPK-pathway inhibitor PD98059, with
the latter not affecting HIF-1α protein expression levels. In the
literature, the effect of bortezomib on MAPK signaling has
been previously studied in different tumor types, such as
breast cancer cells [28], plasma cell leukemias [29], and
multiple myeloma cells [30], but the results were contro-
versial. In agreement with this report, we have previously
shown in non-PCa cells that phosphorylation of HIF-1α by
p44/42 MAPK enhances HIF-1 transcriptional activity by
promoting HIF-1α nuclear accumulation [12, 31], whereas
inhibition of HIF-1α phosphorylation leads to HIF-1α
inactivation by CRM1-dependent export to the cytoplasm
[10, 11]. More importantly, this MAPK-dependent regulation
of HIF-1α has often been shown to be independent of
HIF-1α protein levels [9, 10, 31, 32].

Our findings can, therefore, explain the previously reported
inhibitory effects of bortezomib on HIF-1α transcriptional
activity even when HIF-1α protein was shown to accumulate
[14–16]. Our findings further suggest that the previously
reported effect of bortezomib on the recruitment of p300
onto HIF-1α, either via a FIH-dependent [13] or a FIH-
independent [14, 15] mechanism might be less important or
even irrelevant for HIF-1α function when HIF-1α nuclear
accumulation is blocked. By demonstrating that nuclear
concentration of HIF-1α is dramatically reduced after
bortezomib-mediated MAPK inactivation, our work offers a
new insight into the hierarchy of effects precipitated by
bortezomib in hypoxic AD and AI PCa cells. If bortezomib-
mediated reduction of proteasome activity was responsible
for inhibition of HIF-1α degradation, we would expect an
increase in HIF-1α protein levels, but instead, we observed
down-regulation of HIF-1α expression as shown in Fig. 2a.
Consequently, it can be deduced that the mode of action of
bortezomib entails an effect on HIF-1α, which is indepen-
dent of HIF-1α protein stability. This is indeed supported by
our data showing the interference of bortezomib with the
PI3K and MAPK pathways, which are required for HIF-1α
expression and activity, respectively, in PCa cells. It is
presently not possible to tell whether bortezomib blocks
these pathways directly (e.g., as a kinase inhibitor) or
indirectly through some unknown proteasome substrates.

Comparing the AD and AI state, low but detectable
levels of HIF-1α protein were present in the normoxic PC3
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but not in the LNCaP cells. One possible reason may be the
fact that PC3 are advanced prostate cancer cells with a high
proliferative rate [33] and, unlike the less aggressive AD
LNCap cells, have an “active hypoxic response pathway”
even under normoxic conditions. This “constitutive” acti-
vation may blunt further activation of HIF-1α transcrip-
tional activity and VEGF secretion under hypoxia. Indeed,
the AD LNCaP cell line displayed higher levels of HIF-1α
transcriptional activity and VEGF secretion in response to
hypoxia. On the other hand, this may, at least partially, be
attributed to an androgen-mediated activation of the PI3K/
Akt/HIF-1α cascade. This is in agreement with clinical
results showing significant correlation between HIF-1α
immunohistochemical expression and androgen receptor
expression and indicating that androgens may regulate
VEGF levels through the activation of HIF-1α in androgen-
sensitive tumors [34]. Furthermore, treatment with bortezo-
mib as well as the PI3K and MAPK inhibitors was less
effective in inhibiting the hypoxia-induced HIF-1 transcrip-
tional activity in PC3 compared to LNCaP cells. This may
also be attributed to the constitutive expression of HIF-1α
in PC3 cells, which may be one of the several molecular
changes that occur upon progression of prostate cancer to
AI state. Therefore, in this state HIF-1α expression and
activity appear to be less dependent on the Akt and MAPK
pathways. Nevertheless, both signaling pathways as well as
the hypoxia-induced HIF-1α expression, nuclear accumu-
lation, and activity were effectively inhibited by 100 nM
bortezomib pointing to its efficiency as an antitumor agent
in both types of PCa.

In conclusion, we have revealed a dual role of the
proteasome inhibitor bortezomib with regard to its biolog-
ical activity in LNCaP and PC3 PCa cells. Bortezomib
inhibits kinases involved in both the PI3K/Akt and MAPK

pathways (Fig. 5). This is a significant finding in view of
the fact that the Akt/mTOR and MAPK signaling pathways
are often coordinately deregulated during prostate cancer
progression in humans. Targeting both Akt/mTOR and
MAPK signaling pathways may be an effective treatment
for patients with advanced prostate cancer, particularly
those with hormone-refractory disease [35]. As a result of
its dual role, bortezomib exerts a double down-regulating
effect on HIF-1α, since it simultaneously “turns off” its
protein synthesis and prevents its MAPK-dependent nuclear
accumulation. The latter effect may allow bortezomib to
block HIF-1 function and subsequent tolerance to hypoxia,
regardless of the cellular HIF-1α protein levels. This novel
biological concept contributes to the understanding of the
antitumor effects of bortezomib and supports its further
clinical application to PCa treatment.
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