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Abstract: Most anti-angiogenic therapies currently being evaluated in clinical trials targetvascular endothelial
growth factor (VEGF) pathway; however, the tumor vasculature can acquire resistance to VEGF-targeted therapy
by shifting to other angiogenesis mechanisms. Therefore, other potential therapeutic agents that block non-VEGF
angiogenic pathways need to be evaluated. Here we identified BRAF kinase inhibitor, vemurafenibas an agent with
potential anti-angiogenic and anti-breast cancer activities. Vemurafenib demonstrated inhibition of endothelial cell
proliferation, migration, and tube formation in response to basic fibroblast growth factor (bFGF). In ex vivo and
in vivo angiogenesis assays, vemurafenib suppressed bFGF-induced microvessel sprouting of rat aortic rings and
angiogenesis in vivo. To understand the underlying molecular basis, we examined the effects of vemurafenib on
different molecular components in treated endothelial cell, and found that vemurafenib suppressed bFGF-triggered
activation of FGFR2 and protein kinase B (AKT). Moreover, vemurafenib directly inhibited proliferation and blocked
the oncogenic signaling pathways in breast cancer cell. In vivo, using xenograft models of breast cancer cells MDA-
MB-231, vemurafenib showed growth-inhibitory activity associated with inhibition of tumor angiogenesis. Taken
together, our results indicate that vemurafenib targets the FGFR2-mediated AKT signaling pathway in endothelial
cells, leading to the suppression of tumor growth and angiogenesis.
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Introduction

Breast cancer is the leading female cancer in
terms of prevalence [1]. Although early stages
of breast cancer can be successfully treated by
surgical resection of the tumor, there is still no
effective treatment for this cancer due to sus-
tained and excessive angiogenesis [2]. Tumor
growth is angiogenesis dependent, and inhibit
breast cancer angiogenesis may aid the devel-
opment of more effective therapeutic strate-
gies for combating tumor [3]. Vascular endothe-
lial growth factor receptor 2 (VEGFR2) is the
major effector for execution of VEGF-stimulated
cell proliferation, vascular permeability, cell
migration, and cell survival, leading to angio-
genesis. Given that VEGFR2 plays a predomi-
nant role in promoting angiogenesis, it's the
most important target in anti-angiogenesis
therapy against cancer. A number of small mol-

ecule VEGFR2 inhibitors have been reported,
including sunitinib, sorafenib, and vandetanib
[4]. However, other angiogenic regulatory fac-
tors switch on during cancer progression and
induce resistance to existing anti-angiogenic
therapy [5]. Besides VEGF, there is a family of
proteins that include placenta growth factor
(PIGF), acidic fibroblast growth factor (aFGF),
basic fibroblast growth factor (bFGF), Fms-like
tyrosine kinase 3 (FIt3), c-Met, and platelet-
derived growth factor receptor-alpha (PDGFRx)
directly participate in the genesis of blood capil-
laries and lymphatic vessels [6].

Furthermore, recent studies have identified
bFGF as a direct activator of phosphatidylinosi-
tol-4, 5-bisphosphate 3-kinase (PI3K)-protein
kinase B (AKT), which are key stimuli known to
initiate endothelial cell migration, invasion and
differentiation. AKT is a pivotal downstream tar-
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get of PI3K during angiogenesis and regulates
multiple cellular processes including tumor
angiogenesis, cell cycle progression, cell
growth, cell migration, and cell metabolism [7].
Fbroblast growth factor receptor 2 (FGFR2)
activation after bFGF binding causes phosphor-
ylation of AKY signaling resulting in increased
activation of signal transducer and activator of
transcription 3 (STAT3), c-Jun and nuclear fac-
tor kappa-light-chain-enhancer of activated B
cells (NF-kB) p65 [8]. STAT3 is often constitu-
tively active in many human cancer cells, includ-
ing multiple myeloma, leukemia, lymphoma,
and solid tumors. STAT3 is a latent transcrip-
tion factor that resides in the cytoplasm. Upon
activation, STAT3 dimerizes, translocates to
the nucleus and binds to nuclear DNA to modu-
late transcription of target genes. The activa-
tion of STAT3 results in expression of many tar-
get genes including matrix metalloproteinases
(MMPs), cyclooxygenase-2 (COX-2) and angijo-
poietin-2 (Ang-2) which are required for tumor
cell migration, angiogenesis as well as metas-
tasis [9]. Therefore, drug that inhibits bFGF-
FGFR2 axis and tumor angiogenesis is a poten-
tial therapeutic strategy.

Currently, several strategies have been already
reported to block the action of kinase signaling
pathway besides VEGF-VEGFR2, including small
molecules. Vemurafenib (PLX4032) is a novel
small-molecule BRAF inhibitor, which was
approved by the Food and Drug Administration
for the treatment of patients with melanoma
[10]. BRAF is a major component of the RAS/
RAF/MEK/MAPK signaling pathway that func-
tions to transmit extracellular signals from the
cytoplasmic membrane to the nucleus. Cross-
talk between this pathway and other important
cellular signaling cascades, such as PI3K/AKT/
mammalian target of rapamycin (mTOR), has
been the focus of extensive research and had
led to a detailed understanding of BRAF's role
in cellular proliferation, differentiation, migra-
tion, and angiogenesis [11]. Meanwhile, extra-
cellular regulated protein kinases 1/2 (ERK1/2)
phosphorylation, pro-angiogenic VEGF-A mRNA
and total VEGF-A protein expression are de-
creased by vemurafenib treatment in melano-
ma cells [12], which indicates vemurafenib
decrease the gene expression of certain medi-
ators of angiogenesis. In addition, vemurafenib
therapy significantly reduces secreted VEGFA,
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VEGFC and interleukin-6 (IL-6) protein levels in
thyroid carcinoma cells. As a result, the secre-
tome from vemurafenib-treated thyroid carci-
noma cells inhibits micro-vascular endothelial
cell-related in vitro angiogenesis [13]. There-
fore, those studies provide part of molecular
mechanisms for how vemurafenib contributes
to anti-angiogenesis. However, data on the
influence of vemurafenib on breast cancer
angiogenesis and the underlying mechanisms
are yet to be fully elucidated. In the present
study, we investigate the effects of BRAF inhibi-
tor, vemurafenib on angiogenesis and the
growth of human breast cancer cells in vitro
and in nude mouse xenograft. The results
obtained provide evidence for the broader use
of vemurafenib as an anti-angiogenesis agent
against human breast cancer.

Materials and methods
Cell culture and plasmids

Human breast cancer lines (MCF-7, MDA-MB-
231, T-47D, Bcap-37) and SV40-immortalized
non-tumorigenic human bronchial epithelial
cells BEAS-2B were obtained from the Chinese
Academy of Sciences Cell Bank of Type Culture
Collection (CBTCCCAS, China), and maintained
in DMEM or RPMI-1640 medium supplemented
with 10% FBS. Human umbilical vein endothe-
lial cells (HUVEC) was purchased from Chi
Scientific, and were cultivated in gelatinized
culture plates in M199 medium supplemented
with 15% FBS and 50 mg/ml endothelial cell
growth supplement (ECGS, BD Bioscience).
Hemagglutinin (HA)-tagged constitutively active
mutant D2AKT (T308D/S473D-AKT) plasmid
was deposited by Takashi Tsuruo [14]. Trans-
fection was performed with lipofectamine
2000 following the manufacture’s manual.
Vemurafenib (Selleck, S1267) was dissolved in
dimethyl sulfoxide (DMSO, final concentration
is 0.1%) to prepare required concentrations.

Cell proliferation assay

The cell viability was determined by CellTiter
96® Aqueous One Solution cell proliferation
assay (Promega). Briefly, cells were seeded in
96-well cell culture plates and treated with indi-
cated agents. After incubation for indicated
time period, 20 ml of One Solution reagent
were added to each well and incubation was
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continued for additional 4 h. The absorbance
was measured at 490 nm using Synergy™ HT
Multi-Mode Microplate Reader. The effect of
indicated agents on cell viability was assessed
as the percent of cell viability compared with
vehicle-treated control cells, which were arbi-
trarily assigned 100% viability [15]. The con-
centration of vemurafenib resulting in 50% inhi-
bition of control growth (IC50) was calculated.

Wound healing assay

We examined the migration of HUVEC using a
wound-healing assay. Briefly, cells were each
grown on 3.5-cm plates with their respective
culture media. After the growing cell layers had
reached confluence, we inflicted a uniform
wound in each plate using a pipette tip, and
washed the wounded layers with PBS to remove
all cell debris. Then, we evaluated the closure
at 48 h using bright-field microscopy.

Invasion assay

Assay was performed with Matrigel-coated
chambers from a BioCoat Matrigel Invasion
Chamber Kit (BD Biosciences). Cells with 500
ul in serum-free medium were added into the
upper chamber and complete medium was
added into the lower chamber. After incubation
for 24 h, non-invasive cells in the upper surface
of the membrane were removed and the cells
invasion to the lower surface of the membrane
was fixed. Cell counting was then carried out by
photographing the membrane through the
microscope and five random fields were taken.

Tube formation assay

Assay was performed using 12-well plate coat-
ed with 100 ml Matrigel basement membrane
matrix (BD Bioscience) per well and polymer-
ized at 37°C for 30 min. HUVEC suspended in
M199 medium containing 2% FBS were plated
on the Matrigel at a density of 2 x 10° cells/
well. Vemurafenib were then added together
with bFGF. After 8 h, The Matrigel-induced mor-
phological changes were photographed and the
extent of capillary tube formation was evaluat-
ed by measuring the total tube length per field.

Rat aortic ring assay

In brief, 48-well plates were coated with 120 ul
of Matrigel per well and polymerized in an incu-
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bator. Aortas isolated from 6-week-old male
Sprague-Dawley rats were cleaned of periad-
ventitial fat and connective tissues in cold
phosphate-buffered saline and cut into rings of
1~1.5 mm in circumference [16]. The aortic
rings were randomized into wells and sealed
with a 100 ml overlay of Matrigel. bFGF in 500
ml of serum-free M199 with or without vemu-
rafenib was added into the wells, and the fresh
medium was exchanged for every 2 d. After
6 d, micro-vessel sprouting was photographed
using an inverted microscope (Olympus).

Chick chorioallantoic membrane assay

Chick chorioallantoic membrane (CAM) assay
was performed, as described previously [17].

Matrigel plug assay

All animal care and experimental procedures
were compliant with the guidelines of Institute
for Experimental Animals, Department of
Clinical Laboratory, Huzhou Central Hospital
and approval to conduct the animal experi-
ments had been obtained from this committee.
The Matrigel plug assay in BALB/c mice was
performed as described previously [18].
Prepared Matrigel was then injected subcuta-
neously into the flanks of 6-week-old BALB/c
male mice. After 7 days, the Matrigel plugs
were removed and the hemoglobin content of
the Matrigel plugs was quantified using
QuantiChrom™ Hemoglobin Assay Kit (BioAssay
Systems).

Anchorage-independent cell growth in soft
agar

MDA-MB-231 cells (5 x 10%) suspended in 2 ml
medium, 0.3% agar, and 10% FBS were plated
over the bottom agar pre-solidified with 3 ml
medium containing 0.6% agar and 10% FBS.
Colony formation was then carried out by pho-
tographing through the microscope after 14
days. Five random fields under microscope
were taken and colony formation unities were
counted.

FGFR2 kinase inhibition assay
The IC50 value for inhibition of FGFR2 by vemu-

rafenib was determined using a FGFR2 Kinase
Assay/Inhibitor Screening Kit (KAOO57, Abnova)
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according to the manufacturer’s instructions
[19].

Western blot analysis

Whole-cell lysates were prepared with RIPA buf-
fer containing protease and phosphatase inhib-
itors. Equal amounts of cell lysates (25 pg)
were loaded on 10% SDS-PAGE and transferred
onto PVDF membranes. After membranes were
blocked, they were incubated with monoclonal
antibody against phosphorylation/total FGFR2,
PI3Kp85, AKT, STAT3, ERK1/2, MMP-2/9, and
GPADH (CST) followed by incubation with horse-
radish peroxidase-conjugated IgGs. Target pro-
teins were detected by the ECL system
(Millipore) and visualized with the ChemiDoc
XRS system (Bio-Rad).

Immunoprecipitation assay

HUVEC were lysed in a culture dish by adding
0.5 mL of ice-cold RIPA lysis buffer. The super-
natants were collected and then incubated
with IgG or bFGF in presence or absence of
vemurafenib at 4°C overnight, followed by incu-
bation with anti-FGFR2. Then, supernatants
were incubation with protein G-Sepharose
(Santa Cruz). Following the removal of superna-
tant by brief centrifugation, the protein
G-Sepharose were washed with lysis buffer and
then boiled for 10 minutes in loading buffer.
Immunoprecipitates was further analyzed by
western blotting using anti-FGFR2antibody and
anti-bFGF antibody.

Matrix metalloproteins (MMPs) activity assay

The activity of MMP-2/9 was determined by
QuickZzyme MMPs activity assay (QucikZy-
meBioSciences) according to the manufactur-
er’s instructions [20].

Immunocytochemistry

HUVEC were fixed with 4% paraformaldehyde
for 30 min, permeabilized with 0.1% Triton X,
and blocked with 3% BSA for 30 min.
Subsequently, the cells were immune-stained
by incubating with antibody against p-AKT™308
overnight at 4°C. After being washed with PBS,
cells were incubated with FITC-conjugated goat
anti-rabbit secondary antibody (Boster Bio-
technology). Nuclei were stained with 4,
6-diamino-2-phenylindole (DAPI; Invitrogen).
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Subcutaneous xenograft models

MDA-MB-231 cells (3 x 10°) were subcutane-
ously implanted into female, BALB/c nude mice
to build non-small cell lung cancer xenograft.
Tumor volume and mice body weight were mea-
sured every 3 days [20]. Tumor volume was cal-
culated as mm® = 0.5 x length (mm)3 width
(mm)2. After sacrificing mice on day 25, tumors
tissues will be harvested for western blotting.
Deparaffinized tumor sections were stained
with specific antibodies including Ki67, p-FGFR-
2063 n-PI3K p85758, p-AKT™™%8 and anti-
CD31 FITC antibody. Detection was done with
avidin-biotin-HRP complex (Thermo scientific)
and diaminobenzidine as chromogen. Nuclei
were counterstained with hematoxylin. All ani-
mal experiments were carried out in compli-
ance with the Guidelines for the Institute for
Experimental Animals, Department of Clinical
Laboratory, Huzhou Central Hospital.

Statistical analysis

The data were presented as mean * SD.
Differences in the results of two groups were
evaluated using either two-tailed Student’s t
test or one-way ANOVA followed by post-hoc
Dunnett’s test. The differences with P < 0.05
were considered statistically significant.

Results

Tumor angiogenesis associated kinases inhibi-
tion profile of vemurafenib

Angiogenesis a complex process by which
new blood vessels are formed via proliferation
of vascular endothelial cells. A variety of
pro-angiogenesis factors including vascular
endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) have recently
been identified. In this study, vemurafenib was
screened by kinase inhibition assay by the use
of radiometric assays provided by Kinase Profile
Service (Millipore, UK). As shown in Table 1,
vemurafenib exhibited great inhibitory activity
on FGFR2 with an inhibitory rate of 85% at
100 nM. In addition, vemurafenib showed a
relatively low inhibitory rate of 24%, 4%, 1%,
and 2% against FGFR1, VEGFR2, PDGFR-«, and
PDGFR-B at 100 nM, respectively. Moreover,
excellent selectivity for FGFR2 was evident
compared with a range of unrelated tyrosine
and serine/threonine kinases, including FIt3,
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Table 1. In vitro profile of vemurafenib
against a panel of 20 kinases. The assays
were performed in three independent experi-
ments. Data are means + SD

Kinase Inhibition rate at 100 nM (%)
FGFR1 24 +3
FGFR2 85+1
VEGFR2 4+0
Flt3 8+2
PDGFR-o 1+0
PDGFR-B 2+0
c-Kit 6+1
Aurora-A 2+2
Haspin 7+2
ErbB4 10+£2
IKKB 5+2
c-Met 11+0
CDK2 -13+2
PI3K 20+ 1
EGFR 4+1
INK 9+0
mTOR 5+2
GSK3B 4+0
KRAS 18+ 4
JAK 5+1

c-Kit, c-Met, epidermal growth factor receptor
(EGFR), KRAS etc.

Vemurafen inhibits endothelial cells growth

We initially sought to evaluate the inhibitory
activity of vemurafenib on endothelial cell pro-
liferation, and to evaluate the specificity of this
effect for distinct angiogenic stimuli, including
VEGFA, aFGF, bFGF, platelet-derived growth fac-
tor (PDGF), IL-8, or phosphatidylinositol-glycan
biosynthesis class f protein (PIGF). The prolif-
eration of HUVEC stimulated by bFGF rather
than other angiogenic stimuli was markedly
decreased after vemurafenib treatment rang-
ing from 10 nM to 50 nM (Figure 1A). To deter-
mine the concentration of vemurafenib that
does not induce cytotoxicity in HUVEC in the
absence of bFGF, HUVEC cells were initially
treated with vemurafenib (5-70 nM) for 24 h,
and the cell viability was evaluated by MTT
assay. As shown in Figure S1, vemurafenib did
not significantly affect cell viability up to 40nM,
but over 50 nM vemurafenib exhibited a cyto-
toxic effect in HUVEC compared to control. To
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validate whether vemurafenib would result in
toxicity effects on HUVEC, LDH cytotoxicity
assay was carried out. As shown in Figure S2,
Triton X-100 markedly increased LDH release
and vemurafenib brought little toxic effects on
HUVEC when compared to vehicle control.
Therefore, further analyses of the biological
activities of vemurafenib were performed using
less than a 40 nM concentration of vemu-
rafenib in endothelial cells.

Since angiogenic stimuli stimulate cellular
responses by binding to tyrosine kinase recep-
tors on the cell surface, causing them to dimer-
ize and become activated through trans-phos-
phorylation, we examined whether vemurafenib
exposure altered the activity state of FGFR2.
Analysis of phospho-tyrosine level on FGFR2 in
HUVEC cultured in bFGF revealed vemurafenib
decreased the phosphorylated FGFR2 level in a
dose-dependent manner (Figure 1B). To inves-
tigate whether vemurafenib decreased the
kinase activity of FGFR2, we performed in vitro
kinase assay with different concentrations of
vemurafenib using FGFR2 Kinase Assay Kit
(Abnova) according to manufacturer suggested
method. Our data demonstrated that vemu-
rafenib directly inhibited FGFR2 kinase activity
in a dose-dependent manner with an IC50 of
~39.95 nM (Figure 1C). All these results indi-
cated that vemurafenib was a potent FGFR2
inhibitor. Strikingly, immunoprecipitation-west-
ern blot analysis using HUVEC revealed that
vemurafenib did not affect bFGF binding to
FGFR2, which suggesting vemurafenib was an
irreversibly FGFR2 inhibitor (Figure 1D).

Vemurafenib inhibits bFGF induced HUVEC
migration and invasion

Endothelial cell migration and invasion are
essential processes in angiogenesis. We
explored the effects of vemurafenib on bFGF
stimulated endothelial cell migration and inva-
sion using wound-healing and Transwell inva-
sion assay. We found that vemurafenib inhibit-
ed bFGF-stimulated HUVEC motility in a dose-
dependent manner (Figure 2A). Vemurafenib
also markedly inhibited invasion of HUVEC
under stimulation with bFGF (Figure 2B). Taking
into account that matrix metalloproteinases
(MMPs) such as MMP-2 and MMP-9 are
involved in the development of several human
malignancies, as degradation of collagen IV in
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Figure 1. In vitro treatment of HUVEC with vemurafenib inhibited the proliferation. A. Vemurafenib markedly inhib-
ited HUVEC proliferation in a dose dependent manner in cultures stimulated by supplementation with bFGF. B. Inhi-
bition of bFGF-induced FGFR2 tyrosine phosphorylation by vemurafenib. C. Vemurafenib exhibited great inhibitory
activity on FGFR2 with an inhibitory rate of 50% at 39.95 nM. D. Immunoprecipitation-western blot assay to analyze
the binding of bFGF with the FGFR2 in the presence of vemurafenib. Data are from three independent experiments
and are mean + SD.
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Figure 2. Vemurafenib inhibited HUVEC mobility in vitro. A. Vemurafenib remarkably inhibited bFGF-induced HUVEC
migration measured by wound healing assay. Scale bar represents 50 ym. B. Vemurafenib strongly suppressed
bFGF-induced HUVEC invasion measured by Transwellassay. Each experiment was performed in duplicate. All data
were expressed as mean + SD. #P < 0.01 versus control, *P < 0.05; **P < 0.01 versus bFGF alone. Scale bar repre-
sents 50 ym. C. Biochemical analysis of MMP-2/9 in HUVEC cells undervemurafenib treatment. Protein loading was
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normalized by GAPDH. D. Quantification of MMP-2/9 activity in HUVEC treatment with vemurafenib in the presence
of bFGF. Data are from three independent experiments and are mean + SD. #P < 0.01 compared with control, *P <
0.05, **P < 0.01 compared with bFGF alone treatment.

A

- = N
N O O
o o o

*%

@
o

%k

Tube length
per field (mm)

b
o

0
bFGF - + + +

+ Vemurafenib (20nM) Vemurafenib (nM) 0 0 20 40

[-:]
o o

wk

ok

Number of
sprouts per ring
N A O

o o

" 0
Control bFGF bFGF
+ Vemurafenib (20 nM) bFGF - + + +
Vemurafenib(nM) 0 0 20 40

0
S
(4]
o o

*k

* %k

- N W b
o

blood vessel
o

-~

The number

wiiv

Control

0
bFGF - + + +

Vemurafenib(pg) 0 0 5 10
1.2

bFGF
+ Vemurafenib (5 pg)

sk

*k

°© o o
w o

Hemoblobin
content (g/dl)

0.0
bFGF - + + +

Vemurafenib(pg) 0 0 5 10

bFGF
+ Vemurafenib (5 pg)

Control

Figure 3. Vemurafenib inhibited bFGF-induced angiogenesis. A. Vemurafenib inhibited HUVEC tube formation. HU-
VEC were seeded on Matrigel layer and treated with bFGF in the presence or absence of vemurafenib. Scale bar
represents 50 um. B. Vemurafenib dose dependently suppressed sprout formation on the organotypic model of rat
aortic ring. Scale bar represents 1 mm. C. CAM assay. Photopictographs of a typical experiment showing the angio-
genesis pattern in different treatments.Scale bar represents 10 mm. D. Matrigel mixed with bFGF or vemurafenib
was injected into the flanks of BALB/c mice. Seven days later, the Matrigel plugs were removed for analysis. Repre-
sentative appearance of Matrigel plugs. Hemoglobin content of Matrigel plugs from groups of mice was quantified
by using QuantiChrom™ Hemoglobin Assay Kit. Each experiment was performed in duplicate. Scale bar represents
10 mm. All data were expressed as mean + SD. ##P < 0.01 versus control, *P < 0.05; **P < 0.01 versus bFGF alone.

basement membrane and extracellular matrix nib treated HUVEC (Figure 2C). Quantification
facilitates tumor progression, including metas- of MMP-2/-9 activities using a fluorogenic
tasis and angiogenesis, we analyzed their lev- assay showed a significantly decrease in extra-
els and activity. A significant drop in MMP-2/-9 cellular MMP-2/-9 activity in HUVEC treated
expression levels were observed in vemurafe- with vemurafenib (Figure 2D).
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Figure 4. Vemurafenib inhibited invasion and tube formation of HUVEC via Akt pathway. A. Western blot shown that
the phosphorylation of Akt at Thr308 was inhibited in cells treated with vemurafenib. B. Vemurafenib reducedphos-
phorylated Akt in HUVEC. Cells were treated with vemurafenib for 4 h and processed for immunofluorescence stain-
ing with antibodies against p-Akt™3%, Cell nuclei were stained with DAPI. Scale bar represents 50 um. C. Constitu-
tively active form of Akt (D2Akt) was introduced into cells and expression of D2Akt was confirmed by western blot,
and GAPDH was used as loading control. D. Transwell assayand tube formation assay were performed to determine
vemurafenib inhibit HUVEC angiogenesis process dependent on inactivation of Akt. Scale bar represents 50 ym.
E. In the presence of LY294002, protein extracts were analyzed by western blot with antibody against phosphory-
lated Akt (Thr308) or Akt. F. Transwell assay was conducted to evaluate the cell invasiveness in the presence of
LY294002. Representative pictures were taken after staining with crystal violet. Scale bar represents 50 um. Each
experiment was performed in duplicate. All data were expressed as mean + SD. P > 0.05, vemurafenib combined
with LY294002 versus LY294002 alone treated group.

Vemurafenib potently inhibits bFGF-induced mined the effects of vemurafenib on micro-ves-
microvessel sprouting ex vivo and angiogen- sel sprouting ex vivo using the rat aortic ring
€esis in vivo assay. Our results showed that vemurafenib

almost completely inhibited bFGF-induced
Beyond endothelial cell proliferation and migra- sprouting from the aortic rings (Figure 3B).
tion, neovascularization is dependent on angio- Furthermore, in the CAM assay, bFGF could sig-
genic stimuli driving formation and organization nificantly induce neovascularization, whereas
of tubular networks. We utilized this tube for- treatment with 5 ug/CAM of vemurafenib
mation analysis to further define dose-depen- potently inhibited bFGF-induced neovascular-
dent effects of vemurafenib in response to ization (Figure 3C). Matrigel plug assay had
bFGF stimuli. In this assay, vemurafenib inhib- also been used to evaluate the effects of vemu-
ited tube network formation in a dose-depen- rafenib on bFGF-induced angiogenesis in vivo.
dent manner (Figure 3A). To future evaluate the As shown in Figure 3D, Matrigel plugs contain-
potential effect of vemurafenib on angiogene- ing bFGF was filled with intact red blood cells,
sis, three well-established angiogenesis mod- indicating that functional vasculatures had
els were used ex vivo and in vivo. We deter- formed inside the Matrigel via angiogenesis
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Figure 5. Inhibitory effects of vemurafenib on tumor cells. A. Vemurafenib in-
hibited cell viability in breast cancer cells. The concentration of vemurafenib
resulting in 50% inhibition of control growth (IC50) was calculated. B. Vemu-
rafenibinhibited anchorage-independent growth of MDA-MB-231 cells. Scale
bar represents 1 mm. C. Vemurafenib inhibited oncogenic signaling path-
ways in MDA-MB-321 in vitro. All data were expressed as mean + SD. **P <

and tube formation, constitu-
tively active form of AKT
(D2AKT) was introduced into
HUVEC and the expression of
D2AKT was confirmed by
western blot with anti-HA-tag
and anti-AKT antibody (Figure
4C). As expected, active AKT
restored HUVEC migration
and tube formation (Figure
4D). As expected, the biologi-
cal behavior of endothelial
cells was not inhibited by
vemurafenib in the presence
of D2AKT. In view of the AKT
signaling pathway potential
involve in the inhibition effect
of vemurafenib on angiogen-
esis, and together with the
above observations, it could
be postulated that inhibition
of AKT activation might deter
the anti-angiogenesis effect
of vemurafenib. To this end,
we observed that there were
no difference between vemu-
rafenib treatment and vemu-
rafenib plus AKT inhibitor
LY294002 as illustrated in
western blot (Figure 4E) and
Transwell assay (Figure 4F).

0.01 versus vehicle.

triggered by bFGF. In contrast, addition of
vemurafenib dramatically inhibited vascular
formation. Ten hemoglobin content in the
Matrigel plugs showed that vemurafenib at a
dose of 5 pg dramatically blocked bFGF-
induced vasculature formation in vivo.

AKT pathway involves in anti-angiogenesis ac-
tivity of vemurafenib

To determine the signaling pathways which
were correlated with vemurafenib-inhibited
HUVEC migration and tube formation, multiple
potential signaling pathways were screened in
the present study. As shown in Figure 4A and
4B, only the basal level of AKT activation was
found to be significantly down-regulated. In
contrast, no obvious difference could be
observed for many other signaling pathways,
such as FAK, ERK and glycogen synthesis
kinase 3B (GSK-3pB). To confirm the role of AKT
in the inhibition of vemurafenib on migration
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To conclude, these data indi-

cate that AKT signaling is
involved in vemurafenib inhibit angiogenesis of
HUVEC.

Vemurafenib inhibits breast cancer cells
growth

To assess the inhibitory activity of vemurafenib
on breast tumor cell growth, the anti-prolifera-
tive effects of vemurafenib were examined in a
panel of breast cancer cell lines. In these
cell lines, vemurafenib had appreciable effect
on proliferation, especially in MDA-MB-231
(Figure 5A). To verify whether vemurafenib
could inhibit anchorage-independent growth of
MDA-MB-231 cells, we performed soft agar
colony formation assay. Vemurafenib greatly
decreased, in a dose-dependent manner, the
number and the size of colonies of MDA-
MB-231 cells grown (Figure 5B). To gain further
insight into the molecular mechanism of the
inhibitory effects of vemurafenib on tumor
cells, we evaluated the expression of PI3K,
AKT, STAT3, and ERK1/2 in MDA-MB-231 cells.

Am J Cancer Res 2016;6(5):1040-1052



Vemurafen ibinhibits tumor angiogenesis by targeting FGFR2

A B
Vehicle

E

E

@

- £

Vemurafenib (20 mg/kg) ]

H

E

3

[=

2-PI3K p85Tyrs8 CD31 p-FGFR2Mr63

p-AktThros

Vehicle Vemurafenib (20 mg/kg)

w o o
o © o
o © o

0
0 5 10 15 20 25 30
Days after drug treatment

-+ Vehicle .
1200, * Vemurafenib (20 mglkg) 351" Vehicle

§30 ~+ Vemurafenib (20 mg/kg)
s wprHEHHH

s 3
>, 20

B 15
‘310

0 5 10 15 20 25 30
Days after drug treatment

#1 #2 #3 # #2 #3

t-PI3K p85 A i <

DA ——— e

Vehicle Vemurafenib (20 mg/kg)

[ Vehicle

151 W vemurafenib (20 mg/kg)

b
o

band density
b
tn
*

(normalize by total protein)

Hed
o

Realtive Phosphorylated protein

2
%
&

%
%
%

Figure 6. Inhibitory effects of vemurafenib on tumor growth and angiogenesis. A. Vemurafenib inhibited tumor
growth in xenograft mice. MDA-MB-231 cells were injected into nude mice and the mice were treated with or without
vemurafenib at a dosage of 20 mg/kg daily. Scale bar represents 1 cm. B. Vemurafenib inhibited tumor volume. All
data were expressed as mean + SD. **P < 0.01 versus vehicle. C. Vemurafenib had no toxic effect on mouse body
weight. All data were expressed as mean £ SD. D. Vemurafenib suppressed tumor angiogenesis. The tumor tissues
were immunohistochemistry analysis using anti-Ki67, anti-p-FGFR2%4¢3 anti-CD31 FITC, anti-p-PI3K, and anti-p-AKT
antibodies. E. Vemurafenib suppressed p-PI3K and p-AKT expression in solid tumors. # represents mice number.

Each experiment was performed in duplicate.

As shown in Figure 5C, vemurafenib dramati-
cally decreased the expression of phosphory-
lated PI3K, AKT, STAT3, and ERK1/2, whereas
the total protein levels were not significantly
changed.

Vemurafenib inhibits tumor growth and angio-
genesis in a xenograft mouse model

To investigate the effect of vemurafenib on
tumor growth and tumor angiogenesis in vivo,
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we applied vemurafenib in a breast cancer cell
(MDA-MB-231) xenograft model. We found that
administration of 20 mg/kg/d vemurafenib for
25 d substantially suppressed tumor volume
(Figure 6A and 6B). However, vemurafenib had
no significant effect on the body weight of mice
(Figure 6C), suggesting low toxicity of vemu-
rafenib at the test dosage and conditions. We
observed significant reduction in Ki67 staining
in the vemurafenib treatment group, indicating

Am J Cancer Res 2016;6(5):1040-1052
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a decrease in proliferating cells in tumor tis-
sues as shown in Figure 6D. Furthermore,
tumor sections stained with anti-p-FGFR2™63
and anti-CD31 FITC antibody revealed that
vemurafenib inhibited angiogenesis in vivo
(Figure 6D). In addition, vemurafenib treatment
also resulted in down-regulation of PI3K-AKT
signaling. As shown in Figure 6E, vemurafenib
also decreased phosphorylation of PISK and
AKT in MDA-MB-231 xenograft tumors, which
was consistent with the results of MDA-MB-231
cells in vitro. The data indicated that vemu-
rafenib could inhibit angiogenesis in vivo, which
contributes to tumor growth suppression.

Dissuasion

Breast cancer remains one of the most com-
mon cancers as well as one of the leading
causes of worldwide cancer-related morbidity
and mortality. Conventional treatment for
breast cancer includes surgery, radiation, and
chemotherapy. Despite the fact that these
treatment modalities have improved over the
last decade, the prognosis of this cancer
patients remains poor [21]. Cancer-associated
angiogenesis is a critical component of solid
tumor establishment, growth, and spread, and
remains a primary target of anti-cancer drug
development. Anti-angiogenic agents prolong
the survival of cancer patients, however, with-
out cure and at the expense of side effects. The
role of VEGF and VEGFR-2 in tumor growth is
well established, but other angiogenic factors
switch on during cancer progression and induce
resistance to VEGFR inhibitors. As such, novel
compounds that could be more effective with
potentially less side effects are critically
needed.

bFGF is a pleiotropic cytokine that stimulates
endothelial cell growth, migration, and survival.
FGFR2 is one of four FGFR genes that encode a
complex family of transmembrane receptor
tyrosine kinases. FGFR2 is composed of three
immunoglobulin (Ig)-like extracellular domains,
two of which are involved in ligand binding, a
single transmembrane domain, a split tyrosine
Kinase, and a C-terminal tail with multiple auto-
phosphorylation sites. Unlike VEGF, bFGF selec-
tively binds its receptor FGFR2 and stimulates
angiogenesis, tumor growth and endothelial
cell migration, indicating that bFGF has biologi-
cal activity in vivo [22]. FGFR2 is a key regulator
of tumor development which plays vital roles in

1050

regulating tumor cell proliferation, differentia-
tion and angiogenesis. Previous studies have
demonstrated that FGFR2 promotes angiogen-
esis and tumor growth through the PI3K/AKT
downstream pathway [23].

Our group has been engaged in the screening
of novel angiogenesis inhibitors and in the
present study, we examined a small novel mol-
ecule vemurafenib as a potent tumor angiogen-
esis inhibitor. Vemurafenib has been shown to
cause programmed cell death in melanoma cell
lines by interrupting the B-Raf/MEK/ERK path-
way. In assays of endothelial cell proliferation,
vemurafenib consistently demonstrated potent
anti-proliferative activity in cultures stimulated
with bFGF. Beyond proliferation, endothelial cell
migration, invasion, and complex tube forma-
tion are all critical, and distinct, functional com-
ponents of tumor-associated angiogenesis.
Vemurafenib potently inhibited each of these
functional competencies as indicated by our
results in vitro assays. Supporting evidences
concerning anti-angiogenesis effects of vemu-
rafenib then come from obviously inhibited
sprouts formation in rat aortic ring assay.
Notably, we also found that vemurafenib pose
significant inhibition to angiogenesis in vivo
based on CAM and Matrigel plug assay. Probing
of phosphorylation and activation status of
FGFR2 revealed that vemurafenib has the
capacity to inhibit activation of FGFR2, which is
a critical receptor primarily responsible for
angiogenic response to bFGF. Activation of AKT
is necessary for angiogenesis and regulates
several endothelial cell functions such as
migration and proliferation [24]. In this study,
the underlying molecular mechanism for vemu-
rafenib inhibits angiogenesis is identified to be
related to AKT signaling pathway. Our results
showed that restored AKT activity by an active
form AKT plasmid could rescue the impaired
migration and tube formation of endothelial cell
inhibited by vemurafenib. In the presence of
AKT inhibitor, vemurafenib could no longer
inhibit AKT activity and invasion of endothelial
cell.

Besides inhibiting tumor angiogenesis, vemu-
rafenib also had a direct inhibitory effect on
tumor cells. Vemurafenib inhibited the prolifer-
ation of breast cancer cells, which is most sen-
sitive to MDA-MB-231 vemurafenib treatment
among the cancer cells treated. Extending
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these analyses in vivo, vemurafenib obviously
inhibited tumor growth inhuman melanoma
xenograft model. Histological studies of tumor
sections revealed that vemurafenib significant-
ly reduced angiogenesis indexed by CD31 and
p-FGFR2™463 antibodies. Meanwhile, western
blot and immunohistochemistry results show
that vemurafenib treatment could attenuate
expressions of p-PI3K and p-AKT, further dem-
onstrating that vemurafenib played an impor-
tant role in suppressing angiogenesis at least
in part via FGFR2 signaling pathway. In conclu-
sion, our data clearly demonstrate that vemu-
rafenib exerts a potent anti-angiogenic, and
anti-tumor growth effects on breast cancer by
targeting FGFR2 signaling pathway. Our find-
ings provide the first instance of the potential
role of vemurafenib as an anti-breast cancer
agent, and certainly deserve more attention for
further explorations to identify novel effective
therapeutic compounds against breast cancer.
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Supplementary materials
Lactate dehydrogenase (LDH) toxicity assay

The LDH released into cell cultures is an index of cytotoxicity and evaluation of the permeability of cell
membrane. HUVEC were seeded in 96-well plate at a density of 2 x 10° cells per well. After incubation
with vehicle (0.1% DMSO0), 1% Triton X-100 or various concentrations of vemurafenib for 24 h, cell super-
natants were collected and analyzed for LDH activity using LDH cyto-toxicity assay kit from Keygen
biotech [1]. The absorbance of formed formazan was read at 490 nm on a microplate reader.
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Figure S1. HUVEC cells were exposed to indicated concentrations of vemurafenib for 24 h. Cell viability was deter-
mined by One solution cell proliferation assay. The data are presented as mean * SD. The values are expressed as
percentage of viable cells normalized to percentage of viable cells in 0.1% DMSO-treated cells.
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Figure S2. Vemurafenib administration did not result in LDH release, indicating vemurafenib brought little toxic ef-
fects on HUVEC (data are presented as means * SD, n = 6, **P < 0.01 versus control).
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