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Angiogenesis is a complex, orchestrated
process that plays a critical role in sev-
eral conditions and has special relevance
in the progression of cancer. Hypoxia is
the major stimulus for angiogenesis, and
hypoxia-inducible transcription factor-1
alpha (HIF-1a) is its key mediator. We set
up a novel in vitro model of HIF-1a up-
regulation by treating human umbilical
vein endothelial cells (HUVECSs) with the
hypoxia-mimicking deferoxamine (DFO)
and found that this condition was suffi-
cient to promote angiogenesis, like the
well-known HUVEC model cultured under

low pO, The proteasome inhibitor bort-
ezomib, which induces strong apoptosis
in cancer cells, abrogated proliferation
and angiogenesis of HUVECs when used
at a high concentration (100 nM), yet
promoted both functions at a low dosage
(10 nM). This double-edged effect ap-
peared to be mediated by differential ef-
fects exerted by the different concentra-
tions of bortezomib on 2 master regulators
of tumor-associated angiogenesis, HIF-1«
and nuclear factor kappa B (NF-kB). Sig-
nificantly, when HUVECs were induced to
express HIF-1« prior to bortezomib treat-

ment, proliferative and angiogenic re-
sponses were abolished, and a greatly
enhanced proapoptotic effect was pro-
moted with both concentrations of the
drug. These findings indicate that HIF-1«
up-regulation may sensitize endothelial
cells to the antiangiogenic and proapo-
ptotic effects of bortezomib and might be
exploited to target tumor-associated ves-
sels in the course of antiangiogenic thera-
pies. (Blood. 2007;109:2565-2570)
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Introduction

Angiogenesis is a highly complex, orchestrated process that
plays a critical role in several processes, including normal
development and wound repair.! Aberrant angiogenesis helps
the growth of tumors,”> making a deeper understanding of the
underlying mechanisms mandatory. Among the mechanisms that
control angiogenesis, hypoxia is the major pathophysiologic
stimulus.? Indeed, tumor-cell expansion requires new blood
vessel formation to supply oxygen and nutrients. The expression
of multiple angiogenic and antiangiogenic factors is dysregu-
lated in tumors,? an event known as “angiogenic switch” that
leads normal angiogenesis to be replaced by the formation of
immature vessels, which are structurally and functionally ab-
normal and prone to collapse. As a result, intratumoral hypoxia
is common.*

In mammalian cells, exposure to a low-oxygen environment triggers
an evolutionary conserved hypoxia-response pathway based on the
regulated expression of hypoxia-inducible factor —1 o (HIF1a),” which
acts as a master transcription switch to regulate oxygen homeostasis.®
Under normal O, conditions, HIF-1a is targeted for ubiquitination and
rapid degradation by the proteasome.”® Under hypoxic conditions,
HIF-1a subunits translocate to the nucleus and, together with their
partner factor, the basic helix-loop-helix/PAS protein Arnt, bind to the
promoters of the genes that mediate glycolysis and angiogenesis.>*!0 In
addition to vascular endothelial growth factor (VEGF), the HIF-1o
transcription factor activates other genes that regulate the expression of
angiopoietin-1 and -2, the VEGF receptor Flt-1, endothelin and the

glucose transporter GLUT-1.1! Recently, HIF-1a hypoxic induction in
endothelial cells has been shown to be essential to drive the angiogenesis
of human umbilical vein endothelial cells (HUVECsS) in vitro, via a
basic fibroblast growth factor (bFGF)-dependent autocrine loop.'?
Cumulatively, these results indicate that HIF-1a controls the expression
of multiple angiogenic factors and suggest that targeting HIF-1aw for
therapy may result in a more comprehensive outcome than that achieved
by any single antiangiogenic factor.!?

The proteasome is a multicatalytic enzyme complex that is
responsible for the degradation of the vast majority of intracellular
proteins and is involved in diverse cellular processes such as
proliferation, differentiation, and apoptosis.'*!> The latter function
has been exploited for the development of specific proteasome
inhibitors (PSIs), in particular the boronic acid dipeptide bort-
ezomib (Velcade, formerly PS-341), which is used for the treatment
of several malignancies, especially multiple myeloma (MM).!¢
Recent data have shown that in patients with MM, in addition to a
direct effect on plasma cells, bortezomib exerts an antiangiogenic
effect that appears to be mediated by a dose-dependent inhibition of
VEGEF and IL-6 secretion by endothelial cells.!” Little is known of
the impact that bortezomib may have in a hypoxic microenviron-
ment, which could ultimately be responsible for the outcome of the
drug’s effects.

Our study aimed at investigating the modifications induced by
bortezomib in endothelial cells (HUVECSs) exposed to stimuli that
trigger HIF-1a—dependent angiogenesis.

Submitted June 29, 2006; accepted November 1, 2006. Prepublished online as Blood
First Edition Paper, November 16, 2006; DOI 10.1182/blood-2006-06-032664.

The online version of this article contains a data supplement.

BLOOD, 15 MARCH 2007 - VOLUME 109, NUMBER 6

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2007 by The American Society of Hematology

2565

20z Ae g1 uo 3sanb Aq ypd-G9620020900842/L06.LLY 1/S952/9/60 L /3pd-8jo1e/po0|qjou suonedligndyse)/:diy woly papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2006-06-032664&domain=pdf&date_stamp=2006-11-16

2566  VESCHINI etal

Materials and methods

Proteasome inhibitors, reagents, and monoclonal antibodies

Bortezomib (Millennium Pharmaceuticals, Cambridge, MA) was dissolved
in DMSO and stored at —20°C until use; it was diluted in culture medium
immediately before use. DFO was from Novartis (Basel, Switzerland).
Human VEGF (PeproTech, Rocky Hill, NJ) was used at 10 ng/mL.
Anti-human HIF-la mAb (clone OZ15) was from Novus Biologicals
(Littleton, CO). Rabbit anti-GLUT-1 was from DAKO (Carpinteria, CA);
DAPI (4,6 diamidino-2-phenyindole dihydrochloride) and the anti-human
VEGFR2 mAb were from Sigma-Aldrich (Milan, Italy). Anti-P65 antibody
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell isolation and cultures

HUVECs were isolated from the human cord by collagenase treatment as
described,'® and cultured in 1% gelatin-coated flasks using endotoxin-free
Medium 199 (BioWhittaker, Cambrex Bio Science, Verviers, Belgium)
containing 20% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan,
UT), 1% bovine retinal-derived growth factor, 90 pg/mL heparin (Bio-
chrom, Berlin, Germany), 100 U/mL penicillin, and 10 pg/mL streptomycin
(Life Technologies, Grand Island, NY). All experiments were carried out
with HUVECsS during steps 1 to 4.

Hypoxia treatment

Hypoxia was mimicked by treatment with 380 wM of iron chelator DFO,
established with titration. When indicated, cells were incubated in a
temperature- and humidity-controlled environmental chamber IG750 (Jouan
Italia, Cologno Monzese, Milan, Italy) in an atmosphere containing 5% O,,
5% CO,, and 90% N,.

Detection of apoptosis

Apoptosis in HUVECs was assessed by staining of surface phosphatidyl-
serine with FITC-conjugated annexin V (Bender Medical Systems, Prodotti
Gianni, Milan, Italy). The cell population undergoing apoptosis was
identified by double-parameter flow cytometry using annexin V and the
vital dye propidium iodide (PI). Caspase-3 activation was evaluated by the
use of the cell-permeant substrate VAD-FMK-PE (BioVision Research
Products, Mountain View, CA), conjugated according to the manufacturer’s
protocol. Mitochondrial membrane potential was measured by use of the
lypophilic probe JC-1 (BIOMOL Research Lab, Plymouth Meeting, PA),
which aggregates in healthy mitochondria and fluoresces red, but diffuses in
the cytoplasm and fluoresces green upon mitochondrial damage. Cells were
run on a FACScan instrument (Becton Dickinson, Mountain View, CA).
Analysis of 10* cells per sample was done with CELLQuest software
(Becton Dickinson Immunocytometry Systems, San Jose, CA).

Proliferation

Cell proliferation and viability were determined by the trypan blue dye
exclusion test. Briefly, HUVECs (5 X 10*) were seeded onto gelatin-coated
24-well flat plates (Costar, Cambridge, MA) and incubated with the
indicated effectors. After trypsinization, cells that excluded trypan blue
were counted in a Biirker chamber.

Confocal analysis

Detection of HIF-1a, GLUT-1, and p65 by confocal analysis was performed
on HUVECsS, fixed (2% paraformaldehyde), and permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS). PBS (containing 1%
FBS)-rinsed cells were incubated for 1 hour at room temperature with the
relative mAbs followed by rabbit anti-mouse IgG AlexaFluor 594 for
HIF-1a and for GLUT-1 and by goat anti—rabbit IgG AlexaFluor 488 for
p65 (both from Molecular Probes, Eugene, OR) at a dilution of 1:500, and
counterstained for nuclei with DAPI for 5 minutes. Microscopic analysis
was performed using a Perkin-Elmer Ultraview ERS (Wellesley, MA)
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confocal laser microscope (Plan Apochromat 63X objective lens, 1.4
numeric aperture, oil). When indicated, average pixel intensity values were
calculated within a defined area. Nuclear area was defined with DAPI
staining. All analyses were performed with Image] software (National
Institutes of Health, Bethesda, MD).

In vitro Matrigel capillaries formation

The experiments were performed using Matrigel (Collaborative Biomedical
Products, BD Biosciences; 4 mg/mL in D-PBS) added to a 96-well plate and
incubated at 37°C overnight to allow gel formation. HUVECs (2 X 10%
well) were plated onto Matrigel in Medium 199 containing 1% FBS and
incubated. After a 16-hour incubation, the HUVECs 2-dimensional organi-
zation and the network growth area were examined and photographed under
an Eclipse TS100 microscope (Nikon, Melville, NY). The number of cords
was measured using Nikon Lucia software.

Western blotting

HUVECs were grown to reach subconfluence on gelatin-coated flasks,
treated with the indicated effectors, washed, and lysed with ice-cold lysis
buffer (0.5% Nonidet P-40, 150 mM NacCl, 0.1% SDS, 50 mM NaF, | mM
Naz;VO,4, 1 mM PMSF), supplemented with a complete protease inhibitors
cocktail (Roche Diagnostics, Mannheim, Germany). Protein concentrations
were determined by Bradford protein assay (Bio-Rad Laboratories, Miinchen,
Germany) with bovine serum albumin as standard. Samples (30 g protein)
were electrophoresed on NuPAGE 4% to 12% acrylamide gel under
reducing conditions using the Novex mini gel system (Invitrogen, Carlsbad,
CA), transferred to nitrocellulose membranes (Amersham Biosciences,
Amersham, United Kingdom) and reversibly stained with Ponceau S
(Sigma Aldrich, St Louis, MO) to confirm complete transfer. Membranes
were blocked with 10% nonfat dry milk in PBS-Tween and incubated with
HIF-1a (clone Hlalpha 67-7; Novus Biologicals) and NF-kB p65 antibod-
ies. Membranes were incubated with the appropriate horseradish peroxidase—
conjugated secondary antibodies (Bio-Rad), developed by chemilumines-
cence (Amersham Biosciences) and visualized using the Chemi-doc Gel
XRS System (Bio-Rad). Blots were stripped and reprobed with vinculin
antibody (Sigma Aldrich) to normalize the results. Lysate of MDA-MB-231
cells (ATTC HTB 26) was used as positive control (30 wg protein) in
HIF-1a Western blot analysis.

Statistical analysis

Data are presented as the mean plus or minus the standard error of the mean
(SEM). Comparisons for each pair were calculated using a 2-tailed Student 7
test (JMP software; SAS, Cary, NC). P < .05 was considered statistically
significant; P < .001 was considered highly significant.

Results

HIF-1a expression induced by deferoxamine
drives angiogenesis

To evaluate the effects of HIF-1a activation on HUVEC angio-
genic response, we first set up an experimental model by treating
HUVECs with DFO (380 M), an iron chelator recognized as a
hypoxia-mimicking compound,'® and then compared it to the
established HUVEC model cultured in low (5%) pO,.'2 The levels
of HIF-laa were measured by Western blot (Figure 1A) and
compared with those expressed by the MDA-MB-231 human
breast cancer cell line, in which both HIF-1a« mRNA and protein
are constitutively elevated.?

HIF-1a protein was undetectable in HUVECs under basal
culture conditions, but was seen to be expressed early following
DFO treatment (Figure 1A-B). Furthermore, under hypoxia HIF-1a
translocates to the nucleus and binds to the gene promoters that
mediate angiogenesis.®!? Similarly, when HUVECs were cultured
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Figure 1. Induction of HIF-1a expression in HUVECs drives angiogenesis.
HUVECs were treated with DFO (380 nM) and evaluated for HIF-1a expression by
Western blot (A) and confocal (B) analyses. In panel A, the breast carcinoma MDAMB
231 cell line was used as a positive control. In panel B, HIF-1« (in red) colocalizes
with nuclear DAPI (pseudo-colored in green; top panels); GLUT-1 staining demon-
strated the transcriptional activity of HIF-1a (bottom panels). (C) HUVECSs seeded on
Matrigel layers in the presence or absence of DFO or hypoxia were analyzed for their
capacity to form tubule-like structures. VEGF (10 ng/mL) was used as positive
control. The contribution of the VEGF/VEGFR, autocrine loop to hypoxia-induced
tubule formation was assessed by using the blocking anti-VEGFR, mAb. After 18
hours of incubation, images were captured under a Nikon TS 100 microscope
(original magnification x10), 3 independent experiments were performed, and
structures were counted with Lucia software on 3 different fields (D).

in the presence of DFO (Figure 1B), HIF-1a was translocated to the
nucleus, as assessed by confocal microscopy, thus validating our in
vitro model of HIF-1a activation.

The transcriptional activity of the protein was then investigated.
Recent studies have demonstrated that the expression of the
hypoxia-inducible GLUT-1 is critically dependent on the binding
of HIF-1a to the hypoxia-responsive DNA element (HRE) in the
promoter of the GLUT-1 gene.?! We observed an early expression
of GLUT-1 (Figure 1B), which provides evidence for the initiation
of the HIF-1a—dependent gene transcription.

The HIF-la-driven angiogenic capability was then assessed.
The spectacular organization of tubule-like structures reached with
both DFO and low O, (Figure 1C) clearly demonstrated that both
conditions were themselves sufficient to initiate the angiogenic
program, via a HIF-dependent autocrine pathway. The latter was
shown to rely on VEGF; indeed, the inhibition of the VEGF
cognate receptor (VEGFR,) abrogated the hypoxia-promoted angio-
genic capability. It is important to note that the expression of
VEGFRs is up-regulated by hypoxia and that the up-regulation of
VEGFR, is mediated by posttranscriptional regulation.?? The
different organization on Matrigel substrata together with the
increased number of tubule-like structures (Figure 1D) achieved
following DFO treatment, as compared with that observed with
VEGEF alone (Figure 1C), suggested that other factors were also
involved in the DFO model. Overall, these results demonstrate that
the DFO-dependent translocation of HIF-1a from the cytoplasm to
the nucleus is sufficient to generate a functional form of HIF-1a.

Bortezomib exerts a double-edged effect on HUVEC prolifera-
tion and angiogenesis, through HIF-la and NF-kB. PSIs have
entered clinical trials because of their capacity to induce cancer-cell
apoptosis.?? As the efficacy of Pls depends on the type of cellular
targets, we investigated the effect of bortezomib on HUVECs.
HUVECs were exposed for 24 hours to 2 concentrations of
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bortezomib, 10 nM and 100 nM, both achievable in vivo (Millen-
nium, Velcade prescribing information), and examined for prolifera-
tive rate and capillary organization on Matrigel. As shown in Figure
2A, bortezomib exerted a double-edged effect, in that proliferation
was significantly impaired only in the presence of the high dose,
while in the presence of the low dose it was enhanced at a level
comparable to that achieved with VEGF, which we used as a
positive control. Similar results were obtained with respect to
capillary organization (Figure 2B), which was promoted at 10 nM
and completely abrogated at 100 nM bortezomib. These results
strongly suggest that the effects of bortezomib on HUVECs depend
largely on the concentration used.

To evaluate the molecular mechanisms underlying the double-
edged effect of bortezomib on HUVECS (ie, pro- vs antiproliferative/
angiogenic), we assessed the effects of the 2 bortezomib concentra-
tions on 2 master regulators of tumor angiogenesis, HIF-1a and
NF-kB,?* which could both be affected by proteasome inhibition.
We reasoned that proteasome blockade could inhibit HIF-la
degradation and hence cause its nuclear accumulation; on the other
hand, blockade of the ubiquitin-dependent degradation of IkB, the
inhibitor of NF-kB, could also determine its sequestration in the
cytoplasm and prevent its translocation into the nucleus. Indeed, as
shown in Figure 2C,D,F, we observed a significantly increased
accumulation of HIF-la upon exposure to the drug. Confocal
analysis of HUVECs treated with 10 nM and 100 nM bortezomib
demonstrated that within the increased expression of HIF-1a the
nuclear fraction was prominent, and a significant nuclear transloca-
tion was observed in the presence of the lower dose (Figure 2C) as
indicated by its colocalization with the nuclear dye DAPI (Figure
2F). HIF-1a accumulation was confirmed by Western blot analysis
(Figure 2E). Notably, we could concomitantly detect the expression
of GLUT-1, which is the signature of the transcriptional activity of
HIF-1a, and which was again prominent at the low (10 nM)
concentration of bortezomib (Figure 2D).

Bortezomib also affected the nuclear localization of the p65
member of the NF-kB family. Confocal microscopy (Figure 2F)
demonstrated nuclear accumulation of p65 mainly with the low
dose of bortezomib; indeed, treatment with 10 nM and 100 nM
bortezomib resulted in nuclear accumulation of NF-kB p65 in
71.5% and 36% of HUVECs, respectively. These data were also
confirmed by Western blot analysis (Figure 2E), in keeping with the
“gain of functions” reached with low bortezomib concentration.

Induction of HIF-1a renders endothelial cells highly sensitive
to the proapoptotic and antiangiogenic effects of bortezomib. As
transient changes in oxygenation are a common finding in tumors,>
we aimed to determine whether HIF-1a up-regulation by endothe-
lial cells might affect their sensitivity to bortezomib. For this
purpose, HUVECs were preincubated with DFO for 24 hours to
achieve the maximal expression of nuclear HIF-1a and were then
treated for an additional 24 hours with bortezomib. The percentage
of apoptotic cells, considered as propidium iodide/annexin V—double
positive, was then assessed by means of cytofluorograph analysis.
Under these conditions, bortezomib induced the death of HUVECs
(Figure 3A) depending on the dose used. Interestingly, the effect
exerted by bortezomib on DFO-treated HUVECs was significantly
higher than the effect exerted on HUVECs grown in the absence of
DFO. We then investigated the mechanism of bortezomib-induced
death; specifically, we analyzed by FACS 2 key events associated
with apoptosis, caspase activation and mitochondrial depolariza-
tion. As shown in Figure 3B, bortezomib treatment induced both
caspase 3 activity and mitochondrial damage, as evaluated through
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the JC-1 mitochondrial dye, mostly when HUVECs were precul-
tured in the presence of DFO. Moreover, following DFO treatment,
proliferation (Figure 3C) and capillary formation (Figure 3D) were
significantly impaired by bortezomib, irrespective of the dose used,
showing that HIF-1a up-regulation sensitized HUVECs to the
proapoptotic effect of bortezomib. In summary, these results show
the fundamental involvement of HIF-la in influencing the re-
sponse of endothelial cells to bortezomib and reconcile with the
data showing the antiangiogenic effect of bortezomib.!”

Discussion

The concept of treating tumors by cutting off angiogenesis is
sound. In practice, the results of clinical trials that have used
angiogenesis inhibitors have not been satisfactory so far.?* Two
major reasons might underlie these failures. First, the results of new
therapies, including those that target angiogenesis, depend on their
impact on the complexity of the tumor microenvironment.>
Second, angiogenesis results from a constellation of factors. Our
data showing different morphologic features of capillary-like
structures on Matrigel obtained upon culture of HUVECsS in the
presence of DFO or hypoxia (Figure 1C) may indicate that
HIF-independent mechanisms operate in the latter condition, as
previously suggested.?® Therefore, it is not surprising that targeting
individual factors such as VEGF can be disappointing. A better
understanding of the features associated with tumor microenviron-
ment may lead to the development of novel and more effective
therapeutic strategies. Hypoxia can be considered a unifying
feature of the tumor microenvironment and the main stimulus for
tumor-associated angiogenesis.?’?® The cellular response to hyp-

B Bortezomib
CTRL 10nM
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Figure 2. Bortezomib exerts double-edged effect on HUVECs,
through HIF-1a and NF-kB. HUVECs were treated with bort-
ezomib at 10 nM and 100 nM for 24 hours and then assessed for
their proliferative activity (A) or for their ability to form capillaries
on Matrigel (B) (original magnification x10). Data are presented
as the mean plus or minus standard error of the mean (SEM) from
3 independent experiments in duplicate in panel A; in panel B one
experiment representative of 4 is depicted. (C) Quantification of
total (dark column) and nuclear (gray column) HIF-1a expression
as calculated by fluorescent pixel intensity at laser confocal
microscopy. Data are presented as the mean plus or minus SEM
from 20 cells derived from 3 different fields. (D) HIF-1« (green)
and GLUT-1expression (red) were assessed in HUVECs treated
with bortezomib at 10 nM and 100 nM by confocal analysis
(original magnification x60). Bortezomib up-regulated HIF-1a
and NF-kB p65 expression as evaluated by Western blot analysis
(E) and induced their nuclear accumulation as evaluated by
confocal analysis through merge with DAPI (F) (original magnifica-
tion X60). **P < .001.

100nM

100nM

Bortezomib

100nM

oxia is mediated at the transcriptional level by HIF-1a, whose high
levels in cancer specimens are associated with poor prognosis.?3

The proteasome inhibitor bortezomib has shown antiprolifera-
tive and proapoptosis-promoting properties in different types of
cancers in vitro, including melanoma, breast cancer, and hemato-
logic malignancies,-3? and is used clinically especially for the
treatment of relapsing and refractory MM.333* Bortezomib is able
to induce strong apoptosis of tumor cells, to affect their interaction
with the microenvironment®>3 and to inhibit MM-associated
angiogenesis.!” We here show that bortezomib exerts a double-
edged effect on HUVECS: at low doses it allows cell proliferation
and angiogenesis, whereas at high doses, still achievable in vivo, it
induces growth arrest and angiogenesis blockade. The mechanism
underlying these effects seems to be related to the bortezomib-
induced blockade of protein degradation, which ultimately affects 2
master regulators of tumor-associated angiogenesis, HIF-1aw and
NF-kB.?* Indeed, bortezomib, at low doses, induces HIF-la
up-regulation and nuclear translocation with ensuing downstream
effects, including Glut-1 expression. It is therefore conceivable that
the proangiogenic pattern is sustained via an HIF-dependent
pathway. NF-kB is a transcription factor that plays an important
role in tumorigenesis via the transactivation of genes involved in
cell proliferation, protection from apoptosis, and even in tumor-cell
invasiveness and angiogenesis.?* Indeed, proteasome inhibition by
bortezomib abrogates degradation of IkB, leading to cytoplasmic
sequestration and inhibition of NF-kB, which is considered one of
the main mechanisms in the induction of tumor apoptosis.>’ Our
data show instead that bortezomib induces a nuclear accumulation
of NF-kB p65, which is most prominent in treatment with low
doses. The mechanisms leading to this paradoxical induction
following treatment with bortezomib are presently unclear and
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Figure 3. HIF-1a up-regulation sensitizes HUVECs to the proapoptotic and
antiangiogenic effects of bortezomib. (A) HUVECs, precultured in either the
presence (left) or the absence (right) of DFO, were treated with 10 nM and 100 nM
bortezomib and assessed for apoptosis induction by annexin V/PI staining and FACS
analysis. Data, expressed as the percentage of annexin V/Pl—positive cells, repre-
sent mean plus or minus SEM of 3 independent experiments. (B) Caspase 3 activity
was evaluated by FACS analysis (top panels); mitochondrial membrane potential
was evaluated by FACS analysis using JC-1 (bottom panels). The percentage of
events associated with positive green and negative red (lower quadrants) was scored
as mitochondrial depolarized cells. Data are representative of 3 independent
experiments. (C) The 24-hour proliferation of HUVECs precultured with DFO was
evaluated. Data are presented as the mean plus or minus SEM from 3 independent
experiments in duplicate. Their ability to form capillaries on Matrigel layers was also
assessed (D) (original magnification xX10). **P < .001.

could be related to the emerging link between HIF and NF-kB,3
whose transcription was shown to be dependent on the presence of
HIF-1a under hypoxic conditions. Irrespective of the mecha-
nism(s), our data are in agreement with the recently postulated
double-edged effect by proteasome inhibitors on tumor apoptosis/
survival, which has been ascribed to the intrinsic status (eg
activated vs quiescent) of the target cell as well as to the cellular
context within which the tumor develops.?*

It should be noted that we found an impressive increase in
susceptibility to bortezomib-induced apoptosis when HUVECs
were programmed to acquire a hypoxia-activated angiogenic
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profile, compared with the quiescent counterpart. Indeed, pretreat-
ment with DFO (and hypoxia, as shown in Supplemental Figure
S1) rendered HUVECS significantly more susceptible to apoptosis
induction even by low-dose bortezomib. In this sense, HIF-1a
could represent an element of discrimination between normal and
tumor-associated vessels in terms of susceptibility to the antiangio-
genic and proapoptotic effects of bortezomib. Hypoxia is indeed an
important environmental factor directing the angiogenic switch
through HIF-la activation, and intratumoral hypoxia plays a
crucial role in determining tumor progression and spreading.
Moreover, a hypoxic condition is a common feature of both normal
and MM bone marrow.>**" In this context, the recently described
antiangiogenic effect of bortezomib on multiple myeloma endothe-
lial cells (MMECs)?* could be explained by the sensitizing effect to
apoptosis induction exerted by HIF-1c.

In conclusion, our findings show the important role of hypoxia
in influencing the response of endothelial cells to bortezomib and
disclose the possibility that bortezomib can selectively target
tumor-associated vessels, thus offering the possibility to more
finely tune the antiangiogenic approach to cancer therapy.

Acknowledgments

We thank Giacomo Ruotolo for his qualified help in performing
statistical analyses. This work was supported by AIRC (Italian
Association for Cancer Research) and by charity from a donor who
wishes to remain anonymous.

Authorship

Contribution: L.V. performed salient experiments of the research,
and collected and analyzed data; D.B. performed experiments
relative to the death of HUVECs; C.F. supervised the confocal and
morphologic analyses; G.C. performed Western blotting experi-
ments; M.F. helped in discussing and writing the paper and in
critical analysis of the data; F.C.-C. was the advisor, and partici-
pated in the interpretation and discussion of the results; E.F.
designed and supervised the research.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Elisabetta Ferrero, Laboratory of Tumor Im-
munology, Department of Oncology, DIBIT- San Raffaele H
Scientific Institute, Via Olgettina, 60, Milan, Italy 20132; e-mail:
ferrero.elisabetta@hsr.it.

1. Folkman J, D’Amore PA. Blood vessel formation: 7. Kallio PJ, Wilson WJ, O’Brien S, Makino Y, Poel- 12.

what is its molecular basis? Cell. 1996;87:1153-
1155.

linger L. Regulation of the hypoxia-inducible tran-
scription factor 1alpha by the ubiquitin-protea-
some pathway. J Biol Chem. 1999;274:6519-

Calvani M, Rapisarda A, Uranchimeg B, Shoe-
maker RH, Melillo G. Hypoxic induction of an HIF-
1alpha-dependent bFGF autocrine loop drives
angiogenesis in human endothelial cells. Blood.

2. Semenza GL. Angiogenesis in ischemic and neo- Py
plastic disorders. Annu Rev Med. 2003;54:17-28. 6525. 2006;107:2705-2712.

3. Hanahan D, Folk J. Patt d . 8. Semenza GL. Hypoxia-inducible factor 1: oxygen 13. Bruick RK, McKnight SL. Building better vascula-

. mi?:iai?sm’s oc; tr?; a;n lio Zn?cr:nsswaitz h ZT;;Q'TE_ homeostasis and disease pathophysiology. ture. Genes Dev. 2001;15:2497-2502.
. : 91908 9 Trends Mol Med. 2001;7:345-350. 14. Jesenberger V, Jentsch S. Deadly encounter:
morigenesis. Cell. 1996;86:353-364. . . S . .
i e 9. Semenza GL. HIF-1 and mechanisms of hypoxia ubiquitin meets apoptosis. Nat Rev Mol Cell Biol.

4. Hockel M, Vaupel P. Tumor hypoxia: definitions sensing. Curr Opin Cell Biol. 2001;13:167-171. 2002;3:112-121.
aggtgujrilr:tfgzﬁzgrbl':ggé% Oa;?g 3”_1206“;0;'72' as- 10. Cramer T, Yamanishi Y, Clausen BE, et al. HIF- 15. Clarke DJ. Proteolysis and the cell cycle. Cell
pects. ’ o : 1alpha is essential for myeloid cell-mediated in- Cycle. 2002;1:233-234.

5. S_emer_12a GL. HIF-1 and human disease: one flammation. Cell. 2003;112:645-657. 16. Richardson PG, Mitsiades C, Hideshima T,
highly involved factor. Genes Dev. 2000;14:1983- 44 E150n DA, Thurston G, Huang LE, et al. Induction Anderson KC. Bortezomib: proteasome inhibition
1991. of hypervascularity without leakage or inflamma- as an effective anticancer therapy. Annu Rev

6. Semenza G. Signal transduction to hypoxia-in- tion in transgenic mice overexpressing hypoxia- Med. 2006;57:33-47.
ducible factor 1. Biochem Pharmacol. 2002;64: inducible factor-1alpha. Genes Dev. 2001;15: 17. Roccaro AM, Hideshima T, Raje N, et al. Bort-

993-998.

2520-2532.

ezomib mediates antiangiogenesis in multiple

20z Ae g1 uo 3sanb Aq ypd-G9620020900842/L06.LLY 1/S952/9/60 L /3pd-8jo1e/po0|qjou suonedligndyse)/:diy woly papeojumoq



2570

18.

19.

20.

21.

22.

23.

VESCHINI et al

myeloma via direct and indirect effects on endo-
thelial cells. Cancer Res. 2006;66:184-191.

Ferrero E, Belloni D, Contini P, et al. Transendo-
thelial migration leads to protection from starva-
tion-induced apoptosis in CD34+*CD14+ circulat-
ing precursors: evidence for PECAM-1
involvement through Akt/PKB activation. Blood.
2003;101:186-193.

Wang GL, Semenza GL. Desferrioxamine in-
duces erythropoietin gene expression and hypox-
ia-inducible factor 1 DNA-binding activity: implica-
tions for models of hypoxia signal transduction.
Blood. 1993;82:3610-3615.

Tacchini L, De Ponti C, Matteucci E, Follis R, De-
siderio MA. Hepatocyte growth factor-activated
NF-kappaB regulates HIF-1 activity and ODC ex-
pression, implicated in survival, differently in dif-
ferent carcinoma cell lines. Carcinogenesis.
2004;25:2089-2100.

Ouiddir A, Planes C, Fernandes |, VanHesse A,
Clerici C. Hypoxia upregulates activity and ex-
pression of the glucose transporter GLUT1 in al-
veolar epithelial cells. Am J Respir Cell Mol Biol.
1999;21:710-718.

Gerber HP, Condorelli F, Park J, Ferrara N. Differ-
ential transcriptional regulation of the two vascu-
lar endothelial growth factor receptor genes.
Flt-1, but not Flk-1/KDR, is up-regulated by hyp-
oxia. J Biol Chem. 1997;272:23659-23667.

Sohn D, Totzke G, Schulze-Osthoff K, Janicke
RU. Friend or foe? The proteasome in combined
cancer therapy. Cell Cycle. 2006;5:841-845.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Strieter RM. Masters of angiogenesis. Nat Med.
2005;11:925-927.

Melillo G, Semenza GL. Meeting report: exploit-
ing the tumor microenvironment for therapeutics.
Cancer Res. 2006;66:4558-4560.

Pichiule P, Chavez JC, LaManna JC. Hypoxic
regulation of angiopoietin-2 expression in endo-
thelial cells. J Biol Chem. 2004;279:12171-
12180.

Quintero M, Mackenzie N, Brennan PA. Hypoxia-
inducible factor 1 (HIF-1) in cancer. Eur J Surg
Oncol. 2004;30:465-468.

Moeller BJ, Cao 'Y, Vujaskovic Z, Li CY, Haroon
ZA, Dewhirst MW. The relationship between hyp-
oxia and angiogenesis. Semin Radiat Oncol.
2004;14:215-221.

Brahimi-Horn MC, Pouyssegur J. The hypoxia-
inducible factor and tumor progression along the
angiogenic pathway. Int Rev Cytol.
2005;242:157-213.

Semenza GL. HIF-1 and tumor progression:
pathophysiology and therapeutics. Trends Mol
Med. 2002;8:S62-7.

Orlowski RZ, Zeger EL. Targeting the proteasome
as a therapeutic strategy against haematological
malignancies. Expert Opin Investig Drugs. 2006;
15:117-130.

Richardson PG, Mitsiades C, Hideshima T,
Anderson KC. Proteasome inhibition in the treat-
ment of cancer. Cell Cycle. 2005;4:290-296.
Hideshima T, Richardson P, Chauhan D, et al.
The proteasome inhibitor PS-341 inhibits growth,
induces apoptosis, and overcomes drug resis-

BLOOD, 15 MARCH 2007 - VOLUME 109, NUMBER 6

34.

35.

36.

37.

38.

39.

40.

tance in human multiple myeloma cells. Cancer
Res. 2001;61:3071-3076.

Jagannath S, Barlogie B, Berenson JR, et al.
Bortezomib in recurrent and/or refractory multiple
myeloma. Initial clinical experience in patients
with impared renal function. Cancer. 2005;103:
1195-1200.

Mitsiades CS, Mitsiades NS, Munshi NC, Rich-
ardson PG, Anderson KC. The role of the bone
microenvironment in the pathophysiology and
therapeutic management of multiple myeloma:
Interplay of growth factors, their receptors and
stromal interactions. Eur J Cancer. 2006;42:
1564-1573.

Blade J, Cibeira MT, Rosinol L. Bortezomib: a
valuable new antineoplastic strategy in multiple
myeloma. Acta Oncol. 2005;44:440-448.

Obeng EA, Carlson LM, Gutman DM, Harrington
WJ Jr, Lee KP, Boise LH. Proteasome inhibitors
induce a terminal unfolded protein response in
multiple myeloma cells. Blood. 2006;107:4907-
4916.

Walmsley SR, Print C, Farahi N, et al. Hypoxia-
induced neutrophil survival is mediated by HIF-
1alpha-dependent NF-kappaB activity. J Exp
Med. 2005;201:105-115.

Asosingh K, De Raeve H, de Ridder M, et al. Role
of the hypoxic bone marrow microenvironment in
5T2MM murine myeloma tumor progression.
Haematologica. 2005;90:810-817.

Harrison JS, Rameshwar P, Chang V, Bandari P.

Oxygen saturation in the bone marrow of healthy
volunteers. Blood. 2002;99:394.

20z Ae g1 uo 3sanb Aq ypd-G9620020900842/L06.LLY 1/S952/9/60 L /3pd-8jo1e/po0|qjou suonedligndyse)/:diy woly papeojumoq



