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Bortezomib, a selective 26S proteasome inhibitor, has shown clini-
cal benefits against refractory multiple myeloma. The indirect anti-
angiogenic activity of bortezomib has been widely recognized;
however, the growth-inhibitory mechanism of bortezomib on vas-
cular endothelial cells remains unclear, especially on the cell cycle.
Here, we showed that bortezomib (2 nM of the IC50 value)
potently inhibited the cellular growth of human umbilical vascular
endothelial cells (HUVECs) via a vascular endothelial growth factor
receptor (VEGFR)-independent mechanism resulting in the induc-
tion of apoptosis. Bortezomib significantly increased the vascular
permeability of HUVECs, whereas a VEGFR-2 tyrosine kinase inhibi-
tor decreased it. Interestingly, a cell cycle analysis using flow
cytometry, the immunostaining of phospho-histone H3, and
Giemsa staining revealed that bortezomib suppressed the G2 ⁄ M
transition of HUVECs, whereas the mitotic inhibitor paclitaxel
induced M-phase accumulation. A further analysis of cell
cycle-related proteins revealed that bortezomib increased the
expression levels of cyclin B1, the cdc2 ⁄ cyclin B complex, and the
phosphorylation of all T14, Y15, and T161 residues on cdc2. Bort-
ezomib also increased the ubiquitination of cyclin B1 and wee1,
but inhibited the kinase activity of the cdc2 ⁄ cyclin B complex.
These protein modifications support the concept that bortezomib
suppresses the G2 ⁄ M transition, rather than causing M-phase
arrest. In conclusion, we demonstrated that bortezomib potently
inhibits cell growth by suppressing the G2 ⁄ M transition, modifying
G2 ⁄ M-phase-related cycle regulators, and increasing the vascular
permeability of vascular endothelial cells. Our findings reveal a cell
cycle-related mode of action and strongly suggest that bortezomib
exerts an additional unique vascular disrupting effect as a vascular
targeting drug. (Cancer Sci 2010; 101: 1403–1408)

T he proteasome is an essential enzyme complex for nonlys-
osomal and ATP-dependent proteolytic pathways. The

ubiquitin–proteasome pathway plays an important role in the
intracellular degradation of damaged, oxidized, or misfolded
proteins(1–4) as well as in the cell cycle progression. Such dam-
aged, oxidized, or misfolded proteins have been identified as
substrates for the ubiquitin ⁄ proteasome system.(1,5–7) In addi-
tion, this system has been implicated in the regulation of cell
proliferation, differentiation, survival, apoptosis, and angiogene-
sis.(8,9) Because of these unique effects of the protea-
some ⁄ ubiquitin system on cellular regulation, the proteasome is
a novel and promising target for cancer therapy.(10–12)

Bortezomib (Velcade, PS-341), a selective 26S proteasome
inhibitor, demonstrates potent antitumor activity against sev-
eral human cancers and has been clinically used mainly in
patients with refractory multiple myeloma.(13–15) The main
mechanism of action of this drug was initially thought to be
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the inhibition of nuclear factor-jB (NF-jB), which acts as a
transcription factor for anti-apoptotic proteins, such as Bcl-2,
c-IAP2, and survivin. Accumulating data indicates that bort-
ezomib disrupts the cell cycle by modifying cyclins and
inhibits the up-regulation of interleukin-6 (IL-6), which plays
an important role in the proliferation of myeloma cells, by
inhibiting NF-jB and stabilizing p53, p21, and p27, resulting
in its anticancer activity.(1,16–18)

Bortezomib exerts an anti-angiogenic effect by decreasing the
secretion of vascular endothelial growth factor (VEGF) from
myeloma cells.(19,20) This anti-angiogenic effect of bortezomib
is considered an indirect effect on vascular endothelial cells
resulting from ligand depletion. Meanwhile, direct negative pro-
liferative effects of bortezomib on vascular endothelial cells
have emerged which play an important role in its anti-angio-
genic activity. Roccaro et al.(9) reported that bortezomib induces
inhibition of angiogenesis in functional assays of angiogenesis,
including chemotaxis, adhesion to fibronectin, capillary forma-
tion on Matrigel, and chick embryo chorioallantoic membrane
assay using multiple myeloma patient-derived endothelial cells
and human umbilical vein endothelial cells (HUVECs). Podar
et al.(21) reported that Caveolin-1 is a molecular target of bort-
ezomib in multiple myeloma cells and HUVECs and this is
required for VEGF-triggered multiple myeloma. However the
underlying mechanism responsible for the direct negative prolif-
erative effect of bortezomib on vascular endothelial cells
remains unclear, especially with regard to its effect on the cell
cycle.

To gain insight into the direct anti-angiogenic effects of bort-
ezomib on HUVECs, we examined cellular proliferation, tube
formation, VEGF receptor-2 (VEGFR-2) signaling, the apopto-
tic pathway, vascular permeability, cell cycle analysis, and
effects of drugs on cell cycle-related proteins.

Materials and Methods

Anticancer agents. Bortezomib was provided by Millennium
Pharmaceuticals (Cambridge, MA, USA). The VEGFR-2 tyro-
sine kinase inhibitor (VEGFR-2-TKI) Ki8751 (IC50 value for
VEGFR-2 kinase inhibition = 0.90 nM) was purchased from
Sigma (St. Louis, MO, USA). Paclitaxel was purchased from
Wako Pure Chemical Industries (Osaka, Japan). Each chemical
agent was dissolved in dimethylsulfoxide for use in the in vitro
experiments.
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Cell cultures. HUVECs were maintained in Humedia-EG2
(Kurabo, Tokyo, Japan) with 2% fetal bovine serum and 0.1%
gentamicin-amphotericinB with the addition of 10 ng ⁄ mL of
epidermal growth factor, 5 ng ⁄ mL of fibroblast growth factor,
and 2 ng ⁄ mL of VEGF (R&D Systems, Minneapolis, MN,
USA). All the cell lines were incubated at 37�C with humidified
5% CO2.

In vitro growth inhibition assay. Growth inhibition was eval-
uated using the MTT assay, as described previously.(22) The
experiment was performed in triplicate.

Western blotting. The antibodies used for western blotting
were anti-phospho-VEGFR-2 (Tyr1175), anti-VEGFR-2, anti-
MAPK, anti-phospho-MAPK, anti-b-actin, anti-cleaved or non-
cleaved-caspase3, anti-cleaved or non-cleaved-poly ADP-ribose
polymerase (PARP), anti-cyclin B1, anti-phospho-cdc2, anti-
cdc2, anti-phospho-wee1, anti-wee1, anti-phospho-cdc25C, anti-
cdc25C, anti-phospho-chk1 and -2, and anti-chk1 and -2 (Cell
Signaling, Beverly, MA, USA). HUVECs were cultured over-
night in serum-starved medium and then exposed to the indi-
cated concentrations of bortezomib or Ki8751 for 3 h before the
addition of 10 ng ⁄ mL of VEGF for 5 min. The western blot
analysis was performed as described previously.(23) The experi-
ment was performed in duplicate.

Immunoprecipitation. Total cell lysates were immunoprecipi-
tated with anti-wee1, cdc2 antibodies (Cell Signaling), or anti-
cyclin B1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) overnight at 4�C. The protein complex was incubated with
protein G-agarose (Invitrogen, San Diego, CA, USA) for 1 h at
4�C and washed three times with lysis buffer. After sequential
centrifugation and washing, the pellets were resuspended in
1.5 · sample loading buffer and subjected to immunoblot analy-
ses.

Cell cycle analysis. Cells were treated with the indicated con-
centrations of bortezomib for 24 h. The cells were then har-
vested, washed with PBS, fixed with 70% ethanol at )20�C
overnight, washed again with PBS, and then stained with
5 lg ⁄ mL of propidium iodide containing 0.1% Triton X-100,
0.1 mM EDTA, and RNase I (BD Bioscience, San Jose, CA,
USA). The stained cells were then analyzed for DNA content
using a FACS Calibur flow cytometer (BD Biosciences) and the
cell cycle distributions were calculated using ModFit LT soft-
ware. The experiment was performed in triplicate.

Giemsa staining. Morphological changes in mitotic cells were
evaluated using Giemsa staining. HUVECs treated with bortezo-
mib (1 lM) or paclitaxel (1 lM) for 24 h were fixed with 10%
neutral-buffered formaldehyde before staining and were stained
for 30 min, then washed with tap water for 5 min. The morpho-
logical changes were evaluated using a light microscope (·40).

Immunofluorescence staining of phospho-histone H3.
HUVECs were treated with 1 lM of bortezomib or paclitaxel
for 24 h and were then fixed and permeabilized with 4% formal-
dehyde ⁄ PBS for 15 min. The cells were blocked with 5%
normal goat serum in PBS for 60 min. After washing, anti-
phospho-histone H3 antibody (Cell Signaling) was diluted 1:200
in PBS ⁄ Triton and incubated for 1 h at room temperature, fol-
lowed by detection using Alexa Fluor 594 goat antirabbit IgG
antibody (Invitrogen) for 1 h. After washing, the cells were
counterstained with 1 lg ⁄ mL of 4¢,6-diamidino-2-phenylindole
(DAPI) in PBS for 5 min. Images were obtained using fluores-
cence microscopy (IX71; Olympus, Tokyo, Japan). The mitotic
index was calculated by dividing the number of p-Histone H3-
positive cells by the total number of treated cells (DAPI-positive
cells). At least 100 cells were scored per low-power field, and
the cells were counted over three fields. The experiment was
performed in triplicate.

cdc2 ⁄ cyclinB1 kinase assay. The cdc2 ⁄ cyclinB1 kinase activ-
ity in the cells was quantified using a Cyclex Cdc2-CylinB
Kinase Assay Kit (Cyclex, Nagano, Japan) according to the
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manufacturer’s instructions. The experiment was performed in
triplicate.

In vitro permeability assay. Transwell permeability assays
were performed using monolayers of HUVECs and an in vitro
vascular permeability assay kit (Chemicon, Temecula, CA,
USA). Briefly, HUVECs seeded onto collagen-coated inserts
were pretreated with or without bortezomib (1, 0.1 lM) or
VEGFR-2-TKI (1 lM) for 6 h, and VEGF (20 ng ⁄ mL) was
added, except in the control sample, 4 h thereafter. Two hours
after the addition of VEGF, fluorescein isothiocyanate dextran
(FITC dextran) was added on the top of the cells and the extent
of FITC dextran permeation was determined by measuring the
fluorescence of the plate well solution, according to the sup-
plier’s instructions. The experiment was performed in triplicate.

Results

Bortezomib potentially inhibited the cellular growth of
HUVECs independent of VEGF signaling. To evaluate the growth
inhibitory activity of bortezomib in vitro, we performed MTT
assays on HUVECs under the 20 ng ⁄ mL of VEGF or without it.
Bortezomib exhibited a potent growth inhibitory activity on
HUVECs with an IC50 of 2 nM; however, VEGF stimulation
did not influence the growth inhibitory activity of bortezomib
(Fig. 1a).

To address the question whether the growth inhibitory activity
of bortezomib involves VEGFR-2 signaling, we compared the
inhibitory effects of bortezomib with that of a VEGFR-2-TKI,
Ki8751, on the phosphorylation levels of VEGFR and MAPK.
Bortezomib did not inhibit the phosphorylation level of VEG-
FR-2, whereas Ki8751 (0.01–1 lM) completely inhibited VEG-
FR-2 phosphorylation (Fig. 1b). Similar results were observed
for MAPK phosphorylation. These results indicate that the
growth inhibitory activity of bortezomib is induced via a VEG-
FR-2 signaling-independent mechanism.

Bortezomib increases vascular permeability in vitro. Generally,
the characteristics of vascular disrupting agents include a potent
anti-proliferative effect. Microtubule-binding drugs (MBD) are
widely used in cancer chemotherapy and also have clinically rel-
evant vascular-disrupting properties. The disruption of adherens
junctions contributes to the rounding of endothelial cells, lead-
ing to a direct increase in vasculature permeability.(24) There-
fore, we examined the effect of bortezomib on vasculature
permeability to gain an insight into its vascular-disrupting prop-
erties. As expected, Ki8751 significantly decreased vasculature
permeability during VEGF stimulation, in contrast to the situa-
tion in untreated controls. On the other hand, bortezomib signifi-
cantly increased the vasculature permeability of vasculature
endothelial cells in a dose-dependent manner (Fig. 1c). This
result supports the hypothesis that bortezomib has vascular-
disrupting properties in HUVECs in addition to its potent
growth inhibitory effect.

Bortezomib induces apoptosis of HUVECs. We speculated that
the potent growth inhibitory activity of bortezomib was based
on the induction of apoptosis; thus, we evaluated the expression
levels of cleaved caspase 3, cleaved PARP, and ubiquitinated
protein from whole cell lysates. The expression levels of cleaved
caspase 3 and PARP showed that bortezomib induced the activa-
tion of caspase 3 at a dose of 0.1 lM and subsequent PARP
cleavage in HUVECs in a dose- and time-dependent manner
(Fig. 2). The accumulation of ubiquitinated proteins, which rep-
resents a direct effect of bortezomib, was observed at 0.01 lM
in a time-dependent manner. These findings indicate that bort-
ezomib is capable of inducing the apoptosis of HUVECs at a
relatively low concentration.

Bortezomib inhibits G2 ⁄ M transition. An analysis of the cell
cycle distribution of HUVECs revealed that bortezomib signifi-
cantly increased the population of cells in the G2 ⁄ M phase
doi: 10.1111/j.1349-7006.2010.01544.x
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Fig. 1. Bortezomib potently inhibited the cellular growth and
increased the vascular permeability of HUVECs. (a) In vitro growth-
inhibitory effect of bortezomib on HUVECs using an MTT assay with
10 ng ⁄ mL vascular endothelial growth factor (VEGF) or without it.
The data shown represents the average ± SD of three independent
experiments. (b) Effects of bortezomib on VEGF signaling in HUVECs.
Western blot analysis was performed for the expression and
phosphorylation levels of VEGF receptor-2 (VEGFR-2) and MAPK.
HUVECs were cultured under serum-starved conditions and exposed to
bortezomib or Ki8751 at the indicated concentrations for 3 h. After
10 ng ⁄ mL VEGF stimulation for 5 min, the cells were analyzed. (c)
Effect of bortezomib on vascular permeability in vitro. HUVECs were
seeded onto collagen-coated inserts and were pretreated with or
without bortezomib (0.1 and 1 lM) or VEGFR-2 tyrosine kinase
inhibitor (VEGFR-2-TKI) (1 lM) for 6 h. After 20 ng ⁄ mL of VEGF
stimulation for 2 h, fluorescein isothiocyanate dextran (FITC dextran)
was added on the top of the inserts and the extent of FITC dextran
permeation was determined by measuring the fluorescence of the
plate well solution. The relative vascular permeability was calculated
using the ratio to the permeability in the control cells (untreated).
The data shown represents the average ± SD of three independent
experiments. *P < 0.05. Bort, bortezomib; V-TKI, VEGFR-2-TKI.
(Fig. 3a). This effect was observed when the cells were exposed
to 0.01 lM of bortezomib. Generally, morphological changes,
including the disappearance of the nuclear membrane, chromo-
somal condensation, and cytoplasmic round formation, are
observed in mitotic cells. Therefore, we evaluated whether bort-
Fig. 2. Bortezomib induces apoptosis of HUVECs.
Western blot analysis was performed for the
cleaved form and the expression levels of caspase 3,
poly ADP-ribose polymerase (PARP), and whole
ubiquitinated-protein. HUVECs were treated with
bortezomib at the indicated concentrations for 24 h
and analyzed (left panel), or they were treated
with bortezomib at 0.1 lM for the indicated hours
(right panel). Protein size markers are shown at 100
and 220 kDa.

Tamura et al.
ezomib induced morphological changes in HUVECs specific to
mitotic cells. Paclitaxel, a well-known tubulin binder and mito-
tic inhibitor, was used as a control. Paclitaxel clearly induced
these morphological changes specific to mitotic cells; however,
bortezomib did not induce these changes with Giemsa staining
(Fig. 3b). Further analysis using phospho-histone H3 immuno-
staining, an M-phase-specific marker, demonstrated that bort-
ezomib significantly decreased the number of mitotic cells while
paclitaxel markedly increased it (Fig. 3c,d). Together, these
results indicated that both bortezomib and paclitaxel induced
cell cycle arrest at the G2 ⁄ M phase; however, bortezomib did
not increase the number of mitotic cells unlike paclitaxel. These
results suggest that bortezomib inhibits the G2 ⁄ M transition in
HUVECs.

Bortezomib decreases cdc2 ⁄ cyclinB kinase activity. Cell cycle
progression at the G2 ⁄ M transition is regulated by cdc2 ⁄ cyclin
B complex activity, and the activation of this complex is con-
trolled as a consecutive process as follows: (i) the levels of
cyclin B protein are increased during late S and G2 phases; (ii)
cyclin B binds to unphosphorylated cdc2 and forms an inactive
cdc2 ⁄ cyclinB complex; (iii) cdc2 is phosphorylated at its T14,
Y15, and T161 residues during the G2 phase; and (iv) the
dephosphorylation of T14 and Y15 on cdc2 by phosphatase
cdc25 activates the cdc2 ⁄ cyclin B complex and introduces the
cells to mitosis.

Bortezomib increased the expression of cyclin B1 in a dose-
and time-dependent manner, and an immunoprecipitation analy-
sis showed that bortezomib also increased the production of
cdc2 ⁄ cyclin B complexes (Fig. 4a). Bortezomib markedly
increased the phosphorylation status of the T14, Y15, and T161
residues on cdc2 in a dose- and time-dependent manner, sug-
gesting that bortezomib promoted the presence of the inactive
form of the cdc2 ⁄ cyclin B complex (Fig. 4b). These results
showed that bortezomib inhibits the G2 ⁄ M transition. In addi-
tion, we examined the effects on a competing kinase, wee1, and
the phosphatase cdc25C. Increased expression and phosphoryla-
tion levels of wee1 were observed after bortezomib treatment,
whereas no remarkable changes in cdc25C expression or phos-
phorylation were observed (Fig. 4b). Regarding the effects of
bortezomib on the proteasome–ubiquitin pathway, we found that
the ubiquitination of wee1 and cyclin B protein was increased
by bortezomib in a dose-dependent manner, suggesting that the
increase in the ubiquitination of wee1 and cyclin B may be at
least partially involved in the suppression of the G2 ⁄ M transi-
tion and the mode of action of this drug (Fig. 5a). Finally, a
kinase assay of the cdc2 ⁄ cyclin B complex showed that bortezo-
mib (0.01 lM) significantly inhibited the kinase activity of the
complex, indicating that the inhibition of kinase activity might
suppress the G2 ⁄ M transition (Fig. 5b).

Together, these results revealed that bortezomib increases the
expression levels of cyclin B1, the formation of the cdc2 ⁄ cyclin
Cancer Sci | June 2010 | vol. 101 | no. 6 | 1405
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Fig. 3. Bortezomib suppress the G2 ⁄ M transition.
(a) DNA histogram of HUVECs treated with
bortezomib. HUVECs were treated with bortezomib
at the indicated concentrations. The upper panel
represents the result of a flow cytometry analysis,
and the lower panel shows the population at the
G2 ⁄ M phase. *P < 0.05. (b) Giemsa staining of
HUVECs treated with bortezomib or paclitaxel at
1 lM. The arrows indicate cells with mitotic
changes (disappearance of the nuclear membrane,
chromosomal condensation, and cytoplasmic round
formation). (c) Immunostaining for phospho-
histone H3 (p-Hist.H3) and 4¢,6-diamidino-2-
phenylindole (DAPI) observed with fluorescence
microscopy. p-Hist.H3 was used as an M-phase-
specific molecular marker. Note that both
bortezomib and paclitaxel induced cell cycle arrest
at the G2 ⁄ M phase, but unlike paclitaxel,
bortezomib did not increase the number of cells in
the M phase. (d) Mitotic index after treatment with
bortezomib or paclitaxel at the indicated
concentrations in HUVECs. The mitotic index was
calculated using the number of p.Hist.H3-positive
cells per the total number of cells (DAPI-positive
cells). The columns indicate the average ± SD of
three independent experiments. *P < 0.05. Bort,
bortezomib; Cont, untreated control; PTX,
paclitaxel.

(a)

(b)

Fig. 4. Bortezomib increases the expression levels of
cyclin B1, the production of the cdc2 ⁄ cyclin B complex,
and the phosphorylation of the T14, Y15, and T161
residues on cdc2 in HUVECs. (a) Western blots of the
cyclin B1 expression levels in whole protein (upper
panel) and samples immunoprecipitated with a
cdc2 antibody (lower panel). (b) Western blots for
G2 ⁄ M-phase-related cell cycle regulators. HUVECs
were treated with bortezomib at the indicated
concentrations for 24 h and for the indicated hours at
0.1 lM. IB, immunoblots; IP, immunoprecipitation.
B complex, the phosphorylation of T14, Y15 and T161 residues
on cdc2, and the ubiquitination of cyclin B1 and wee1. Bortezo-
mib also significantly inhibited the kinase activity of cdc2 ⁄
cyclin B. These modifications of G2 ⁄ M-phase-related cell cycle
regulators suggest that bortezomib suppresses the G2 ⁄ M transi-
tion (Fig. 5c). We concluded that bortezomib potently inhibits
cell growth of vascular endothelial cells by suppressing the
1406
G2 ⁄ M transition through modifying G2 ⁄ M-phase-related cycle
regulators.

Discussion

Inhibition of the 26S proteasome results in the accumulation of
cyclins A, B, D, E, p21, and p27, thereby disrupting the cell
doi: 10.1111/j.1349-7006.2010.01544.x
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Fig. 5. Bortezomib increases the ubiquitination of cyclin B1 and
wee1 and inhibits the kinase activity of cdc2 ⁄ cyclin B. (a) Western
blots for the ubiquitination levels in the samples immunoprecipitated
with wee1 antibody (lower panel) or cyclin B1 antibody (lower panel).
(b) Kinase activity of cdc2 ⁄ cyclin B in HUVECs treated with bortezomib
at the indicated concentrations. Whole cell lysates were used for the
analysis. The relative kinase activity was calculated using the ratio to
the activity level in the control (untreated). The data shown
represents the average ± SD of three independent experiments.
*P < 0.05. (c) Schematic diagram of the effects of bortezomib on
G2 ⁄ M-phase cell cycle progression in vascular endothelial cells.
Bortezomib increases the expression levels of cyclin B1, the production
of the cdc2 ⁄ cyclin B complex, and the phosphorylation of the T14,
Y15, and T161 residues on cdc2. Bortezomib also increases the
ubiquitination of cyclin B1 and wee1. Changes in the expression or
phosphorylation levels of cdc2 were not detected. These modifications
of G2 ⁄ M-phase-related cell cycle regulators suggest that bortezomib
suppresses the G2 ⁄ M transition.
cycle and promoting cell death via multiple pathways.(25) In can-
cer cells, bortezomib leads to an increase in the accumulation
and activation of G2 ⁄ M-phase-related cycle regulators cyclin A
and cyclin B1, and also leads to cell cycle blockade at the
G2 ⁄ M phase.(1) However, whether bortezomib inhibits G2 ⁄ M
transition or induces M-phase arrest has been uncertain. In addi-
tion, no data on the effects of bortezomib on the cell cycle arrest
at the G2 phase in vascular endothelial cells has been available.
Tamura et al.
Our data showed that bortezomib caused cell cycle arrest at the
G2 phase, not at the M phase, using Giemsa staining and immu-
nofluorescence staining of the phospho-histone H3 in HUVECs
(Fig. 3). Because bortezomib inhibits the G2 ⁄ M transition, we
focused on changes in G2 ⁄ M-phase-related cell cycle regulators,
such as cyclin B and cdc2. We found that bortezomib increased
the expression levels of cyclin B, ubiquitinated cyclin B, and the
cyclin B ⁄ cdc2 complex in dose-and time-dependent manners
(Figs 4 and 5a). Further analysis revealed that the phosphoryla-
tion statuses of the T14, Y15, and T161 residues on cdc2 were
markedly increased, indicating the presence of the inactive form
of cdc2 that occurs during G2 arrest; the kinase activity of the
cyclin B ⁄ cdc2 complex was also inhibited by this treatment
(Figs 4b,5b). These data indicate that bortezomib inhibits the
G2 ⁄ M transition, rather than causing M-phase arrest. Since few
anticancer drugs are known to suppress the G2 ⁄ M transition, our
results provide an insight to the unique mode of action of bort-
ezomib. The expression, ubiquitination, and phosphorylation of
wee1 were markedly increased after bortezomib treatment.
Wee1 degrades via the proteasome–ubiquitin pathway, similar
to cyclin B, and activated wee1 inhibits cdc2 kinase activity.
Therefore, these results raise the possibility that wee1 is
involved in the mode of action of bortezomib.

Vascular targeting agents (VTAs) including VEGFR-TKIs
target the development of new vessels and have a preventative
action, require chronic administration, and are likely to be of
particular benefit in early stage or asymptomatic metastatic dis-
ease. Meanwhile, vascular disrupting agents (VDAs) target
established tumor blood vessels,(26) causing a rapid collapse in
tumor blood flow leading to a prolonged period of vascular shut-
down and culminating in the extensive necrosis of tumor
cells.(27) VDAs are therefore given acutely, show immediate
effects, and may have particular efficacy against advanced dis-
ease. Thus, VDAs are considered to be different from VTAs in
some key aspects including the type or extent of disease which
has sensitivity to the agents and the treatment scheduling.(26)

Generally, the characteristics of VDAs include a potent anti-
proliferative effect, the induction of G2 ⁄ M-phase arrest, and an
increase in vascular permeability.(28) Our results indicate that
bortezomib exerts similar effects on vascular endothelial cells.
Thus, we speculate that bortezomib could be categorized as a
VDA and that the vascular disrupting effect of bortezomib might
be at least partly responsible for its antitumor activity.

In conclusion, we demonstrated that bortezomib potently
inhibits cellular growth by suppressing the G2 ⁄ M transition in
vascular endothelial cells. Our findings strongly suggest that
bortezomib has a unique additional vascular disrupting effect.
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