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Abstract: Cullin-RING E3 ligases are involved in the ubiquitination of substrates that regulate important biological
processes and are a potential therapeutic target in many types of cancer. MLN4924, a small molecule of NEDD8-
activating enzyme inhibitor, inactivates CRL by blocking cullin neddylation and has been reported to elicit anti-tumor
effect. In this study, In this study, we aimed to investigate the effects of MLN4924 on angiogenesis in human umbili-
cal vascular endothelial cells (HUVECs) and four types of cancer cells. Our results showed that MLN4924 inhibits
cell viability and induced apoptosis in HUVECs in a dose-dependent manner. MLN4924 inhibits proliferation and
interferes with the cell cycle checkpoint regulators, p21, p27, and phospho-histone H3. Vascular endothelial growth
factor (VEGF) treatment increased the level of UBC12 in HUVECSs, indicating that neddylation pathway is involved
in VEGF-activated angiogenesis. MLN4924 decreased VEGF-activated cell proliferation via neddylation inhibition.
MLN4924 inhibited VEGF-activated cell migration, capillary tube formation and VEGF-mediated Erk1/2 activation
in HUVECs. We also examined antitumor effect of MLN4924 using xenograft SCID mouse models of four different
types of cancer cells. The in vivo results showed MLN4924 inhibited tumor growth in all four types of cancers with
decreasing CD31 expression in xenograft tumor. In conclusion, MLN4924 inhibited viability, migration, and VEGF-
promoted angiogenic activity in HUVECs; consistently, MLN4924 inhibited tumor growth in four types of cancers with
suppression of angiogenesis. These findings provide evidence to develop therapeutic strategy for cancer treatment
through anti-angiogenesis through neddylation inhibition.
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Introduction enhancing effects of VEGF [4]. Accordingly, anti-
angiogenesis is increasingly regarded as a

Emerging evidence has shown that the growth, promising target for cancer therapy.

invasion, and metastasis of solid tumors are

closely associated with angiogenesis [1, 2]. The The balance between protein synthesis and

hypoxic conditions that result from dysregulat-
ed tumor growth induce the expression of tran-
scription factor HIF-1a. The expression of vas-
cular endothelial growth factor A (VEGFA) and
vascular endothelial growth factor receptor 2
(VEGFR2) are subsequently increased in endo-
thelial cells [3]. VEGFR2 is the major mediator
of the mitogenic, angiogenic, and permeability-

degradation is critical for maintaining cellular
homeostasis and normal cellular functions.
Ubiquitin, a small regulatory protein, can be
covalently linked to target proteins and direct
them to the 26S proteasome for degradation
[5]. The ubiquitin conjugation pathway consists
of three-steps: activation, conjugation, and liga-
tion. First, ubiquitin is activated by ubiquitin-
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activating enzyme (E1) with energy acquired
from ATP hydrolysis. Then, the ubiquitin mole-
cule is transferred to the second enzyme of the
complex, E2 (ubiquitin-conjugating enzyme).
The final reaction requires E3 (ubiquitin ligase),
which binds and recognizes the target sub-
strate and labels them with ubiquitin [6]. E3
ligases are crucial factors and play the most
important role in this pathway because they
modulate substrate specificity.

Culling-RING ligases (CRLs) are the largest fam-
ily of E3 ubiquitin ligases [7]. CRLs regulate sev-
eral important biological processes, such as
cell-cycle progression, cell-proliferation, DNA
repair, and apoptosis via degradation of various
key substrates [8]. Among the eight cullin family
members, cullin-1 is known to bind adaptor pro-
tein SKP1 and an F-box protein at the N-ter-
minus, and a RING protein, RBX1 or RBX2 (also
known as ROC2 or SAG) at the C-terminus, thus
forming the Skp1, Cullin and F-box protein (SCF)
E3 complex [9].

NEDDS (neural precursor cell-expressed devel-
opmentally downregulated protein 8) is a ubig-
uitin-like protein. Neddylation refers to the pro-
cess of conjugating NEDDS8 to target proteins.
Like ubiquitination, neddylation requires E1
NEDDS8-activating enzyme (NAE), E2 NEDDS8-
conjugating enzyme (UBC12), and E3 NEDDS8
ligase, which catalyzes the transfer of NEDD8
to a target molecule [7, 10]. NEDDS8 is a ubiqui-
tin-like molecule that can be attached to pro-
teins of the cullin family [11], and is required for
the activity of one subclass of ubiquitin E3
ligases. Cullin-based E3 ligases comprise a
large family of ubiquitin ligases that mediate
the ubiquitination of numerous cellular proteins
with diverse functions, including proteins
involved in cell signaling, transcriptional regula-
tion, and cell cycle control [11-15]. Disruption of
neddylation can lead to accumulation of numer-
ous intracellular proteins and can lead to DNA
damage responses, autophagy, apoptosis, and
abnormal cellular responses [16].

Previous studies have indicated that E1, E2,
and E3 enzymes are expressed in human
umbilical vein endothelial cells [17]. Proteasome
inhibitors suppress angiogenesis via inhibition
of VEGFR 2 expression in endothelial cells [18].
Moreover, various ubiquitin E3 ligase complex-
es have been reported to be involved in the
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regulation of angiogenesis and VEGFR 2 expres-
sion [19].

MLN4924, a selective NAE inhibitor, has been
reported as a promising anti-cancer drug [10,
20]. MLN4924 treatment significantly decreas-
es levels of cullin neddylation and total NEDDS8-
conjugated proteins. The anti-angiogenic effect
of MLN4924 has been reported in endothelial
cells [21]. Mechanistic studies indicated that
MLN4924 triggers the anti-angiogenic effects
by inducing RhoA accumulation in HUVECs [21].

In this study, we aimed to investigate the anti-
angiogenetic effects of MLN4924 on human
umbilical vein endothelial cells (HUVECs). Addi-
tionally, we tried to validate the role of ned-
dylation pathway in VEGF-promoted angiogenic
activity in HUVECs and examine the involve-
ment of anti-angiogenesis in MLN4924-induced
anti-tumor effect in xenograft tumors of four
different types of cancers.

Materials and methods
Reagents and antibodies

MLN4924 was purchased from Millennium Ph-
armaceuticals (Cambridge, MA, USA). Antibo-
dies for western blotting of various proteins
such as CHOP, cleaved PARP, cleaved cas-
pase-3, cleaved caspase-7, p21, p27, UBC12,
phospho-Erk1/2, Erk1l/2 and CD31 were ob-
tained from Cell Signaling Technology (Danvers,
MA, USA). Anti-phospho-histone H3 (Ser10)
antibody was obtained from Merck Millipore
(Billerica, MA, USA). The antibody against
Erk1l/2 was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA), and the anti-
bodies against GAPDH, B-actin and o-tubulin
were purchased from GeneTex (Irvine, CA, USA).
All the other chemicals and reagents were
obtained from Sigma-Aldrich (St. Louis, MO,
USA) or Merck Millipore (Billerica, MA, USA).

Cell lines

We used five distinct cell lines to perform our
experiments: human urothelial cell carcinoma
(BFTC-905), cervical cancer (Hela), renal cell
carcinoma (Caki-2), and pharyngeal squamous
cell carcinoma (FaDu) cells. All the cell lines
were obtained from the Bioresource Collection
and Research Center, Hsinchu, Taiwan. The
BFTC-905, Hela, Caki-2 and Fadu cell lines
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were cultured in high-glucose Dulbecco’s Mo-
dified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). The HUVECs
were cultured with M199 medium containing
20% FBS, endothelial cell growth supplement
(Millipore, Billerica, MA, USA) in the gelatin-
coated dish. These five types of cells were
maintained at 37°C in humidified air containing
5% CO,,. All the other culture media and supple-
ments were obtained from Invitrogen. Further-
more, all other culture media and supplements
were purchased from Invitrogen (Carlsbad, CA,
USA).

Apoptosis assay

Cells were stained with the annexin V-FITC
apoptosis detection kit (Invitrogen), and apop-
totic cells were identified and quantified by flow
cytometry according to the manufacturer’s
instructions. In brief, after treatment with vary-
ing conditions, cells were washed with PBS and
collected via trypsin-EDTA solution (Invitrogen).
The cell suspensions were then centrifuged at
1000 rpm for 5 minutes to remove the trypsin-
EDTA solution. Then, the cells were re-suspend-
ed and incubated with propidium iodide (PI),
annexin V-FITC, and annexin V binding buffer
for 15 minutes at room temperature. The
stained cells were analyzed via flow cytometry
with a Becton Dickinson LSR Il (BD Bioscience,
San Jose, CA, USA).

Cell viability assay

Cell viability was determined using WST-1
(BioTools, Taipei, Taiwan). In brief, each of the
five cell lines were seeded with culture medium
in 96-well microplates (4500 cells/well) and
incubated at 37°C for 24 h before drug treat-
ments. After treatment for the indicated times,
cells were incubated with complete medium
containing WST-1 reagent at 37°C for 4 h. Then
the absorbance was detected using a Thermo
Scientific Multiskan GO plate reader (Thermo
Scientific, Rockford, IL, USA) at a wavelength of
450 nm.

Cell proliferation assay

HUVECs (2000 cells/well) were treated with
various concentrations of MLN4924 for 24 h.
The BrdU cell proliferation assay was per-
formed according to the protocol provided by
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the manufacturer (Roche Applied Science, In-
dianapolis IN, USA) [20, 22].

Western blotting

After various treatments, the cells from each
cell line were washed with ice-cold PBS and
exposed to cell lysis buffer (Cell Signaling
Technology) on ice for 15 minutes, followed by
centrifugation at 14000 rpm for 15 minutes at
4°C. The supernatants were harvested and
total protein concentration was determined via
the BCA protein assay (Thermo Scientific). An
equal quantity of each sample was subjected to
SDS-PAGE and then transferred to a PVDF
membrane (GE Healthcare, Menlo Park, Ca-
lifornia, USA). The membranes were blocked
with 5% BSA in TBST for at least 1 h followed by
incubation with their respective primary anti-
bodies at 4°C overnight. The membranes were
then washed by TBST with a 10-minute time
interval three times and incubated at room
temperature for 1 h with applicable horserad-
ish peroxidase (HRP)-conjugated secondary
antibodies (Genetex, Irvine, CA, USA).

Antibody-conjugated membranes were visual-
ized by enhanced chemiluminescence (ECL) su-
bstrates (Merck Millipore and Biotools) under
QmageQuant LAS 4000 (GE Healthcare) sys-
tem [20].

Transwell migration assay

Transwell migration assay was performed using
TranswellTM chambers (Corning, New York, NY,
USA) with a polycarbonate membrane (6.5 mm
diameter, 8 ym pore size). HUVECs (2 x 10%
cells) in 100 pyL M199 medium containing 5%
FBS were loaded into the upper chambers of
the Transwell apparatus. VEGF (50 ng/mL), a
potent chemotactic agent of endothelial cells,
with or without various concentrations of THZ1
(250, and 500 nM) in 5% FBS-containing M199
were loaded in the lower chambers for HUVEC
migration. After 4 h, the cells on the top surface
of the membrane were scraped with a cotton
swab. The migrated cells on the lower surface
of the membrane were fixed with methanol for
30 min. Next, cells remaining in the upper cha-
mber were wiped out with a cotton swab, and
cells migrated to the lower chamber were fixed
with 4% paraformaldehyde, followed by 0.1%
crystal violet staining. The numbers of migrated
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cells were determined by Image J (version
1.52q, NIH, Bethesda, MD, USA).

In vivo Matrigel plug assay

The Matrigel™ plug assay was performed as
described previously [23, 24]. Briefly, 0.5 mL
Matrigel™ containing MLN4924 (0.5 or 5 mM)
or 125 ng VEGF (Invitrogen) and 20 units of
heparin was injected subcutaneously to the
ventral area of 6-week-old FVB mice (n = 8 for
each dose of MLN4924). The mice were sacri-
ficed after 5 days and the Matrigel™ plugs were
excised and photographed [24]. Each well was
then photographed for quantification of angio-
genic efficacy of HUVECs by gauging the forma-
tion of tubes on Matrigel™ Matrigel with the
Image J software.

Capillary tube formation assay

We coated 48-well culture plates with Matrigel™
(150 pL/well) at 4°C and incubated them for 1
hour at 37°C. HUVECs were seeded on the sur-
face of the Matrigel™ and treated with various
concentrations of MLN4924 (10-500 nM) for
24 h. Capillary tube formation was photogra-
phed using inverted light microscopy. The len-
gth of tube formation was quantified based on
counts from 10 low-power fields randomly cho-
sen from each well [24].

In vivo xenograft SCID mice model

A total of 1 x 10° cells from human urothelial
cell carcinoma (BFTC-905), cervical cancer
(HelLa), renal cell carcinoma (Caki-2), and pha-
ryngeal squamous cell carcinoma (FaDu) cells
were suspended in 200 yL serum-free medium
and mixed with an equal volume of Matrigel (BD
Biosciences, Bedford, MA), followed by subcu-
taneous injection to the dorsal flank of 8-week-
old Nude mice (obtained from the Taiwan
National Laboratory Animal Center, Taipei,
Taiwan). After tumor growth had reached rough-
ly 200 mm3, the mice were randomly assigned
to a MLN4924-treated group or saline-treated
sham control group. The MLN4924-treated
group received intraperitoneal injections of
MLN4924 10 mg/kg in DMSO twice a day for
over four weeks, while the control group
received DMSO in PBS only. Tumor volume was
measured with calipers twice per week. Tumor
volume was calculated using the formula V =
LD x (SD)2/2, where V is the tumor volume, LD
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is the longest tumor diameter, and SD is the
shortest tumor diameter. Then themice were
sacrificed by CO, asphyxiation, and the tumors
were surgically removed and photographed. All
studies involving animal experiments, animal
care and experimental procedures were app-
roved by the National Taiwan University College
of Medicine and College of Public Health
Institutional Animal Care and Use Committee
(IACUC, No. 20160280, 20170268, 20150236
and 20180483). All studies involving animals
complied with the ARRIVE guidelines for the
reporting of experiments involving animals.

Statistical analysis

GraphPad Prism® 5 software was used to per-
form all data analysis. All data are expressed as
mean * SD. Data with two groups were ana-
lyzed using a two-tailed Student’s t-test; data
with multiple groups were analyzed via one-way
ANOVA followed by Bonferroni’'s post hoc test.
Comparisons were considered statistically dif-
ferent when P < 0.05.

Results

MLN4924 inhibits viability and induces apop-
tosis in HUVECs in a dose-dependent manner

To investigate the role of neddylation in the reg-
ulation of angiogenesis, we first examined the
effects of MLN4924 on the viability of HUVECs
by MTT assay. As shown in Figure 1A, MLN4924
inhibited viability of HUVECs in a dose-depen-
dent manner at 24 h. In addition, MLN4924
induced dose-dependent apoptotic effects in
HUVECSs at 24 h (Figure 1B). Consistently, west-
ern blotting analysis showed a dose-dependent
increase in CHOP, PARP cleavage, and caspas-
es-3 and -7 activation at 24 h after exposure to
100-1000 nM MLN4924.

MLN4924 inhibits proliferation and interferes
with cell cycle checkpoint regulators p21, p27
and phospho-histone H3

We further investigated the effects of MLN4924
on cell proliferation and cell cycle transition in
HUVECSs. A BrdU proliferation assay was used to
analyze the proliferation of HUVECs. As shown
in Figure 2A, MLN4924 inhibited cell prolifera-
tion in a dose-dependent manner at 24 h. BrdU
is commonly used in the detection of proliferat-
ing cells in living tissue because BrdU is incor-
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Figure 1. MLN4924 inhibits cell viability and induces apoptosis in HUVECs in a dose-dependent manner. A. HUVECs
were treated with various concentrations of MLN4924 (10-1000 nM) and DMSO (as non-treated control) for 24 h.
Cell viability was analyzed via MTT assay. Data are presented as mean + SD. Asterisks indicate the degree of statisti-
cal difference; *P < 0.05, **P < 0.01, ***P <0.001 and ****P < (0.0001, as compared with non-treated control.
B. HUVECs were treated with various concentrations of MLN4924 (250-1000 nM) and DMSO for 24 h. Apoptotic
cells were measured by flow cytometry with propidium iodide (Pl) and annexin V staining. Quantitative analysis of
apoptosis was calculated. Data are presented as mean * SD. Asterisks indicate the degree of statistical difference;
*P <0.05 as compared with non-treated control. C. Cell lysates were harvested and subjected to western blot using
specific antibodies against CHOP, cleaved PARP, and caspases-3 and -7. Results are representative of at least three
independent experiments.

porated into the newly synthesized DNA of rep- substrates of CRLs (Figure 2B) [27]. MLN4924,
licating cells during S phase. Previous studies a potent and selective NAE inhibitor, sup-
have shown that MLN4924 induced cell cycle pressed NEDDS8 conjunction and cullin ned-
arrest in cancer cells [20, 25]. An impact of dylation, subsequently inducing the accumula-
MLN4924 on cell cycle transition has been tion of substrates (p21 and p27) [27]. Addi-
hypothesized due to the accumulation of sev- tionally, histone H3 is a nuclear core histone
eral critical CRL substrates involved in the regu- protein regulating chromatin and functions in
lation the of cell cycle [20, 26]. The impact of chromosome condensation and cell-cycle pro-
MLN4924 on HUVECs has been previously gression during the mitotic phase, after phos-
reported in another study [21]. Our results phorylation of the serine-10 residue [28]. Con-
showed that MLN4924 induced the accumula- sistently, we found that MLN4924 suppressed
tion of cell cycle regulators (p21 and p27) and the expression of phospho-histone H3 (Ser10)
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Figure 2. MLN4924 inhibits proliferation and interferes with cell cycle check-
point regulators p21, p27 and phospho-histone H3. HUVECs were treated
with DMSO as a control, or with various concentrations of MLN4924, for
24 h. A. Percentage of BrdU positive HUVECs after 24-h treatment with
MLN4924 is shown. Data are presented as mean = SD. Asterisks indicate
the degree of statistical difference; *P < 0.05 as compared with non-treated
control. B. Cell lysates were analyzed for levels of p21, p27, and phospho-
Histone-H3 (Ser10) via western blotting with specific antibodies. C. Thr-202/
Tyr-204 phosphorylation of ERK1/2 and Erk in HUVECs at 24 h after expo-

sure to MLN4924.

in HUVECs in a dose-dependent manner (Figure
2B). Extracellular signal-regulated protein kin-
ases 1 and 2 (Erk1/2) are members of the
mitogen-activated protein kinase super family
that plays a critical role in proliferation, cell
cycle progression, and apoptosis [29]. As sh-
own in Figure 2C, MLN4924 decreased ph-
ospho-ERK1/2 expression in HUVECs. In sum-
mary, MLN4924 diminished cell proliferation
and phospho-Erk1/2 expression; moreover, it
interfered with cell cycle regulators in HUVECs.

The neddylation pathway is involved in VEGF-
activated angiogenesis; MLN4924 diminished
the cell proliferation induced by VEGF in
HUVECs via neddylation blockade

To investigate the role of neddylation in the
regulation of VEGF-dependent angiogenesis in
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_

HUVECs, we measured the
expression of related proteins
in the neddylation pathway.
Neddylation is a three-step en-
zymatic cascade mediated by
NEDDS8-activating enzyme E1
(NAE), which initiates the NE-
DD8 transfer cascade by acti-
vating NEDDS8, NEDDS8-con-
jugating enzyme E2 (UBC12),
and NEDDS8 ligase E3 [7, 10].
We examined the expression
levels of UBC12 in VEGF-tr-
eated HUVECs. Western blot-
ting showed that VEGF treat-
ment increased the levels of
and UBC12 in HUVECs at dif-
ferent timepoints (Figure 3A).
MLN4924, a potent NAE inhib-
itor, specifically inhibits the ne-
ddylation pathway. Correspon-
dingly, MLN4924 (500 nM) su-
ppressed the expression of
UBC12 in VEGF-activated HU-
VECs (Figure 3C). Moreover,
MLN4924 inhibited VEGF-ac-
tivated cell viability and induc-
ed apoptosis in HUVECs (Fi-
gure 3B and 3C). These find-
ings indicate that MLN4924
inhibits protein neddylation
and suppresses VEGF-activ-
ated HUVEC proliferation. Erk-
1/2 signaling, a pathway do-
wnstream of EGFR-activated
angiogenesis, plays a key ro-
le in angiogenic activity and
maintaining vascular integrity in HUVECs. We
therefore analyzed the expression of phos-
pho-Erk1/2 in HUVECs at 24 h after MLN4924
treatment. MLN4924 suppressed VEGF-me-
diated Erk1/2 activation in a dose-dependent
manner (Figure 3D).

500 1000

MLN4924 inhibits VEGF-activated cell migra-
tion, capillary tube formation, new vessel
formation, and VEGF-mediated downstream
Erk1/2 activation in HUVECs

To further investigate the anti-angiogenic
effects of MLN4924, we first examined the
effect of MLN4924 on the VEGF-activated cell
migration of HUVECs by Transwell™ migration
assay. As shown in Figure 4A, MLN4924 (100
and 500 nM) inhibited VEGF-activated cell
migration in HUVECs. Quantitative analyses
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Figure 3. Neddylation pathway is involved in VEGF-activated angiogenesis;
MLN4924 diminished cell proliferation induced by VEGF in HUVECs via Ned-
dylation Blockade. A. HUVECs were treated with VEGF (50 ng/mL) at vari-
ous time points (2, 5, 30, 45 minutes) and various concentrations of VEGF
(0, 25 and 50 ng/ml) for 24 h. Cell lysates were analyzed by western blot
for UBC12. B. HUVECs were treated with VEGF (50 ng/mL) without or with
MLN4924 (50-500 nM). Percentage of cell viability in HUVECs after 24-h
treatment with MLN4924 is shown. Data are presented as mean * SD. As-
terisks and pounds indicate the degree of statistical difference; *P < 0.05
as compared with VEGF-treated control. C. HUVECs were treated with VEGF
(50 ng/mL) without or with MLN4924 (500 nM). Cell lysates were analyzed
by western blot for UBC12, cleaved PARP, cleaved caspase-3 and cleaved
caspase-7. D. HUVECs were treated with VEGF (50 ng/mL) with or without
MLN4924 (50-1000 nM). Cell lysates were harvested and subjected to west-
ern blot using specific antibodies against phosphor-Erk1/2 and Erk1/2. Re-
sults are representative of at least three independent experiments.

showed that VEGF significantly enhanced cell
migration in HUVEC (P < 0.01). MLN4924 sig-
nificantly inhibited the VEGF-activated cell
migration of HUVECs in a concentration-depen-
dent manner. Consistently, VEGF increased and
MLN4924 decreased VEGF-activated capillary
vessel formation in HUVECs (Figure 4B) at 24 h.
Moreover, the Matrigel™ plug assay has been
widely adopted for detection of neo-vascular
formation in vivo. We further evaluated the anti-
angiogenic effects of MLN4924 using this
assay. As shown in Figure 4C, MLN4924 signifi-
cantly inhibited VEGF-induced Matrigel™ plug
angiogenesis and decreased hemoglobin levels 5B).

in a concentration-dependent
manner.

MLN4924 elicits anti-tumor
effects via the suppression of
angiogenesis in human uro-
thelial cell carcinoma (BFTC-
905), cervical cancer (Hela),
renal cell carcinoma (Caki-2),
and pharyngeal squamous
cell carcinoma (FaDu) cells

MLN4924 suppresses tumor
growth and elicits anti-angio-
genesis and decreased CD31
expression in four human
malignant tumor xenografts.
We then examined the anti-
tumor effects of MLN4924 in
Nude mice carrying four types
of solid malignant tumors,
including urothelial cell carci-
noma (BFTC-905), cervical
cancer (HelLa), renal cell carci-
noma (Caki-2), and pharynge-
al squamous cell carcinoma
(FaDu). Mice bearing tumor
xenografts were treated with
saline as a sham control or
MLN4924 at 10 mg/kg twice
a day for over 4 weeks. At the
end of treatment, tumor vol-
ume in the MLN4924-treat-
ed group shrunk significantly
compared to the control group
in all four xenografts (Figure
5A). Consistent with a previ-
ous study, MLN4924 had no
effect on the weight of the
mice compared to the control

group (data not shown), indicating minimal tox-
icity for MLN4924 [20, 30]. These observations
suggest that MLN4924 effectively inhibited the
growth of xenografted tumors in SCID mice with
minimal general toxicity. To clarify the correla-
tion between anti-angiogenesis and the anti-
tumor effects of MLN4924, we examined the
expression of CD31, a marker for the vascular
endothelium, in tumor xenografts in both the
MLN4924-treated and saline-treated groups.
We found that MLN4924 suppressed the
expression of CD31 in tumor xenografts com-
pared to the saline-treated controls (Figure
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Figure 4. MLN4924 inhibits VEGF-activated cell migration, capillary tube formation, and the downstream angio-
genetic pathway in HUVECs. A. Representative image of Transwell™ migration of HUVECs recorded via time-lapse
microscope (100x). Data are presented as mean + SD. Asteris ks indicate the degree of statistical difference: P
< 0.05 as compared with VEGF-treated control. *P < 0.05 as compared with non-treated control. B. HUVECs were
seeded into a Matrigel™-coated 48-well plate and treated with 100 or 500 nM MLN4924 for 24 h. Photographs of
tube formation are shown (100x). C. In vivo Matrigel™ plug assay. Matrigel™ containing the indicated amount of
DMSO, VEGF (125 ng), or VEGF plus MLN4924 (0.5 mM and 5 mM) was injected into 6-week-old FVB mice subcuta-
neously (n = 8/dose). After 5 days, Matrigel™ plugs were excised and photographed. The hemoglobin concentration
in each plug was analyzed. Asterisks and pound symbols indicate the degree of statistical difference: *P < 0.05 as
compared to VEGF-treated group. *P < 0.05 as compared to DMSO-treated control group.

Discussion tasis [1]. Neddylation regulates several impor-

tant biological processes [8], and dysregulated
Tumor angiogenesis plays an important role in neddylation leads to accumulation of numer-
the processes of tumor progression and metas- ous intracellular proteins and subsequently
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Figure 5. MLN4924 suppresses tumor growth and elicits anti-angiogenesis and decreased CD31 expression in four
human malignant tumor xenografts. A. SCID mice bearing xenograft tumors from human urothelial cell carcinoma
(BFTC-905), cervical cancer (HeLa), renal cell carcinoma (Caki-2), or pharyngeal squamous cell carcinoma (FaDu)
cells were treated with saline as a sham control or MLN4924 (10 mg/kg i.p.) twice a day for over 4 weeks. Tumor
volume was measured at sacrifice. Data are presented as mean + SD. Asterisks indicate the degree of statistical
difference; "P < 0.05 as compared with saline-treated sham control. B. Western blot was used to analyzed CD 31
protein levels in the tumor xenograft.

induces cell stress and even cell death, but dylation with regards to angiogenesis is scarce
research on the regulatory effects of ned- [21, 31].
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In the present study, we found that inactivation
of neddylation by MLN4924 suppressed the
proliferation, survival, and cell cycle transition
of HUVECs. In addition, we observed activation
of the neddylation pathway, with increased ex-
pression of UBC12 noted in VEGF-treated HU-
VECs. MLN4924 effectively suppressed VEGF-
activated cell proliferation, migration, and cap-
illary vessel formation and the downstream
phospho-Erk1/2 signaling pathway in HUVECs.
Our results indicated the regulatory role for
neddylation in angiogenic activity of vascular
endothelial cells. Most importantly, our in vivo
xenograft data indicates that neddylation inac-
tivation by MLN4924 elicits significant anti-
tumor effects in four human malignant solid
tumors, with concomitant suppression of CD
31, the marker of vascular endothelial cells.
MLN4924 is currently in several phase | clinical
trials for cancer therapy with well-tolerated side
effects. These findings provide evidence for
developing novel anti-angiogenic agents that
target the regulation of neddylation.

Selective protein degradation is an efficient
way of terminating protein activity. NEDD8 con-
jugated to Cullin is necessary for the activation
of CRLs, the largest multiunit ubiquitin ligase
family, which are responsible for the ubiquitina-
tion and degradation of about 20% of ubiquiti-
nated cellular proteins, including transcription
factors, tumor suppressors, and onco-proteins
[32].

Neddylation inhibition with MLN4924 or knock-
down of ROC1/RBX1, an essential cullin-asso-
ciated subunit of CRL, induced anti-angiogene-
sis [21]. The anti-angiogenic effects via are
largely mediated by inactivating CRLE3 ligase
[24], induce the accumulation of several CRL
substrates such as RhoA, cell cycle inhibitors
p21, p27, and weel, and DNA replication licens-
ing proteins CDT1 and ORC1 [21]. Our unpub-
lished data also indicated that the specific inhi-
bition of Cullin-1 via dominant-negative con-
struct effectively suppressed VEGF-promoted
angiogenic activity (phospho-Erk1/2) and capil-
lary formation in HUVECs (data not shown here).
The cullin-1 mediated neddylation process may
play an essential role in regulating the angio-
genic processes of HUVECs. Enzymatic inacti-
vation by an NAE inhibitor, MLN4924 induced
anti-angiogenesis effect in HUVECs.

962

In summary, neddylation inhibition decreased
HUVEC survival, migration and VEGF-promoted
angiogenic. Moreover, neddylation inhibition
reduced tumor growth with diminished expres-
sion of vascular endothelial marker, CD31.
These findings provide novel insights toward
treating cancer via anti-angiogenetic effect of
neddylation inhibition.
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