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Abstract: Tumor angiogenic process is regulated by multiple proangiogenic pathways, such as vascular endothelial 
growth factor receptor 2 (VEGFR2) and Axl receptor tyrosine kinase (Axl). Axl is one of many important factors involved 
in anti-VEGF resistance. Inhibition of VEGF/VEGFR2 signaling pathway alone fails to block tumor neovascularization. 
Therefore, discovery of novel agents targeting multiple angiogenesis pathways is in demand. Desacetylvinblastine 
monohydrazide (DAVLBH), a derivative of vinblastine (VLB), has been reported exhibit an anticancer activity via 
its cytotoxic effect. However, little attention has been paid to the antiangiogenic properties of DAVLBH. Here, we 
firstly reported that DAVLBH exerted a more potent antiangiogenic effect than VLB in vitro and in vivo, which was 
associated with inactivation of VEGF/VEGFR2 and Gas6/Axl signaling pathways. We found that DAVLBH inhibited 
VEGF- and Gas6-induced HUVECs proliferation, migration, tube formation and vessel sprouts formation in vitro and 
ex vivo. It significantly inhibited in vivo tumor angiogenesis and tumor growth in HeLa xenografts. It also inhibited 
Gas6-induced pericytes recruitment to endothelial tubes accompanied with a decrease in expression and activa-
tion of Axl. Besides, it could block the compensatory up-regulating expression and activation of Axl in response to 
bevacizumab treatment in HUVECs. Taken together, our results suggest that DAVLBH potently inhibits angiogenesis-
mediated tumor growth through blockage of the activation of VEGF/VEGFR2 and Gas6/Axl pathways and it might 
serve as a promising antiangiogenic agent for the cancer therapy.

Keywords: Desacetylvinblastine monohydrazide (DAVLBH), antiangiogenesis, vascular endothelial growth factor 
receptor 2 (VEGFR2), Axl receptor tyrosine kinase (Axl), pericytes recruitment

Introduction

Angiogenesis is essential for solid tumor growth 
and metastasis [1]. Without blood vessels, 
tumors cannot grow beyond a threshold size or 
metastasize to other organs [2]. Therefore, 
antiangiogenesis is considered an attractive 
approach for antitumor treatment.

The tumor angiogenic process is regulated by 
multiple proangiogenic factors that destabilize 
the integrated blood vessel, promote endothe-
lial cell motility (proliferation, migration, inva-
sion and tubulogenesis) and ultimately induce 
neovascularization [3, 4]. Among these factors, 
VEGF plays a critical role in the angiogenesis 
process [5]. VEGFR2 is responsible for the 

major angiogenic functions of VEGF [6, 7]. The 
phosphorylation of VEGFR2 induces the activa-
tion of multiple downstream signaling path-
ways, including extracellular signal-regulated 
kinase (ERK) and Akt, and then stimulates 
endothelial cell proliferation, migration and 
tube formation [8-10]. Therefore, blocking the 
VEGF/VEGFR2 signaling pathway by inhibiting 
endogenous VEGF release and interfering with 
VEGF binding to VEGFR2 has become an impor-
tant antiangiogenic therapeutic strategy [11]. A 
number of antiangiogenic agents have been 
developed in recent years, including bevacizum-
ab, a recombinant humanized anti-VEGF neu-
tralizing antibody [12], and small-molecule 
inhibitors of VEGFRs such as sunitinib [13] and 
sorafenib [14]. These agents have been app- 
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roved for the treatment of certain metastatic 
cancers. However, inhibition of the VEGF/VE- 
GFR2 signaling pathway alone fails to block 
tumor growth and neovascularization [7], which 
is partly due to the abundant and complemen-
tary proangiogenic pathways that give rise to 
anti-VEGF resistance [15, 16].

Growth arrest-specific protein 6 (Gas6) is 
another important proangiogenic factor that 
mediates the activation of Axl, Mer and Tyr3 
receptor tyrosine kinase (RTK) pathways in 
tumor angiogenesis [17]. However, as a ligand 
of RTKs, Gas6 shows the highest affinity for Axl, 
which is overexpressed in endothelial cells and 
pericytes [18-20]. Gas6-mediated Axl activa-
tion promotes endothelial cell proliferation, 
migration, and invasion during tumor angiogen-
esis [21] through Akt [22, 23] and ERK [24] 
pathways. Axl is also involved in the complicat-
ed regulation of VEGF/VEGFR2 signaling path-
way [23, 25]. Activation of the Gas6/Axl path-
way is associated with anti-VEGF resistance, 
and the combination of an Axl antibody or an 
Axl inhibitor with anti-VEGF agents improves 
the antiangiogenic effect [26] or overcomes 
anti-VEGF resistance [27].

Desacetylvinblastine monohydrazide (DAVLBH) 
is a derivative of the natural product vinblastine 
(VLB) and exhibits powerful microtubule-desta-
bilizing effects [28] and potent antitumor activ-
ity both in vitro and in vivo [29, 30]. However, 
little attention has been paid to the antiangio-
genic properties of DAVLBH. In the present 
study, we report the first evidence that DAVLBH 
inhibits various endothelial cellular motilities 
required for neovascularization in vitro and sup-
presses HeLa xenograft tumor growth and 
angiogenesis in vivo through the inhibition of 
both VEGF/VEGFR2 and Gas6/Axl pathways. 
We also demonstrate that DAVLBH inhibits bev-
acizumab-induced Axl expression in human 
umbilical vein endothelial cells (HUVECs) and 
affects pericyte recruitment during vessel ma- 
turation.

Materials and methods

Materials

DAVLBH (purity > 98%) was synthesized, and its 
structure was identified according to the meth-
ods described in the literature [29]. DAVLBH 
was then stored at -20°C and protected from 

light. Pentobarbital sodium was purchased 
from Merck (Darmstadt, Germany). VEGF165 is 
a product of Life Technology (Invitrogen, 
Carlsbad, CA). Matrigel was purchased from BD 
Biosciences (Franklin Lakes, NJ). Bevacizumab 
was purchased from Roche (Genentech Inc., 
San Francisco, CA). Antibodies against VEGFR2, 
p-VEGFR2Tyr1175, Axl, Akt, p-AktThr308, ERK, p- 
ERKThr202/Tyr204, PDGFR-β and Ki67 and a sec-
ondary antibody were purchased from Cell 
Signaling Technology (Danvers, MA). CD31 anti-
body, p-AxlY779 antibody and recombinant hu- 
man Gas6 growth arrest-specific protein 6 (Ga- 
s6) were obtained from R&D Systems (Min- 
neapolis, MN). Alexa Fluor 594 Donkey anti-
Goat IgG and Alexa Fluor 488 Donkey anti-Rab-
bit IgG were purchased from Life Technologies 
(Invitrogen, Eugene, OR). The Human RTK Phos- 
phorylation Antibody Array was purchased from 
RayBiotech (Atlanta, GA). The Rac1/Cdc42 Ac- 
tivation Assay Kit is a product of Merck Millipore 
(Darmstadt, Germany). The DAB substrate kit 
was obtained from Vector Laboratories (Bur- 
lingame, CA). Endothelial cell medium (ECM) 
and pericyte medium (PM) were obtained from 
ScienCell Research Laboratories (San Diego, 
CA). Other reagents were purchased from Sig- 
ma-Aldrich (St. Louis, MO).

Cell lines and cell culture

HUVECs were isolated from fresh umbilical 
cords using type II collagenase by adapting a 
previously described protocol [31] and were 
maintained in ECM. The cells were then charac-
terized using CD31 immunohistochemical st- 
aining. Human brain vascular pericytes (HBVPs) 
were obtained from ScienCell Research Labo- 
ratories and cultured in PM. HeLa cells were 
purchased from Chinese Academy of Sciences 
Cell Bank (Shanghai, China) and cultured in 
RPMI 1640 medium supplemented with 10% 
fetal bovine serum (Life Technology, Carlsbad, 
CA). All cells were maintained in a humidified 
atmosphere containing 5% CO2 at 37°C.

Animals

Female BABL/c (nu/nu) mice were obtained 
from Vital River Laboratory Animal Technology 
Co, Ltd. (Beijing, China). Adult male Sprague-
Dawley rats (weighing 220-240 g) were ob- 
tained from Guangdong Medical Experimental 
Animal Center (Guangzhou, China). All animals 
were maintained in specific pathogen free room 
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and with free access to water and standard 
laboratory chow. All animal experimental proce-
dures were approved by Laboratory Animal 
Ethics Committee of Jinan University (Guang- 
zhou, China). The results of all studies involving 
animals were reported in accordance with the 
ARRIVE guidelines.

Cell proliferation assay

VEGF- and Gas6-induced HUVEC proliferation 
was measured by 3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay 
as previously described [32]. Briefly, 1×104 
cells per well were seeded in 96-well plates and 
cultured for 24 h. Adherent cells were starved 
with serum-free ECM for 6 h to prompt the cells 
to enter the resting state. Then, the cells were 
treated with various concentrations of DAVLBH, 
VLB (1.0 nM), VEGF (20 ng/mL) or Gas6 (100 
ng/mL) at the same time. After incubation for 
24 h, cell viability was determined using MTT 
assay. 

Endothelial cell migration and invasion assays

The effects of DAVLBH on endothelial cell mig- 
ration and invasion were evaluated with wound-
healing and modified Boyden chamber assays, 
respectively. In the wound-healing assay, HU- 
VECs were seeded in 6-well plates and grown to 
confluence. Then, they were starved with 
serum-free ECM for 6 h and scratched with 
pipette tips. After washing with phosphate-buff-
ered saline (PBS), fresh ECM containing VLB 
(1.0 nM) or various concentrations of DAVLBH 
(0.5, 1.0 or 2.0 nM) in the presence or absence 
of VEGF (20 ng/mL) or Gas6 (100 ng/mL) was 
added. Images of cells were obtained with an 
Olympus IX70 inverted microscope (Shinjuku, 
Tokyo, Japan) after treatment for 8 h. The 
migrated cells were quantified by Image-Pro 
Plus 6.0 software (Rockville, MD). The Boyden 
chamber assay was performed as previously 
described [33] with some modifications. Briefly, 
the insert transwell plate was pre-coated with 
Matrigel for 1 h at 37°C. Then, 1×104 cells sus-
pended in 100 μL serum-free ECM containing 
VLB or various concentrations of DAVLBH were 
added to the upper chamber and 600 μL fresh 
ECM, supplemented with VEGF (20 ng/mL) or 
Gas6 (100 ng/mL), was placed in the lower 
chamber. After a 24-h incubation, the upper 
chamber was fixed with 4% paraformaldehyde 
for 30 min and the cells were stained with crys-

tal violet. The inner side of the upper chamber 
was scraped with a cotton swab to remove the 
non-invasive cells. Invasive cells on the lower 
surface were photographed using an Olympus 
IX70 inverted microscope and quantified using 
Image-Pro Plus 6.0.

Tube formation assay

The tube formation assay was performed as 
previously described with some modifications 
[34]. Cells (2×104) suspended in 100 μL ECM 
were seeded in Matrigel-coated 96-well plates 
and then incubated in the presence of VLB (1.0 
nM) or various concentrations of DAVLBH (0.5, 
1.0 or 2.0 nM) with or without VEGF (20 ng/mL) 
or Gas6 (100 ng/mL). After an 8-h incubation, 
endothelial tubes were photographed with an 
Olympus IX70 inverted microscope and the 
number of tubes, loops and branching points 
were calculated by Image-Pro Plus 6.0.

Aortic ring assay

Dorsal aortas were isolated from Sprague-Da- 
wley rats after anaesthetisation with an intra-
peritoneal injection of 50 mg/kg pentobarbital 
sodium. Then, the periadventitial fat and con-
nective tissue around the aorta were removed 
and the aorta was cut into 1- to 1.5-mm-long 
rings. The rinsed aortic rings were placed in 
Matrigel-coated 96-well plates and sealed with 
an overlay of 80 μL Matrigel. After a 2-h incuba-
tion, ECM containing VEGF (100 ng/mL) or 
Gas6 (300 ng/mL) was added and the rings 
were incubated for 48 h. Then, the aortic rings 
were treated with VLB (1.0 nM) or various con-
centrations of DAVLBH (0.5, 1 or 2 nM) for 7 
days. The microvessels were photographed 
using an Olympus IX70 inverted microscope, 
and microvessel sprouts were quantified using 
Image-Pro Plus 6.0.

Human RTK phosphorylation antibody array

The expression of phosphorylated RTK growth 
factors in DAVLBH-treated HUVECs was detect-
ed using the Human RTK Phosphorylation 
Antibody Array. The procedures were performed 
following the manufacturer’s protocol. First, the 
membranes were blocked with blocking buffer 
for 1 h and then incubated overnight with 1 mg 
protein dissolved in 1.2 mL blocking buffer at 
4°C. Then, the membranes were incubated 
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with a biotin-conjugated secondary antibody 
for 2 h at room temperature, followed by incu-
bation with FITC-conjugated streptavidin for 
another 2 h. The signals were directly detected 
and analyzed following the manufacturer’s 
instructions using an Array Worx fluorescence 
slide scanner (Applied Precision, Issaquah, 
WA).

Western blot analysis

Whole-cell extracts were prepared using RIPA 
lysis buffer. Proteins (50 μg) were resolved by 
electrophoresis on 8-12% SDS-polyacrylamide 
gels and then detected by western blotting as 
previously described [35]. Quantitative data 
were measured with ImageJ software (NIH, NY). 

GTPase activation assay of Rac1 and cdc42

The GTP activities of rRac1 and rCdc42 were 
determined with a GST-PBD pull-down assay 
using the Rac1/Cdc42 Activation Assay Kit. 
According to the manufacturer’s protocol, 
HUVECs were starved with serum-free ECM and 
treated with different concentrations of 
DAVLBH for 4 h. The cells were subsequently 
stimulated with VEGF (20 ng/mL) or Gas6 (100 
ng/mL) for 1 h. Then, the cells were lysed in 
Mg2+ lysis buffer. Cell extracts (500 μg) were 
mixed with GST-PBD (the Pak Rac1/Cdc42-
binding domain) attached to beads. After incu-
bation at 4°C overnight, the beads were washed 
five times with lysis buffer and boiled at 100°C 
for 5 min with 2× sodium dodecyl sulphate 
sample buffer. Immunoblotting for Rac1 and 
Cdc42 was performed with antibodies specifi-
cally against these proteins.

Three-dimensional co-cultures

In vitro pericyte migration to endothelial tubes 
was detected using a three-dimensional co-
culture assay as previously described [36] with 
some modifications. Briefly, HUVECs were 
labelled with PKH 26 following the manufactur-
er’s instructions. Next, 3×104 HUVECs sus-
pended in serum-free ECM were seeded in 
96-well plates that had been pre-coated with 
150 μL Matrigel; the cells were then incubated 
for 2 h to allow the tube formation. At the same 
time, 2×104 HBVPs that had been pre-treated 
with or without DAVLBH (1.0 nM) for 4 h were 
labeled with PKH 67, suspended in serum-free 
PM in the presence or absence of Gas6 (100 

ng/mL) and added to the endothelial tubes for 
an additional 12-h incubation to allow for HBVP 
adhesion to the HUVEC tubes. Images were 
obtained with an Olympus IX70 inverted micro-
scope at 2 and 12 h after HBVP addition. The 
respective excitation and emission wave-
lengths were 551 and 567 nm for PKH 26 and 
490 and 502 nm for PKH 67. 

Tumor xenograft model

HeLa cells (1×107) mixed with 200 μL 50% 
Matrigel in PBS (v/v) were inoculated subcuta-
neously into the backs of 5- to 6-week old 
BABL/c (nu/nu) female mice. When the tumor 
size grew to approximately 200 mm3, tumor-
bearing mice were randomized into three 
groups with five mice per group. The mice were 
intravenously (i.v.) injected every two days with 
saline, VLB (0.75 μmol/kg) or DAVLBH (0.75 
μmol/kg) for a total of 9 administrations. Tumor 
volumes were measured using a slide calliper 
and calculated using the following formula: 
a×b2×0.5, where a refers to the longest diame-
ter and b is the shortest diameter. At the end of 
the experiment, mice bearing tumors were 
anaesthetised with an intraperitoneal injection 
of 50 mg/kg pentobarbital sodium and the 
tumors were removed, weighed and photo-
graphed. Then, the tumors were fixed in 4% 
paraformaldehyde for histological and immuno-
histochemical examination.

Histology and immunohistochemistry

Tumors (five samples per group) were fixed in 
4% paraformaldehyde for 24 h and then embed-
ded in paraffin. Tissue sections (5 μm thick) 
were mounted on glass slides. For histological 
examination, sections were stained with hae-
matoxylin-eosin (H&E). For immunohistochem-
istry, sections were incubated with anti-CD31, 
anti-Ki67, anti-Axl or anti-p-VEGFR2 (1:400) 
overnight at 4°C. The sections were rinsed with 
PBS and incubated with secondary antibodies, 
and the proteins were detected using the DAB 
kit following the manufacturer’s instructions. 
Images were collected with an Olympus IX70 
inverted microscope. The Ki67 proliferation 
index is presented as the percentage of Ki67-
positive cells/total cells per field with a 100× 
objective. The microvessel density (MVD) was 
evaluated by counting the number of vessels in 
three fields per slide using a 100× objective. 
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The integrated optical density (IOD) values of 
Axl and p-VEGFR2 in each visual field (200× 
magnification) were calculated with Image-Pro 
Plus 6.0. The analysis was performed blind by a 
trained pathologist.

Immunofluorescence assay

Tumor sections were blocked for 1 h in blocking 
buffer (5% BSA) and then incubated with anti-
CD31 and anti-PDGFR-β (1:400) antibodies 

Figure 1. DAVLBH inhibits VEGF-induced angiogenesis in vitro and ex vivo. A. DAVLBH inhibited VEGF-induced HUVEC 
proliferation in a dose-dependent manner. Adherent HUVECs (1 × 104 cells per well) were starved with serum-free 
ECM and then treated with different concentrations of DAVLBH or VLB (1 nM) for 24 h in the presence or absence 
of VEGF. B. DAVLBH inhibited VEGF-induced HUVEC migration in a wound-healing assay. After starvation, monolayer 
cells were scratched with pipette tips and then treated with VLB or different concentrations of DAVLBH in the pres-
ence or absence of VEGF. After incubation for 8 h, the migrated cells were quantified using Image-Pro Plus 6.0 
software. Representative fields were photographed (100× magnification). C. DAVLBH inhibited the VEGF-induced in-
vasion of HUVECs in a Boyden chamber assay. HUVECs (2 × 104) were seeded in the upper chamber of the transwell 
and treated with VLB or different concentrations of DAVLBH. The bottom chamber was filled with medium that was 
supplemented with or without VEGF. After a 24-h incubation, cell invasion was quantified by counting the cells that 
had migrated through the membrane. Representative figures were photographed (100× magnification). D. DAVLBH 
inhibited the tube formation of HUVECs. HUVECs (2 × 104) treated with VLB or various concentrations of DAVLBH in 
the presence or absence of VEGF were seeded in Matrigel-coated 96-well plates. Tubular structures were quanti-
fied by manual counting after an 8-h incubation. Representative fields were photographed (100× magnification). E. 
DAVLBH inhibited microvessel sprouting in a rat aortic ring assay. Approximately 1- to 1.5-mm-thick cleaned mouse 
aortic rings were placed in Matrigel-coated 96-well plates and then treated with VLB or various concentrations of 
DAVLBH in the presence or absence of VEGF. Representative pictures were taken (40× magnification). Graphs show 
the quantitative effect. Quantitative data were analyzed using GraphPad Prism 5.0. The data are presented as mean 
± SEM, n = 5. ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with 
the VEGF-treated group; and &P < 0.05 and &&&P < 0.001 compared with the VLB-treated group.
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Figure 2. DAVLBH suppressed the expression of Axl in HUVECs. A. Quantitative analysis of the changes in human 
phosphorylated RTKs associated with angiogenesis in DAVLBH-treated HUVECs. B. DAVLBH inhibited the expression 
of Axl in normal HUVECs. HUVECs were treated with or without DAVLBH (1 nM) for 4 h. Cells were collected, lysed and 
subjected to western blot analysis. C. DAVLBH antagonized the increased expression of Axl in bevacizumab-treated 
HUVECs. Cells were continuously stimulated with bevacizumab for 48 h and then treated with or without DAVLBH for 
4 h. The levels of Axl and p-Axl in the collected cell supernatants were analyzed by western blotting. The quantitative 
analysis of Western blot was shown. Data are ratios of p-Axl/β-actin and Axl/β-actin, and are presented as mean 
± SEM, n = 5. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group; $P < 0.05 and $$P < 0.01, 
compared with the bevacizumab-treated group.
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overnight at 4°C. After being washed with PBS, 
the sections were incubated with secondary 
antibodies, including Alexa Fluor 488 Donkey 
anti-Rabbit IgG (1:2000) and Alexa Fluor 594 
Donkey anti-Goat IgG (1:2000), for 1 h at room 
temperature. Next, the sections were mounted 
with Crystal Mount (GeneTex) and observed 
under a confocal microscope (LSM700, Zeiss). 
The pericyte coverage of tumor vessels was 
quantified by analysing the proportion of total 
CD31-positive endothelial lengths also positive 
for the pericyte marker PDGFR-β using Image-
Pro Plus 6.0 software.

Statistics

The data are expressed as the mean ± SEM. 
GraphPad Prism 5.0 (GraphPad Software, La 

Jolla, CA) was used for statistical analysis. 
Significant differences were evaluated using 
one-way ANOVA followed by Tukey’s test. A dif-
ference was considered significant when P < 
0.05.

Results

DAVLBH inhibits VEGF-induced HUVEC prolifer-
ation, migration, invasion, and tube formation 
in vitro and vessel sprout formation ex vivo

Before assessing the antiangiogenic properties 
of DAVLBH in vitro, the cytotoxic effect of 
DAVLBH on HUVECs in normal growth medium 
was evaluated using the MTT assay. Our results 
demonstrated that DAVLBH effectively reduced 
cell viability in a dose-dependent manner (data 

Figure 3. DAVLBH inhibited Gas6-induced angiogenesis in vitro and ex vivo. DAVLBH inhibited Gas6-stimulated 
HUVEC (A) proliferation, (B) migration, (C) invasion, (D) capillary-structure formation and (E) aortic ring microvessel 
sprouting. HUVECs or rat aortic rings were treated with VLB or various concentrations of DAVLBH in the presence or 
absence of Gas6. Representative figures (100× magnification in B, C, and D and 40× magnification in E) are shown, 
and the quantitative data were analyzed with GraphPad Prism 5.0. The data are presented as mean ± SEM, n = 5. 
***P < 0.001 versus the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001 versus the Gas6-treated group; and 

&P < 0.05, &&P < 0.01, and &&&P < 0.001 compared with the VLB-treated group.
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not shown) and induced cell cycle arrest and 
apoptosis at high concentrations (12.5 and 25 
nM) (data not shown), whereas DAVLBH lower 
than 3.125 nM were non-toxic to HUVECs (data 
not shown). In this regard, the concentrations 
of 0.5, 1 and 2 nM were used in the in vitro and 
ex vivo antiangiogenic experiments. Next, the 
inhibitory effect of DAVLBH on VEGF-stimulated 
HUVEC proliferation was examined. As shown in 
Figure 1A, VEGF stimulation increased the via-
bility of HUVECs compared with the non-VEGF 
treatment groups, whereas DAVLBH significant-
ly suppressed VEGF-induced HUVEC prolifera-
tion in a dose-dependent manner.

The effects of DAVLBH on the VEGF-mediated 
migration and invasion of HUVECs were mea-
sured using a wound-healing migration assay 
and a transwell cell invasion assay, respective-
ly. Our results showed that VEGF (20 ng/mL) 
increased the number of migrated cells and 

invaded cells, and the stimulatory effect of 
VEGF was inhibited by DAVLBH in a dose-
dependent manner. The inhibitory effects of 
DAVLBH were more potent than those of VLB at 
the same concentration (1 nM) (Figure 1B, 1C). 
The HUVEC tube formation results, shown in 
Figure 1D, demonstrated that the number of 
tube-like structures significantly increased 
after stimulation with 20 ng/mL VEGF. However, 
the ability of endothelial cells to form tubular 
structures was dramatically attenuated in the 
presence of various concentrations of DAVLBH, 
and the inhibitory effect of DAVLBH was more 
pronounced than that of VLB at a concentration 
of 1 nM. Next, we explored whether DAVLBH 
inhibited VEGF-induced microvessel sprouting 
from aortic rings ex vivo. VEGF (100 ng/mL) 
markedly triggered microvessel sprouting and 
led to the formation of a complex network off 
microvessels around the aortic rings (Figure 
1E). By contrast, DAVLBH treatment reduced 

Figure 4. DAVLBH suppressed VEGF/VEGFR2 and Gas6/Axl signaling pathways. DAVLBH inhibited VEGFR2, Axl, Akt 
and ERK in (A) VEGF-treated HUVECs and (B) Gas6-treated HUVECs. HUVECs were pre-treated with various concen-
trations of DAVLBH for 4 h and then stimulated with VEGF or Gas6 for 1 h. Protein was collected and subjected to 
western blot analysis. (C) DAVLBH inhibited the VEGF- and Gas6-induced activation of Rac1 and Cdc42. HUVECs 
were starved with serum-free ECM and treated with different concentrations of DAVLBH for 4 h and then stimulated 
with VEGF or Gas6 for 1 h. The cells were then lysed, and active Rac1 and Cdc42 were pulled down and applied to 
western blotting.
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the number of microvessel sprouts in a dose-
dependent manner. DAVLBH also more effec-
tively inhibited VEGF-induced vessel sprout for-
mation than VLB at a concentration of 1 nM 
(Figure 1E). Taken together, these data suggest 
that DAVLBH significantly suppresses VEGF-
induced angiogenesis both in vitro and ex vivo 
and that DAVLBH is more effective than VLB.

DAVLBH inhibits the expression of Axl in HU-
VECs

Accumulative evidence has shown that multiple 
growth factors and their related signaling path-
ways take part in angiogenesis [3, 4]. To dis-
cover novel pathways that are involved in the 
antiangiogenic effect of DAVLBH, we screened 

Figure 5. DAVLBH inhibited Gas6-induced migration of pericytes to endothelial tubes. A. Representative images of 
HUVECs (red) and HBVPs (green) in a three-dimensional co-culture system in vitro (scale bar = 100 μm). HBVPs 
that were pre-treated with or without DAVLBH for 4 h were seeded after endothelial tubes formed. The recruitment 
of HBVPs to HUVEC tubes was observed after the addition of HBVPs for 2 and 12 h in the presence or absence of 
Gas6. B. DAVLBH suppressed the expression of Axl in HBVPs. HBVPs were pre-treated with or without DAVLBH for 
4 h and cultured for another 12 h in the presence or absence of Gas6. The cells were then lysed, and the proteins 
were subjected to western blot analysis. Data are ratios of p-Axl/β-actin and Axl/β-actin, and are presented as mean 
± SEM, n = 5. ***P < 0.001 versus the control group; ###P < 0.001 versus the Gas6-treated group.
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Figure 6. DAVLBH inhibited tumor growth and tumor angiogenesis in a HeLa xenograft model. A. DAVLBH inhibited 
HeLa xenograft tumor growth, as measured by tumor volume. HeLa cells (1 × 107 cells per mouse) were injected 
subcutaneously into 5- to 6-week-old BABL/c (nu/nu) female mice. After the tumors were established (approxi-
mately 200 mm3), mice were injected intravenously (i.v.) with saline, VLB or DAVLBH every two days for a total of 
9 injections. Differences in tumor volumes on the 18th day were statistically analyzed using a one-way ANOVA, n 
= 5. *P < 0.05 compared with the control group; &P < 0.05 compared with the VLB-treated group. B. Tumors were 
removed from the mice and imaged at the end of treatment (left panel, n = 5), and the tumor weights were calcu-
lated (right panel, n = 5). C. Mouse body weight curves are shown (n = 5). No significant differences in body weights 
were observed between the control and the VLB- or DAVLBH-treated groups. D. Representative figures of the H&E 
staining, immunohistochemical and immunofluorescence analyses of tumors from mice that were sacrificed at the 
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for changes in the RTKs of HUVECs with or with-
out DAVLBH treatment for 4 h using an RTK 
array. DAVLBH down-regulated the phosphory-
lation of several kinases, including Axl, Csk, 
EphB3, Fgr, Fyn, Insulin R and VEGFR2 (Figure 
2A). Among these kinases, Axl, which is similar 
to VEGFR2, is also a transmembrane receptor 
and plays an important role in angiogenesis 
[37]. Because Axl is closely associated with the 
VEGF/VEGFR2 signaling pathway in tumor 
angiogenesis [23, 25], we selected it for further 
investigation. Using a western blot assay, we 
confirmed the diminished expression of Axl in 
HUVECs treated with DAVLBH for 4 h at a con-
centration of 1 nM (Figure 2B). Axl may confer 
resistance to VEGF/VEGFR pathway inhibitors 
such as bevacizumab [27]. As shown in Figure 
2C, the expression of Axl was up-regulated in 
HUVECs treated with bevacizumab (5 μM), but 
DAVLBH antagonized the bevacizumab-induced 
expression of Axl. These results indicate that 
Axl may take part in the regulation of DAVLBH-
induced antiangiogenesis.

DAVLBH inhibits Gas6-induced HUVEC prolifer-
ation, migration, invasion, tube formation and 
vessel sprout formation in vitro and ex vivo

Given that Gas6, as a ligand of Axl, activates 
Axl to trigger endothelial cell proliferation, 
migration, and invasion during tumor angiogen-
esis, we assessed the inhibitory effect of 
DAVLBH on Gas6-induced angiogenesis in 
vitro. Our results revealed that DAVLBH signifi-
cantly inhibited Gas6-induced HUVEC prolifera-
tion (Figure 3A), migration (Figure 3B), invasion 
(Figure 3C) and tube formation (Figure 3D) in a 
concentration-dependent manner, with effects 
even more potent than those of VLB at 1 nM. 
The DAVLBH inhibition of Gas6-induced neo-
vascularization was further examined using a 
rat aortic ring assay. The results shown in 
Figure 3E demonstrate that DAVLBH blocked 
microvessel sprouting in a dose-dependent 
manner. At 1 nM, DAVLBH more effectively 
inhibited Gas6-induced neovessel sprouting 
than did VLB. These data suggest that DAVLBH 

inhibits Gas6-induced angiogenesis in vitro 
and ex vivo and that its efficacy is much higher 
than that of VLB. 

DAVLBH inhibits the activation of VEGF/VEG-
FR2 and Gas6/Axl pathways in HUVECs

The above results showed that DAVLBH effec-
tively inhibited VEGF- and Gas6-induced angio-
genesis both in vitro and ex vivo. Thus, we 
investigated whether DAVLBH suppressed the 
activation of VEGF/VEGFR2, Gas6/Axl and their 
downstream pathways, such as Akt and ERK. 
As shown in Figure 4A, DAVLBH significantly 
blocked the VEGF-mediated phosphorylation of 
VEGFR2 and down-regulated the VEGFR2-
mediated phosphorylation of Akt and ERK in a 
dose-dependent manner. In addition, DAVLBH 
dramatically reduced Axl expression and sub-
sequently inhibited the Gas6-stimulated phos-
phorylation of Akt and ERK (Figure 4B). The 
VEGFR2 [38] and Axl pathways [39] both regu-
late Rho GTPase activity. Two prominent Rho 
GTPase family members, Rac1 and Cdc42, 
regulate cell actin cytoskeleton and motility 
[40]. Our results showed that VEGF and Gas6 
obviously activated Rac1 and Cdc42, but this 
activation could be down-regulated after 
DAVLBH treatment (Figure 4C). Western blot 
analysis revealed that the in vitro antiangiogen-
ic effect of DAVLBH was associated with the 
simultaneous inhibition of VEGF/VEGFR2 and 
Gas6/Axl signaling pathways.

DAVLBH inhibits Gas6-induced pericyte recruit-
ment to endothelial tubes

Because pericytes, in which Axl is overex-
pressed, play an important role in the matura-
tion of neovessels during late-stage angiogen-
esis, we tested the effect of DAVLBH on 
Gas6-induced pericyte recruitment to endothe-
lial tubes. After HUVECs on Matrigel formed the 
original vessel network, HBVPs were added. In 
the control group, most of the seeded HBVPs 
migrated to the endothelial tubes within 2 h. 
Gas6 triggered even more HBVP adhesion to 

end of the experiment. The H&E staining is at 40× magnification; the immunohistochemical analyses with anti-Ki67 
and anti-CD31 are at 100× magnification; the immunohistochemical analyses with anti-Axl and anti-p-VEGFR2 are 
at 200× magnification; and the immunofluorescence analyses with anti-CD31 (red), anti-PDGFR-β (green) and the 
nuclei (blue) are at 40× magnification. E. Graphs show the quantitative effect. The immunohistochemical and im-
munofluorescence results were calculated using Image-Pro Plus 6.0 software. The data are presented as mean ± 
SEM, n = 5. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group. &P < 0.05, &&P < 0.01 and &&&P 
< 0.001 compared with the VLB-treated group.
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the endothelial tubes. However, in the DAVLBH 
group, fewer HBVPs were recruited to the endo-
thelial tubes (Figure 5A). After a 12-h incuba-
tion, HBVP-supported endothelial tubes were 
well formed in the control and Gas6-treated 
groups. By contrast, DAVLBH inhibited Gas6-
stimulated HBVP migration to the endothelial 
tubes and almost no HBVP-supported endothe-
lial tubes were observed (Figure 5A). In addi-
tion, DAVLBH inhibited the Gas6-induced the 
expression of Axl in HBVP (Figure 5B).

DAVLBH inhibits tumor angiogenesis and 
tumor growth in HeLa xenografts

To test whether DAVLBH inhibits angiogenesis-
mediated tumor growth, a mouse xenograft 
model bearing HeLa cells was used. As shown 
in Figure 6A, tumor volume in the control group 
increased from 190.9 ± 52.6 mm3 at the begin-
ning to 693.9 ± 198.9 mm3 at the end of treat-
ment. VLB treatment had no noticeable effect 
on tumor volume compared with the control 
group: tumor volume increased to 631.8 ± 
105.1 mm3 from 191.2 ± 28.9 mm3. However, 
in the DAVLBH-treated group, tumor volume 
increased to 371.7 ± 88.8 mm3 from 201.2 ± 
37.5 mm3. The tumor weight of the DAVLBH-
treated group was 309.2 ± 59.46 mg, which 
was much lower than that of the control and the 
VLB-treated groups (850.0 ± 163.5 mg and 
743.4 ± 75.4 mg, respectively) (Figure 6B). In 
addition, as measured using Ki67 staining, the 
proliferation index in the DAVLBH-treated group 
was reduced to 31.94% compared with the 
control group, whereas the Ki67 proliferation 
index of the VLB-treated group was 37.70%, 
which was higher than that of the DAVLBH-
treated group (Figure 6D, 6E). This result sug-
gests that DAVLBH dramatically suppressed 
HeLa xenograft tumor growth and was more 
potent than VLB. It is important to note that 
DAVLBH did not lead to body weight loss at the 
end of treatment compared with the control 
group (Figure 6C), implying that DAVLBH may 
be low in toxicity towards tumor-bearing mice. 
To further evaluate the antiangiogenic effect of 
DAVLBH in vivo, we stained solid tumor sec-
tions with anti-CD31 antibody. Our results 
showed that the microvessel density (MVD) in 
DAVLBH-treated tumors was 11.83, which was 
much lower than that in the VLB-treated group 
(18.67) (Figure 6D, 6E). In addition, we demon-
strated that the levels of Axl and p-VEGFR2 

were much lower in DAVLBH-treated tumors 
compared with the control and VLB groups 
(Figure 6D, 6E). Moreover, the endothelial cells 
and pericytes in the tumor sections were immu-
nostained with anti-CD31 and anti-PDGFR-β 
antibodies, respectively, and DAVLBH reduced 
the pericyte coverage compared with the con-
trol or VLB-treated groups (Figure 6D, 6E). 
These data suggest that DAVLBH inhibits tumor 
growth, which might be partly associated with 
the inhibition of VEGFR2- and Axl-mediated 
angiogenesis. 

Discussion

The antiangiogenic effect of VLB has been vali-
dated both in vitro and in vivo [41, 42] and is 
credited with inhibiting VEGFR2 expression 
[43] and the activities of Rac1 and Cdc42 [44]. 
DAVLBH is a derivative of VLB [29] and pos-
sesses a much more potent microtubule depo-
lymerization effect than VLB [28]. DAVLBH also 
exhibits a remarkable antitumor effect in vivo 
[30]. However, its antiangiogenic effect has 
never been tested. In the present study, we 
show for the first time that DAVLBH can inhibit 
angiogenesis more effectively than VLB in vitro 
and in vivo. We also demonstrate that DAVLBH 
inhibits not only the VEGF/VEGFR2 pathway but 
also the Gas6/Axl signaling pathway. Import- 
antly, DAVLBH not only inhibited the various 
Gas6-induced endothelial cellular motilities 
required for neovascularization but also sup-
pressed the Gas6-induced recruitment of peri-
cytes to well-established endothelial tubes  
ex vivo and reduced the pericyte coverage of 
blood vessels in HeLa xenografts. DAVLBH al- 
so blocked the compensatory up-regulation of 
Axl in response to bevacizumab treatment in 
HUVECs. Our results indicate that DAVLBH may 
possesses promising applications in (a) en- 
hancing anti-VEGF therapy, (b) overcoming anti-
VEGF resistance, and (c) targeting pericyte 
recruitment during late-stage angiogenesis. In 
addition, DAVLBH, considered a cytotoxic agent 
[45], is the parent drug of the folate-conjugate 
prodrug EC145, which exerts a powerful antitu-
mor effect on folic acid receptor (FR)-positive 
tumors in preclinical mouse xenografts [30]. As 
FR is also expressed in HUVECs, EC145 may be 
transported into HUVECs to exert an antiangio-
genic effect. In this regard, our study provides 
new clues for further exploring the potent anti-
angiogenic and antitumor effects of EC145 and 
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contributes to an understanding of its mecha-
nism of action.

Previous research has shown that VEGF-
induced VEGFR2 phosphorylation can activate 
the Akt and ERK downstream pathways, as well 
as Rho GTPase (Rac1 and Cdc42) activity, to 
further promote endothelial cell motility and 
angiogenesis [46-48]. In addition to the VEGF/
VEGFR2 signaling pathway, the Gas6/Axl [21] 
pathway is a key regulator of angiogenesis. Axl 
is overexpressed in several human cancers 
[49] but is also prominent in endothelial cells 
[19] and vascular smooth muscle cells [50]. 
Gas6-activated Axl promotes tumor angiogen-
esis by stimulating the migration, proliferation, 
and survival of endothelial cells and vascular 
smooth muscle cells [21, 51]. Inhibiting Gas6/
Axl activation can dramatically suppress tumor 
angiogenesis [51, 52]. The Akt, ERK and Rho 
GTPase pathways are also involved in Gas6/
Axl-regulated endothelial cell survival and 
motility [21, 53]. Because tumor angiogenesis 
is regulated by complex pathways in addition to 
VEGF/VEGFR2, suppressing VEGF/VEGFR2 sig-
naling alone exerts only a modest antiangio-
genic effect [7]. Combining therapies that tar-
get different pathways can lead to synergetic 
antiangiogenic effects. For example, the anti-
Axl monoclonal antibody YW327.6S2 enhances 
the antiangiogenic effect of an anti-VEGF anti-
body on MDA-MB-231 and A549 xenografts 
[26]. The combination of bevacizumab with 
S49076, which is an inhibitor of MET, Axl and 
FGFR, exerts more potent antitumor effects on 
HT-29 xenografts compared with bevacizumab 
alone [27]. DAVLBH both inhibited the VEGF- 
and Gas6-induced activation of the Akt and 
ERK pathways and suppressed Rac1 and 
Cdc42 activities, which subsequently signifi-
cantly altered the endothelial cell behaviours 
required for tumor angiogenesis. These results 
show that DAVLBH, a single chemical agent, 
can achieve overlapping antiangiogenic effica-
cy similar to that of combinational treatments 
with Gas6/Axl- and VEGF/VEGFR2-signaling-
pathway inhibitors. However, the mechanism 
underlying the simultaneous suppression of 
VEGFR2 and Axl by DAVLBH remains unclear, 
and further study is needed.

Several recent studies have demonstrated that 
the Gas6/Axl and VEGF/VEGFR2 signaling path-
ways have complicated interactions. On the 
one hand, the VEGF-A-mediated activation of 

endothelial cell motility is antagonized by Gas6-
induced Axl activation. This modulation of 
VEGF-A-mediated angiogenesis by Gas6/Axl 
may normalize angiogenesis [25]. On the other 
hand, Axl is essential for the VEGF-A-mediated 
activation of the PI3K/Akt pathway [23]. The 
Axl-specific inhibitor R428 significantly and 
consistently blocks tumor angiogenesis and 
VEGF-induced neovascularization [52]. In addi-
tion, recent reports have shown that Axl is in-
volved in acquired resistance to VEGF/VEGFR-
signaling-pathway inhibitors [27, 54]. Thus, 
inhibiting the Axl pathway may be useful in 
overcoming resistance to anti-VEGF therapy. 
The combination of the Axl inhibitor S49076 
with bevacizumab enhances the inhibitory 
effect of bevacizumab on the growth of bevaci-
zumab-resistant LS-174T tumor xenografts 
[27]. Axl knockdown also has an additive effect 
with anti-VEGF to impair tube formation [21]. 
Because DAVLBH inhibited both the Gas6/Axl 
and VEGF/VEGFR2 signaling pathways, we 
hypothesized that DAVLBH might improve the 
therapeutic effect of VEGF/VEGFR2-signaling-
pathway inhibitors. Our results demonstrated 
that DAVLBH inhibited the bevacizumab-stimu-
lated expression of Axl. These results warrant 
further investigation into the potential of 
DAVLBH for the treatment of anti-VEGF-resis-
tant tumors.

Pericytes play a critical role in the stabilization 
and maturation of neovessels in late-stage 
tumor angiogenesis by attaching to newly 
formed sprouts [55]. Both Gas6 and Axl are 
overexpressed in pericytes [20]. However, the 
influence of the Axl pathway on pericytes during 
angiogenesis remains unclear. Our results indi-
cated that DAVLBH also inhibited Gas6-induced 
Axl expression and activation in pericytes and 
suppressed the Gas6-stimulated migration of 
pericytes towards the endothelial tubes. We 
also demonstrated that DAVLBH could reduce 
pericyte coverage in HeLa xenograft solid 
tumors. These results suggest that DAVLBH 
might inhibit not only the proliferation, migra-
tion, invasion and tube formation of HUVECs in 
the early stage of tumor angiogenesis but also 
the stabilization and maturation of the neoves-
sels that pericytes regulate in late-stage tumor 
angiogenesis.

In this study, the antiangiogenic effect of 
DAVLBH was found to be associated with the 
inhibition of the activation of two transmem-



DAVLBH inhibits angiogenesis

856 Am J Cancer Res 2016;6(4):843-858

brane receptors, VEGFR2 and Axl, and their 
downstream signaling pathways. The human 
RTK phosphorylation antibody array indicated 
that, in addition to Axl and VEGFR2, the phos-
phorylation of Csk, Fgr, Fyn, Insulin R and 
EphB3 was down-regulated following DAVLBH 
treatment. Fyn, Fgr and Csk are cytoplasmic 
RTKs and affect angiogenesis through interac-
tions with particular transmembrane receptors 
[56, 57]. EphB3, which is a ligand for the EphB 
receptor, exhibits a complicated effect during 
angiogenesis and is not fully understood [58]. 
The role of Insulin R in angiogenesis is pleiotro-
pic and has not been elucidated clearly [49]. 
We will also further investigate the roles of Csk, 
Fgr, Fyn, EphB3 and Insulin R in DAVLBH-
induced angiogenesis inhibition in the future.

In conclusion, our results demonstrate that 
DAVLBH significantly inhibits angiogenesis-
mediated HeLa xenograft tumor growth without 
causing body weight loss, and its antiangiogen-
ic activity may be associated with the suppres-
sion of both the VEGF/VEGFR2 and Gas6/Axl 
pathways. This study provides persuasive evi-
dence for the clinical development of DAVLBH 
into an antiangiogenic agent for the treatment 
of cervical cancer and other solid tumors.
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