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CD146 is a novel endothelial biomarker and plays an essential role in
angiogenesis. However, its role in the molecular mechanism underlying
angiogenesis still remains poorly understood. Here, we show that CD146
directly interacts with VEGFR-2 on endothelial cells as well as at the molecular
level. The detail structural basis of CD146 binding to VEGFR-2 is identified. In
addition, we show that CD146 is required in VEGF-induced VEGFR-2
phosphorylation, AKT/p38 MAPKs/NF-kB activation and thus promotion of
endothelial cell migration as well as microvascular formation. Furthermore,
anti-CD146 AA98 or CD146 siRNA abrogated all VEGFR-2 activation induced
by VEGF. An in vivo angiogenesis assay showed that VEGF-promoted
microvascular formation was impaired in the endothelial conditional knockout
of CD146 (CD1465“°). Importantly, our animal experiments demonstrated
that anti-CD146 (AA98) and anti-VEGF (Bevacizumab) play an additive
inhibitory effect on xenografted human pancreatic and melanoma tumor. Our
findings suggest that CD146 is a new co-receptor for VEGFR-2 and a

promising target for blocking tumor-related angiogenesis.
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Introduction

Angiogenesis, the formation of new capillaries from pre-existing
microvasculature, is a complex and crucial process during embryogenesis,

female reproductive cycle, chronic inflammatory disorders, and tumor growth.*
Many tumor masses secrete several kinds of angiogenic factors , such as

vascular endothelial growth factor (VEGF), transforming growth factor-o
(TGFa), and tumor necrosis factor (TNF) to promote blood vessel formation

which eventually functions as a route for tumor metastasis.*

Among these angiogenic factors, VEGF is the most prominent one, whose
family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental
growth factor (PIGF). They bind to three associated transmembrane tyrosine
kinase receptors, known as VEGFR-1(Flt-1), VEGFR-2 (KDR or Flk-1) and
VEGFR-3(FIt-3). VEGFR-2 is a key receptor for the development of the blood
vasculature,® while VEGFR-3 is mainly involved in lymphogenesis.* Hence,
targeting the VEGF-A/VEGFR-2 pathway has become an attractive strategy
for anti-angiogenesis and tumor therapy.? ° For instance bevacizumab, a very
popular anti-VEGF-A antibody, has been used for the treatment of several
cancers.®® However, it was recently reported that some patients are
intrinsically refractory or acquired resistant to bevacizumab.® Thus

development of new or adjunct therapies would be of great benefit to patients.

CD146 is a cell adhesion molecule belonging to the immunoglobulin
superfamily. It was originally considered as a melanoma marker promoting
melanoma growth and metastasis.'* Recently, increasing evidence suggests
that CD146 is an endothelial biomarker and promotes angiogenesis.'* =
CD146 knockdown impaired cardiovascular development and blocked tumor
angiogenesis in zebrafish.** Our previous work showed that an anti-CD146
antibody, named as AA98, inhibited endothelial cell migration and

angiogenesis and human tumor growth in xenografted tumor mice.” In
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addition, we found that CD146 plays an important role in cell migration that is
specifically detected in invasive intermediate trophoblasts but not in
non-invasive and in pre-eclampsia.'® '’ Recently, we reported that CD146 is
an epithelial-mesenchymal transition inducer and promotes the invasion of

triple-negative breast cancer.*®

Although CD146 has been considered as a receptor in endothelial cells, its
ligand is still unknown.'® Our previous studies showed that tumor secretion
induced CD146 dimerization, p38 MAPKs/NF-xB activation and the
up-regulation of many angiogenic genes including VEGF, MMP-9 and IL-8,
and that anti-CD146 mAb (AA98) interfered with this CD146-mediated
signaling.?®?* In addition, Anfosso et al. found that CD146 associated with

5Fak

tyrosine kinase p59™" to phosphorylate p12 and paxillin, thus promoting

22,23

endothelial cell migration. However, the molecular mechanism of how

CD146 functions as a receptor in angiogenesis still remains poorly understood.

Here we show for the first time that CD146 interacts with VEGFR-2 in the
endothelium, and subsequently promotes angiogenesis in vitro and in vivo.
Moreover, this CD146 and VEGFR-2 interaction and its mediated signal
transduction could be blocked by anti-CD146 mAb AA98 or CD146 siRNA.
Most importantly, our animal experiments demonstrated that a combinatorial
therapy with anti-CD146 AA98 and anti-VEGF (bevacizumab) has an additive
killing effect on both human pancreatic carcinoma and human melanoma. Our
findings not only reveal the mechanism of how CD146 plays an important role
in angiogenesis, but also provide a novel insight for combinatorial therapy of

tumor angiogenesis.
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Methods
Cells and animals

Human pancreatic carcinoma SW1990 cells and the human melanoma A375
cells were obtained from the American Type Culture Collection (Rockville, MD,
USA). Human umbilical vein endothelial cells (HUVECSs) were purchased from
CellSystems (Biotechnolegie Vertrieb GmbH, Katharinen, Germany). For the
generation of CD146-expressing stable human embryonic kidney cell line
HEK293T clones, HEK293T cells were transfected with human
PBudCE4.1-CD146 using the Fugene HD method (Roche, indianapolis, IN,
USA) and selected using zeocin (500 pg/ml). HEK293T cells stably transfected
with CD146 were cultured in Dulbecco's modified Eagle's medium (Gibco Life
Technologies Inc., Paisley, UK) with 1 g/L glucose, 10% fetal calf serum, 100
U/ml penicillin, and 100 ug/ml streptomycin. All cells were grown at 37°C and

5% CO..

All animal experiments were performed in compliance with the guidelines for
the care and use of laboratory animals and were approved by the Biomedical
Research Ethics Committee of the Institute of Biophysics, Chinese Academy
of Sciences. BALB/c nude mice were obtained from the Animal Center of the

6ﬂoxed/f|oxed mice

Chinese Academy of Medical Science, Beijing. Tek“®*CD14
were generated using a Cre/loxP recombination system. Tek**CD14g"oxed/loxed
mice were backcrossed to a C57BL/6J background for a minimum of nine
generations for obtaining Tek®®*CD146"¥1°*d mice (named CD1465¢%°),
Tek*"*CD146"¥o*d (named WT) mice were used as controls in Matrigel
plugs assays. Genotyping of each generation was carried out using PCR. The
complete absence of CD146 from the endothelial cells of vascular vessels was

confirmed using immunohistochemistry and immunofluorescence.

Antibodies and reagents

Mouse anti-human CD146 mAbs, AA98'? and AA1%**, were made in our
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laboratory. Bevacizumab was from Roche (Indianapolis, IN, USA).
Goat-anti-rabbit Alexa Flour 555 and goat-anti-rat-488 were from Invitrogen
(San Diego, CA, USA). Mouse IgG (mlgG), human 1gG (hlgG), FLAG (clone
M2) were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against human
NF-xB p50 and IkBa were from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies  specific for Flk-1, phosphor-p38 MAPK, p38 MAPK,
phospho-NF-xB  p65 (Ser536), phospho-Erk, p44/42MAPK  and
phospho-p44/42 MAPK (T202/Y204) were from Cell Signaling Technology
(Cell Signaling, Danvers, MA, USA). Antibodies against phospho-VEGFR-2
(Tyr 1214), phospho-AKT (Ser 473) were from Signalway Antibody (Pearland,
TX, USA). HRP-conjugated goat anti-mouse or rabbit 1IgG were from GE
Healthcare (Piscataway, NJ, USA). Antibody specific for CD31 was from
Abcam (Cambridge, MA, USA). Rat anti-human CD146 (clone ME-9F1) was
from BD Biosciences (Franklin Lakes, NJ, USA). Biotin-conjugated secondary
antibodies, HRP-conjugated streptavidin were from Dianova (Rodeo, CA).

DAPI was from Roche (Indianapolis, IN, USA).

Human recombinant VEGF-A165 was obtained from Upstate Biotechnology.
Goat serum and DAB substrate system were from Santa Cruz Biotechnology
(Santa Cruz, CA). Enhanced chemiluminescence assay kits were from Pierce
(Rockford, IL, USA). Growth factor-reduced Matrigel was from BD Biosciences
(Franklin Lakes, NJ, USA).

Constructs and transfection

The pCDNA3.1-(b)-CD146, pCDNA3.1-(b)-CD146/C452A, and Flag-CD146-2
KKGK has been described previously.”**> The moesin construct lacking the
actin-binding domain (MSN-2ABD) was generated by a polymerase chain
reaction-based approach using Flag-MSN as a template. Fugene HD mediated

transfection was employed according to the manufacture’s instruction.

RNA interference
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Double-stranded RNAs (dsRNA) targeting CDS: 410-428 of CD146 and the
CDS: 1562-1580 of GFP, respectively, were synthesized by Invitrogen using

sequences as previously described.?!

For siRNA transfections, HUVECs were transfected with 50 nM of either GFP
SiRNA or CD146 siRNA, using the Fugene HD method. Cells were then
incubated for 36 h at 37°C and 5% CO..

In vitro pull-down assays

0.15 ug Fc or Fc-sVEGFR-2 was conjugated to protein G agarose beads
(Santa Cruz Biotechnology, Santa Cruz, CA). The beads were then incubated
with 0.15 ug His-sCD146 protein for 1 h at 4°C. Proteins bound to the beads
were then boiled in sample loading buffer and subjected to immunoblotting
analysis.

Co-immunoprecipitation

HUVECs were lysed in a culture dish by adding 0.5 ml ice-cold RIPA lysis
buffer for 30 min. The supernatants were collected by centrifugation at 12,000
g for 10 min at 4°C and then precleared with protein G-Sepharose to remove
the protein G-bound proteins. The cleared lysates were then incubated with
antibodies at 4°C overnight, followed by incubation with protein G-Sepharose
for 4 h. Immunoprecipitates were washed three times with lysis buffer and then

boiled for 5 min in loading buffer.
Activation of RTKs and downstream signals

Serum-starved HUVECs (24 h) were incubated with blocking reagents (50
ug/ml mAbs AA98 or AA1) or transfected with SiRNA (CD146-siRNA or
GFP-siRNA) prior to induction with VEGF-A165 (50 ng/ml) at 37°C for 10 min,
30 min, or 12 h for analysis of the activation of VEGFR-2, p38/AKT/Erk, and
NF-xB, respectively. Cells were washed with ice-cold PBS, lysed in RIPA lysis
buffer and then subjected to Western blotting as described. Blots were probed
separately with anti-phosphorylated antibodies against VEGFR-2, Erk, p38,
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and AKT, then stripped (62.5 mM Tris pH 6.8, 2% SDS, 0.8% DTT) and

re-probed with their corresponding specific antibodies as loading control.
Immunofluorescence

Cells were plated on slides cultured in six-well plates and then subjected to
appropriate treatments. After stimulation for 24 h with VEGF-A165 (50 ng/ml),
the cells were washed with PBS, fixed in acetone:methanol (1:1) for 30 s,
permeabilized with 0.1% Triton X-100, blocked with 5% normal goat serum for
60 min at 37°C, and then incubated with anti-p65 or anti-p50 for | h. Coverslips
were subsequently examined with a confocal laser scanning microscope

(Olympus, Tokyo, Japan).
Tube formation

The tube formation assay was performed as described by Nagata et al.?® Tube
formation was observed under an inverted microscope (Eclipse Model TS100;
Nikon, Japan). Images were captured with a CCD color camera (Model
KP-D20AU; Hitachi, Japan) attached to the microscope and tube length was

measured using NIH ImageJ software.
Cell migration assay

Cell migration was assayed using a modified Boyden chamber assay as
described (8-um pore size; Costar, Corning, NY).?" After the appropriate
treatments, cells were trypsinized, washed, and resuspended in fresh
serum-free medium (10,000 cells per well). After incubation at 37°C overnight,
cells remaining at the upper surface of the membrane were removed using a
swab, while cells that migrated to the lower membrane surface, representation
of migrated cells, were fixed with 4% PFA and stained with Giemsa solution.
The number of cells migrating through the filter was counted and plotted as the

number of migrating cells per optic field (20X).

Immunohistochemistry
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For 3,3’-Diaminobenzidine (DAB) staining, paraffin-embedded tissue sections
were deparaffinized and stained first with an antibody specific for CD31, and
then with biotin-conjugated secondary antibodies (1:1000), followed by
HRP-conjugated streptavidin (Dianova, Rodeo, CA). The sections were finally
counterstained with hematoxylin. The number of blood vessel per tumor in
each group was quantified in at least 10 random areas per section. Images
were taken using an inverted microscope (Eclipse Model TS100; Nikon,

Japan).

For immunohistofluorescence, sections 5 um in thickness were deparaffinized
and stained with antibodies specific for CD31 and CD146, followed by

fluorescent-labeled secondary antibodies. Nuclei were stained with DAPI.
In vivo angiogenesis assay

Age- and sex-matched CD1465“° mice and wild-type mice were used. Mice
were injected with 200 ul of growth factor-reduced Matrigel containing 60
units/ml of heparin (Sigma-Aldrich, St. Louis, MO, USA), mixed with
VEGF-A165 (20 ng/ml) and sacrificed 7 days after implantation. The Matrigel
plugs were dissected out immediately and blood-vessel infiltration was

guantified by analyzing CD31-stained parafirm sections (as above).
Animal experiment

Female 4-week-old BALB/c nude mice were used and kept under specific
pathogen-free conditions. Xenografts of human tumor cell lines were produced
by injecting tumor cells (1X10’ resuspended in PBS) subcutaneously into the
back of the mice. When tumors reached a diameter of 3 to 5 mm, the mice
were grouped (10 mice per group) and administered intraperitoneally with
purified mAb AA98, AAl, human IgG, migG, bevacizumab alone, or
bevacizumab plus AA98, at a dose of 200 ug per mouse, twice per week.
Tumor size was measured twice per week and tumor volume was determined

according to the following equation: tumor size = width? X length X (1/2).
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Statistical analysis

All experiments were done in triplicate. Data are shown as means*SEM.

Statistical differences were determined by unpaired Student’'s t tests. The
statistical differences of “in vivo Matrigel Plug Assay” were determined by

paired Student’s t tests. A p value of 0.05 was considered significant.
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Results
CD146 interacts with VEGFR-2 in endothelial cells

The co-expression of CD146 and VEGFR-2 on endothelial cells and the finding
that tumor secretions containing VEGF and FGF induced CD146-mediated
p38 MAPKs/NF-xB signaling led us to hypothesize that CD146 may act as a
co-receptor for VEGFR-2. To test this, we performed co-immunoprecipitation
(Co-IP) experiments to detect the interaction of CD146 and VEGFR-2 in two
cell lines, human umbilical vein endothelial cells (HUVECs) with endogenous
CD146 and VEGFR-2, and VEGFR-2 transfected HEK293T cells. As shown in
Figure 1A, in HUVECs, VEGFR-2 was immunoprecipitated by anti-CD146
antibody and CD146 was immunoprecipitated by anti-VEGFR-2 antibody. This
result was confirmed in VEGFR-2 transfected HEK293T, showing that CD146
was coimmunoprecipitated by anti-VEGFR-2 antibody in HEK293T cells
co-expressing VEGFR-2 and CD146, but not from the cells expressing CD146
alone (Figure 1B). In addition, we also found that CD146 did not interact with

VEGFR-1 (Figure S7).

To further investigate whether or not CD146 directly interacts with VEGFR-2,
we carried out in vitro pull down assays using soluble CD146 (His-tagged
CD146 extracellular domain, His-sCD146) and soluble VEGFR-2 (Fc-tagged
VEGFR-2 extracellular domain, Fc-sVEGFR-2). Results showed that
Fc-sVEGFR-2 was specifically bound to His-tagged CD146 as it bound to
VEGF. In contrast, neither Fc nor Fc-beads were bound by His-sCD146
(Figure 1C). These data demonstrate a direct interaction between the CD146

extracellular domain and VEGFR-2.

Next, we ascertained whether the interaction of CD146 and VEGFR-2 could be
abrogated by anti-CD146 antibody. To test a possible structural basis of
CD146 binding to VEGFR-2, we used two different anti-CD146 antibodies,
AA98 and AAl. AA98 recognizes a conformational epitope at C452-C499,

11
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whereas AALl recognizes a linear epitope at aa50-54 in the N-terminal
domain.?* Figure 1D showed that the interaction between CD146 and
VEGFR-2 was markedly blocked by AA98 but not by AAl. To confirm this
observation, we performed the Co-IP experiment in HUVECs using
CD146/C452A mutant and found that the endogenous interaction of CD146
and VEGFR-2 was abrogated by the CD146/C452A mutation (Figure 1E),
suggesting that C452 in domain five of CD146 contributes to the interaction of
CD146 and VEGFR-2. This may explain why the anti-CD146 antibody, AA98
but not AA1 inhibited this interaction.

CD146 enhances VEGFR-2 phosphorylation and downstream signaling

As CD146 associated with VEGFR-2, we next asked whether CD146
transduces VEGF-activation signals. For this purpose, we used VEGF as a
stimulator, and anti-CD146 AA98 and CD146 siRNA as inhibitors to evaluate
the function of CD146 on VEGF-induced signaling pathway. As shown in
Figure 2, we found that VEGF could induce VEGFR-2 phosphorylation,
p38/IKK/NF-xB signaling cascade and Akt signal transduction. However, the
VEGF-induced downstream signals were completely abrogated by the
anti-CD146 mAb AA98 but not affected by AAl (Figure 2A-E).
Immunofluorescent staining of NF-xB p65 and p50 also confirmed that the
nuclear translocation induced by VEGF was suppressed by AA98 treatment,
but not by the control antibody, AA1 (Figure 2F). Consistent with these results,
HUVECs transfected with a CD146/C452A mutant also inhibited
VEGF-activated VEGFR-2 phosphorylation and downstream signal
transduction (Figure S1).

We next analyzed the effect of CD146 siRNA on the activation of signals
downstream of VEGFR-2. Results showed that the VEGF-activated VEGFR-2
phosphorylation, p38/IKK/NF-xB signaling cascade and Akt signaling were
impaired by CD146 knockdown and rescued after restoring CD146 (Figure

12
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3A-D). In addition, nuclear translocation of NF-xkB p65 and p50 induced by
VEGF was also inhibited by CD146-siRNA and re-activated by restoring
CD146 expression (Figure 3E). In contrast, VEGF-induced Erk signaling was
not affected by either AA98 or CD146-siRNA (Figure S2), implying that CD146
was mainly involved in the VEGF-induced Akt and p38/IKK/NF-xB pathways.
To test whether CD146 function is specifically dependent on VEGF, we
repeated the experiments with TNFa, another angiogenic factor. We found that
neither AA98 nor CD146 siRNA had any effects on the response of NF-xB to
TNFa stimulation (Figure S3), suggesting that the response of CD146 to
VEGF is specific.

Taken together, these data strongly suggest that CD146, as a VEGFR-2
co-receptor, is involved in regulating VEGF-induced VEGFR-2 downstream

signals.

CD146 mediated ERM recruitment is essential for VEGF-mediated signal

transduction and cell migration

We previously reported that CD146 interacted physically with ERM proteins
(Ezrin-Radixin-Moesin) leading to the subsequent promotion of cell migration.
The conserved positively-charged amino-acid cluster KKGK motif is
responsible for the interaction of CD146 and ERM in this process.? It has
been shown that some co-receptors such as CD44, interacts with ERM
proteins and the cytoskeleton to promote signaling efficiently. CD44v6,
VEGFR-2/c-Met, ERMs and the cytoskeleton form a signalosome.”**® To
evaluate whether this mechanism is also essential for VEGFR-2 signaling, we

transfected HUVECs with a CD146 construct lacking the KKGK motif (CD146-

~KKGK) or a moesin construct lacking the actin-binding domain (MSN-2ABD).

As shown in Figure 4A-B, we found that either CD146-2KKGK or MSN-2ABD

disturbed VEGF-induced VEGFR-2 downstream signaling without affecting
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VEGFR-2 phosphorylation. In addition, HUVECs transfected with CD146-2

KKGK or MSN-2ABD showed loss of migration capability (Figure 4C-D).

These data suggest that the interaction of CD146 and ERM is essential for

VEGF-induced signal transduction and cell migration.

CD146 is required in cell migration and tube formation induced by VEGF

To investigate the function of CD146 in the VEGF-promoted angiogenesis
process, we performed endothelial cell migration and tube formation assays in
the presence of AA98 and AAl. First, we tested the role of CD146 in
VEGF-induced endothelial cell migration. As shown in Figure 5A,
VEGF-induced motility of HUVECs was strongly suppressed by AA98, but not
by AAL.

In addition, VEGF-stimulated cell migration was significantly impaired after
CD146 knockdown in HUVECs, and rescued after transfection with a
CD146-expressing construct. Quantification of the number of migrated cells
revealed a 1.5-fold increase in VEGF-stimulate HUVEC migration which was

abrogated by CD146-siRNA treatment (Figure 5C).

Next, we examined the function of CD146 on in vitro angiogenesis induced by
VEGF. A tube formation assay was performed by growing endothelial cells in
matrigel with either anti-CD146 antibody AA98 or AAl. Results showed that
VEGF promoted endothelial tubular morphogenesis and accelerated tube
formation. However, in the presence of AA98, the length of vessels decreased
by 50% compared with that in the presence of AAl (Figure 5B). This
VEGF-promoted tube formation was also found to be markedly suppressed
when CD146 was knocked-down in HUVECs by transfecting with
CD146-siRNA. Tubular morphogenesis could be rescued by restoring CD146
levels (Figure 5D).

14
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Moreover, we found that the CD146 mediated-tube formation is specifically
dependent on VEGF, because when TNFo was used as a stimulator, neither
CD146 knockdown nor anti-CD146 AA98 affected the angiogenic process
(Figure S4). This may also help explain the more profound effect of AA98 on

angiogenesis in vitro than in vivo.

EC-KO
6

VEGF-induced angiogenesis is impaired in CD14 mice

To explore the potential role of CD146 in VEGF-mediated angiogenesis in vivo,
we used a matrigel plug model in which matrigel mixed with VEGF is injected

subcutaneously into age-and sex-matched CD1465°°

and wild type mice. In
this system, endothelial cells migrate into the matrigel and form a capillary
network. One week post-implantation, the numbers of blood vessels are
counted by immunofluorescence using the blood vessel marker, CD31. Our
results showed that the microvascular density of the matrigel plugs in
CD146%“° mice decreased to 47% when compared to that of the wild-type
mice and no large vascular tubes were seen (Figure 6), indicating that the

VEGF-induced angiogenic response is dependent on CD146 in vivo.

AA98 and Bevacizumab cumulatively inhibit human pancreatic

carcinoma growth

It has been well documented that tumor growth is dependent on angiogenesis,
and both AA98 and bevacizumab have previously been reported to inhibit
tumor angiogenesis.*?**° Our finding that CD146 acts as a co-receptor for
VEGFR-2 prompted us to determine whether AA98 and bevacizumab could
produce an additive effect on inhibiting tumor growth. We developed a tumor
model using the human pancreatic carcinoma cells, SW1990, that express

neither CD146 nor VEGFR-2 (Figure S5). Thus neither AA98 nor bevacizumab

15


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From bloodjournal.hematologylibrary.org at Inst Biophys, CAS on June 25, 2012. For personal use only.

could target the actual tumor cells and therefore any reduction in tumor growth
would be the result of an anti-angiogenic effect. Antibody treatment was
started when tumors reached a diameter of 5 to 6 mm. Our results showed that
the growth of the human pancreatic carcinoma was markedly suppressed by
treatment with AA98, bevacizumab and AA98+bevacizumab. A significant
reduction in the tumor volume and weight was seen in AA98 or bevacizumab-
treated groups when compared with the control groups treated with migG,
higG and AA1l suggesting a role for CD146 and VEGF in the pancreatic
carcinoma growth. It is interesting that the combinatorial treatment with AA98
and bevacizumab shows a significant inhibitory effect on the growth of the
pancreatic tumor (70%), which is more efficient than AA98 (46%) and
bevacizumab (48%) alone (Figure 7A-C; p<0.001, AA98+ bevacizumab versus
AA98; p<0.001, AA98+bevacizumab versus bevacizumab) suggesting that the

two agents act, at least in part, on different pathways.

In immunohistochemical analysis of the treated tumors, we observed a
significant reduction of microvessel density in both AA98 and bevacizumab
treated groups. However, in the AA98+bevacizumab combination treated
group, the vessel numbers were approximately 40% and 30% less than that of

AA98 or bevacizumab treatment alone (Figure 7D).

In addition, we also found this additive effect of AA98 and bevacizumab on
another tumor model: human melanoma xenografted mice with A375 cells

(Figure S6).

These data suggest that the combination of AA98 with bevacizumab to target

tumor angiogenesis could eventually be used in a clinical setting.
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Discussion

There is increasing evidence supporting a role for CD146 in angiogenesis.'**®
We hypothesized that a possible link between CD146 and VEGFR-2 existed
as both are endothelial markers and involved in Akt and p38 MAPK
downstream signaling to promote endothelial cell migration and angiogenesis.
However, there has been no direct evidence demonstrating the relationship
between CD146 and VEGFR-2. In this study, we show for the first time that
CD146 directly interacts with VEGFR-2 in endothelial cells and functions as a
co-receptor for VEGFR-2 to enhance VEGF-induced signal transduction and
angiogenesis. Several lines of evidence support the role of CD146 as a
co-receptor for VEGFR-2. Firstly, the interaction of CD146 and VEGFR-2 was
detected not only on endothelial cells that endogenously express both
molecules, but also existed in VEGFR-2 transfected HEK293T as well as
between the two soluble molecules. The structural basis for this interaction is
located in the extracellular domain around aa452 of CD146 because the
CD146/C452A mutant and anti-CD146 (AA98) targeting to C452-C499 could
block this interaction. However, a different anti-CD146 (AA1) targeting aa50-54
did not affect the CD146-VEGFR-2 interaction. Secondly, CD146 enhanced
VEGF-induced VEGFR-2 phosphorylation as well as downstream signaling,
which leads to cell migration and blood vessel formation. Furthermore,
VEGF-induced AKT/p38 MAPK/NF-kB signals could be abolished by the
CD146 specific antibody AA98 and CD146 siRNA. In addition, our in vivo
angiogenesis assay showed that vascularization is significantly impaired in
CD1465°"° mice. Lastly, the combination of anti-CD146 AA98 and anti-VEGF
bevacizumab showed an additive function in the treatment of human

pancreatic carcinoma and melanoma in xenografted mice.

Although several VEGFR-2 co-receptors,®*® including Neuropilin-1,%
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Neuropilin-2®” and CD44v6,?® have been reported to play a role in VEGFR-2
signaling and angiogenesis, we found that unlike Neuropilin-1 and Neuropilin-2,
whose interactions with VEGFR-2 are dependent on VEGF treatment, and
mainly involved in the VEGFR-2-Erk pathway which eventually results in cell
proliferation, the interaction of CD146 with VEGFR-2 is independent of VEGF
treatment (data not shown), and is involved in the VEGF-mediated p38 MAPKs
and AKT signaling pathway which culminates in cell migration. These
observations suggest that the different VEGFR-2 co-receptors may trigger
different downstream signals resulting in different cell functions. Thus, it is of
particular interest to elucidate the relationship of these co-receptors, such as

CD146, CD44v6 or Neuropilin-2, in VEGF-mediated angiogenesis.

There also exists common mechanism for VEGFR-2 co-receptors signaling.
Both the cytoplasmic tail of CD146 and CD44 recruits ERM proteins and
cytoskeleton for VEGF-induced signal transduction, suggesting that a scaffold
is necessary for linking the intracellular signaling molecules together at the
docking site of VEGFR-2. In addition, as is the case for PDGFRs, which have
no known co-receptor, ERMs are needed for signal transduction.® Binding of
ERM proteins to the cytoskeleton may thus be a common mechanism

essential for signal transduction.

Based on all the above observations, we conclude that the regulation of
CD146 as a VEGFR-2 co-receptor in the VEGF signaling pathway and
angiogenesis by two-pronged: firstly, the extracellular domain of CD146
directly interacts with VEGFR-2, forms a complex with VEGFR-2 and VEGF
which is a crucial step for VEGFR-2 activation. Secondly, the cytoplasmic tail
of CD146 recruits ERMs and cytoskeleton, assembling the signalsome

required for signal transduction from VEGFR-2 to AKT and p38 MAPKSs.

In the SW1990 tumor model, we made use of bevacizumab, an anti-VEGF
antibody as a combination partner for AA98. We believe that bevacizumab

mediated its anti-tumor effect primarily through the blocking of
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VEGF-VEGFR-2 signaling rather than VEGFR-1 although VEGF-A can bind
both. This is because the two VEGF receptors differ in their binding affinities to
VEGF-A and their function in angiogenesis. The binding of VEGF-A to
VEGFR-2 on endothelial cells results in the phosphorylation of VEGFR-2 and
angiogenesis. However, VEGF-A’s interaction with VEGFR-1 acts as a
negative regulator of angiogenesis due to the weaker phosphorylation of
VEGFR-1, although the binding affinity of VEGF-A to VEGFR-1 is stronger
than VEGFR-2.%** |n addition, our new data showing that CD146 does not
interact with VEGFR-1 on endothelial cells (Figure. S7) suggests that the effect
of bevacizumab on tumor angiogenesis occurs primarily through VEGFR-2

rather than VEGFR-1 although VEGF-A binds both VEGFR-2 and VEGFR-1.

Interestingly, AA98 and bevacizumab combination therapy showed additive
effect on tumor angiogenesis in the SW1990 tumor model, which is in
agreement with another study showing synergistic, pro-angiogenic effects
between soluble CD146 and VEGF.** Therefore, the synergistic effect between
the combined antibodies is due to the incomplete overlapping signaling of
CD146 and VEGFR-2. In previous reports, we and others have found that
CD146 can also function independently of VEGFR-2.13?4! Additionally, VEGF
can signal, at least in part, independently of CD146. For instance, the ERK
pathway cannot be inhibited by anti-CD146 AA98 nor CD146-siRNA and other
VEGF receptors such as VEGFR-1 can transduce VEGF signals. (Figure S7).
This may help explain why anti-CD146 (AA98) in our combined therapy model

does not completely inhibit angiogenesis.

AA98 targeting of CD146 in combination with bevacizumab could be exploited
as a valid regimen in clinical therapy. Our finding provides a novel approach to
inhibit tumor angiogenesis. Bevacizumab, a humanized monoclonal antibody
targeting VEGF-A, is one of the most popular anti-angiogenesis drug and
precedents exist for its use in combination with other agents in tumor therapy,

including in colorectal cancer,* non-squamous-cell lung carcinoma (NSCLC),
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metastatic renal cell carcinoma and glioblastoma multiforme.*® However, the
challenge of bevacizumab is its limited clinical application due to it
effectiveness only on certain types of cancer.* For instance, bevacizumab is
not very efficient for pancreatic cancer.* Thus, the dual targeting of CD146
and VEGF could prove more efficient for the treatment of pancreatic cancer
and melanoma. This is the first report of the effectiveness of bevacizumab
combinatorial therapy with a second antibody in the inhibition of tumors. In
addition, bevacizumab was found to be effective only in metastatic colorectal
cancer but not on stage 2 and 3 tumors,*® suggesting that angiogenesis in the
primary and metastatic tumor involve different mechanisms that require
different treatments. CD146 has been implicated in the tumor progression of
several cancers including colorectal cancer,*” epithelial ovarian cancer,*® and
breast cancer.'® Thus, bevacizumab in combination with anti-CD146 mAb
AA98 may be a more effective treatment for metastatic tumors. However, this
needs to be further investigated. In conclusion, this study provides evidence of
a novel VEGFR-2 co-receptor and a promising strategy for combinatory

anti-angiogenic therapy.
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Figure legends

Figure 1. CD146 interacts directly with VEGFR-2.

A: Co-immunoprecipitation (Co-IP) assays showed that endogenous CD146 associates with
VEGFR-2 in HUVEC. CD146 and VEGFR-2 from cell lysates were immunoprecipitated with
anti-CD146 mAb AA1 and anti-VEGFR-2, respectively. Western blotting was performed using

anti-VEGFR-2 antibody and mAb AAL.

B: Co-IP assays showed the association of CD146 and VEGFR-2 in CD146-expressing
HEK293T cells. Cells were transiently transfected with the VEGFR-2-expressing construct or
empty vectors. Proteins were precipitated by anti-VEGFR-2 antibody, and examined by

immunoblot using antibodies against CD146.

C: Direct interaction between the sCD146 and sVEGFR-2 in vitro. Fc-VEGFR2 was first bound
to protein G-beads which were then incubated with His-sCD146. Bound proteins were
subsequently analyzed by Western blotting. The interaction between VEGF and Fc-VEGFR-2

served as a positive control and Fc served as a negative control.

D: The interaction between CD146 and VEGFR-2 in HUVECSs is blocked by anti-CD146 AA98
but not by AAl. HUVECs were first treated with anti-CD146, AA98 or AAL, prior to
immunoprecipition with VEGFR-2 antibody and Western blotting with CD146 antibody. Cell

lysates were blotted with anti-CD146 mAb AAL.

E: Mutant CD146/C452A impaired the interaction between CD146 and VEGFR-2. HUVECs
transfected with CD146/C452A or an empty vector were immunoprecipitated with
anti-VEGFR-2 and then immunoblotted with anti-VEGFR-2 or AAL. Cell lysates were blotted

with anti-his antibody targeting CD146/C452A-His.

Figure 2. The anti-CD146 mAb AA98 blocks VEGF-induced VEGFR-2 phosphorylation,

Akt/p38/NF-xB activation.

A: Phosphorylation of VEGFR-2 induced by VEGF in HUVECs was assessed in the presence
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of anti-CD146 mAbs AA98 or AAl. Total VEGFR-2quantification was determined by
measuring the band density and then normalizing against internal controls,. Results are

presented as the means + SEM of normalized values from three independent assays.

B: P38 activation induced by VEGF in the presence of AA98 or AAl was assessed.

C-D: NF-xB (p-p65 and IkBa) activation by VEGF in the presence of AA98 or AAl as

indicated.

E: Akt activation induced by VEGF in the presence of AA98 or AA1 was measured.

F: Immunofluorescence showing inhibition of AA98 on the translocation of p65 and p50 from
the cytoplasm to nucleus, NF-xB activation was detected using specific anti-p65 and anti-p50

antibodies (scale bar, 20 um). *P<.05, ** P<.01.

Figure 3. CD146 is required for VEGF-mediated signal transduction.

A: Phosphorylation of VEGFR-2 induced by VEGF was determined after HUVECs were
co-transfected with CD146-siRNA and pcDNA3.1-CD146. The quantification of the relative

p-VEGFR-2/VEGFR-2 index is shown. At least three independent assays were performed.

B: AKT activation induced by VEGF was measured after HUVECs were co-transfected with

CD146-siRNA and pcDNA3.1-CD146.

C: P38 activation under treatment as indicated was measured.

D: NF-xB activation induced by VEGF after rescuing CD146 expression was measured.
Western blots were quantified by measuring band density which was then normalized to
GAPDH. Bar graphs (means * SEM) present normalized values from at least three

independent experiments.

E: Immunofluorescence showing the role of CD146 in NF-xB nuclear translocation. NF-xB was
detected using specific anti-p65 and anti-p50 antibodies (scale bar, 20 um). *P<.05, ** P<.01,

*** P<,001, NS.: not significant.

Figure 4. VEGFR-2 signaling is dependent on CD146 binding to Moesin.

A: A CD146 construct lacking the conserved positively-charged amino-acid KKGK motif
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(CD146-2KKGK) was transiently transfected into HUVECSs. Activation of VEGFR-2 induced by

VEGF and signaling to AKT and p38 were determined.

B: Moesin lacking the actin-binding domain (Moesin-2ABD) was transiently transfected into

HUVECSs. Activation of VEGFR-2 on induction with VEGF and signaling to AKT or p38 were

determined.

C-D: The migrated capability of HUVECs induced by VEGF was determined after transfected
with CD146-2KKGK or Moesin-2ABD. Cell migration was determined using a transwell system

as described in “Cell migration assay”. Data were collected from three wells. Representative

images of migrated cells were also shown. *P<.05, ** P<.01, NS.: not significant.

Figure 5. CD146 is required in VEGF-induced cell migration and tube formation

A: Cell migration was determined using a transwell system. HUVECs were induced by VEGF
in the presence of anti-CD146 mAbs AA98 or AA1 as indicated. The number of migrating cells
was counted. Data were collected from three wells. Representative images of migrated cells

were also shown.

B: VEGF-induced tube formation was quantified in the presence of anti-CD146 mAb AA98 or

AA1 by counting the total vessel length per field. Data were collected from three wells.

C: Cells co-transfected with CD146-siRNA and pcDNA3.1-CD146 were subjected to “Cell
migration assays” as described. The number of cells migrating through the filters was recorded.
The number of cells per optic field is presented as the mean + SEM of at least three

independent assays.

D: Cells co-transfected with CD146-siRNA and pcDNA3.1-CD146 were subjected to “Tube
formation assays” as described. Results presented are total tube lengths from three

independent tests (means + SEM). *P<.05, ** P<.01, ** P<.001, NS.: not significant.

EC-KO

Figure 6. VEGF-induced vascularization is impaired in CD146 mice

A: Immunofluorescence showing the vascularization induced by VEGF in the Matrigel

EC-KO

explanted in WT and CD146 mice. Staining of blood vessels was performed with a CD31
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antibody (red); green indicates CD146 (Rat anti-CD146, ME-9F1) staining. Nuclei were stained

with DAPI (blue). Ten mice were included in each group. Bar represents 50 um.

B: The graph represents average vessel number in five random fields of each section. ***

P<.001.

Figure 7. The combination of anti-CD146 AA98 and anti-VEGF bevacizumab has
cumulative antitumor effects on human parcreatic carcinoma growth and angiogenesis
in vivo

A: Representation of human pancreatic carcinoma in xenografted mice following the

administration indicated.

B: Mean tumor volumes at specific time points after injection of human pancreatic carcinoma

cells SW1990 (n=10) under the treatments indicated.

C: When tumor size reached approximately 3 cm® mice were sacrificed, and tumors were
excised and weighed. Tumor weight was determined and evaluated in the graphs.

D: Microvascular density of tumors under indicated administration. Sections from human
pancreatic carcinoma under indicated treatments were stained with anti-CD31antibody (scale
bar, 100 um). Statistical significance was calculated with the unpaired Student’s t test. *P<.05,

** P<.01, ** P<.001.
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Figure 4
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