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ABSTRACT

CD146 is anewly identifiedendothelial biomarker that has
been implicated in angiogenesis. Though in vitro angio-
genic function of CD146 has been extensively reported,
in vivo evidence is still lacking. To address this issue,
we generated endothelial-specific CD146 knockout
(CD146EC-KO) mice using the Tg(Tek-cre) system. Sur-
prisingly, these mice did not exhibit any apparent mor-
phological defects in the development of normal retinal
vasculature. To evaluate the role of CD146 in pathological
angiogenesis, a xenograft tumor model was used. We
found that both tumor volume and vascular density were
significantly lower inCD146EC-KOmicewhen compared to
WT littermates. Additionally, the ability for sprouting,
migration and tube formation in response to VEGF treat-
mentwas impaired inendothelial cells (ECs)ofCD146EC-KO

mice. Mechanistic studies further confirmed that VEGF-
induced VEGFR-2 phosphorylation and AKT/p38 MAPKs/
NF-κB activation were inhibited in these CD146-null ECs,
whichmightpresent theunderlyingcause for theobserved
inhibition of tumor angiogenesis in CD146EC-KO mice.
These results suggest thatCD146playsa redundant role in
physiological angiogenic processes, but becomes

essential duringpathological angiogenesis as observed in
tumorigenesis.
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INTRODUCTION

The vascular system develops and matures through two fun-
damental processes, vasculogenesis and angiogenesis. Vas-
culogenesis is restricted to embryogenesis, and represents the
formation of primary capillary plexus from endothelial progeni-
tor cells. Angiogenesis on the other hand, occurs in both
embryo and adult, and refers to the formation of new blood
vessels from the pre-existing vasculature under either physio-
logically or pathologically condition (Flamme et al., 1997).
Examples of physiological angiogenesis include the formation
of new blood vessels in the process of development, wound
healing and the adult female reproductive cycle; and it is tightly
balancedbetweenpro-angiogenic andanti-angiogenic signals.
In contrast, pathological angiogenesis is observed in a wide
range of human diseases, including tumor growth, diabetic
retinopathy and chronic inflammation. Different from physio-
logical angiogenesis, pathological angiogenesis results from
excessivepro-angiogenic signalsanda lackofsufficient factors
to mediate vessel maturation (Chung et al., 2010).

The regulation of angiogenesis is heavily influenced by a
number of growth factors, among which VEGF has been
identified as one of the most prominent factors, acting mainly
through its endothelial receptor VEGFR2 (also known as Flk-1;
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Carmeliet and Jain, 2011). Targeted deletion of VEGFR-2 or
VEGF in mice results in a complete lack of vascular develop-
ment and leads to early embryonic lethality, demonstrating that
the VEGF/VEGFR-2 pathway is essential for angiogenesis
(Shalaby et al., 1995; Carmeliet et al., 1996). The binding of
VEGF to VEGFR2 induces receptor dimerization and phos-
phorylation, which in turn triggers downstream signaling cas-
cades including phosphorylation of p38, ERK1/2 MAPK and
AKT, to promote endothelial cells (ECs) migration, proliferation
and survival (Zachary and Gliki, 2001; Ferrara et al., 2003).

Another group of cell surface molecules, namely cell adhe-
sion molecules, are essential for mediating cell-cell interac-
tions, and play an essential role in the process of angiogenesis
(Telo et al., 1997; Petruzzelli et al., 1999). Amongst them,
CD146, also known as MCAM or Muc18, is a member of the
immunoglobulin superfamily, which was originally identified as
a marker for malignant melanoma (Lehmann et al., 1989; Xie
et al., 1997). Subsequent studies revealed that CD146 is highly
expressed in theendothelium (Soloveyetal., 2001), andserves
asa structural component of endothelial junctions (Bardinet al.,
2001). Also, the finding that an anti-CD146 antibody, AA98,
inhibits endothelial cellmigration and tube formation in vitroand
tumor angiogenesis in mice, established the important role of
CD146 in angiogenesis (Yan et al., 2003). Recently, CD146
was identified as a co-receptor for VEGFR-2 to mediate the
VEGF/VEGFR2pathway (Jianget al., 2012). To date, however,
due to the lack of a CD146 conditional knockout mouse, most
studies on the role ofCD146 in angiogenesis are in vitro assays
on cultured cell lines; in vivo studies are limited to zebrafish
(Chanet al., 2005; Soet al., 2010) and xenograft tumormodels.

To gain a better understandingof the angiogenic functions of
CD146 in vivo, we generated endothelial CD146 knockout
(CD146EC-KO) mice using the Tg(Tek-cre) system. In vitro and
in vivo angiogenesis studies were conducted on these mice.
When compared to wild type (WT) littermates, in vivo tumor
growth and angiogenesis were found to be significantly inhib-
ited in CD146EC-KOmice.We also found that ECs isolated from
CD146EC-KO mice were impaired in their ability for spouting,
migration and tube formation in response to VEGF treatment.
Importantly, the VEGF-induced VEGFR-2 phosphorylation and
AKT/p38MAPKs/NF-κBactivationwas found tobesignificantly
inhibited in these CD146-null ECs. In conclusion, our results
provide new insights into the mechanisms of pathological
angiogenesis, and further confirmed our previous finding that
CD146 plays an important role in VEGF/VEGFR2 pathway in
the process of tumor angiogenesis.

RESULTS

Generation of endothelial CD146 knockout mice

Mapping and nucleotide sequence analysis verified that the
retrieved DNA sequence contained the promoter region and
the initiating methionine of the murine CD146 gene, corre-
sponding to the published CD146 cDNA sequence (Kohama

et al., 2005). To generate CD146 conditional knockout mice
(CD146floxed/floxed mice), the promoter and 1st exon of the
CD146 gene were flanked with two inverted loxP sites, by
cloning a LoxPsite (3′loxp) upstreamof the promoter, and a frt-
Neo-frt-loxp cassette was cloned downstream of exon 1
(Fig. 1A). To further delete CD146 in ECs, we employed two
mouse strains, CD146floxed/floxed mice and Tek+/Cre mice, in
which the Cre gene was introduced into one allele of the Tek
locus and is specifically expressed in ECs. To generate
endothelial-specific CD146 knockout mice (CD146EC-KO

mice), we first crossed CD146floxed/floxed with Tek+/Cre mice.
The resulting Tek+/CreCD146+/floxed mice were subsequently
mated with CD146floxed/floxed mice to generate Tek+/Cre

CD146floxed/floxed mice (Fig. 1B). The expected ratio of
obtaining Tek+/CreCD146floxed/floxed, Tek+/CreCD146+/floxed,
Tek+/+CD146floxed/floxed,Tek+/+CD146+/floxedmicewas 1:1:1:1.
As Tek+/CreCD146floxed/floxe mice (CD146EC-KO mice) were
viable, thesemicewere further bred to Tek+/+CD146floxed/floxed

mice (WTmice), resulting in 50%CD146EC-KOmice and 50%
WT mice, both of which were used for subsequent investiga-
tions (Fig. 1B). Genomic DNA was isolated to verify the
expected genotypes by PCR (Fig. 1C).

To demonstrate that the CD146 gene was inactivated in
an endothelial-specific manner, lung tissues of CD146EC-KO

mice were prepared and analyzed by immunofluorescence
using anti-CD146 and anti-CD31 antibodies. As shown in
Fig. 1D, WT mice expressed the largest amount of CD146 in
lung ECs as identified by CD31-positive staining. In contrast,
CD146 expression was especially deficient in lung ECs of
CD146EC-KO mice. We also observed the absence of CD146
in ECs of kidney and liver via immunohistochemistry in
CD146EC-KO mice (Fig. S1). Despite endothelial deletion of
CD146, CD146EC-KO mice did not exhibit overt defects or
detectable abnormalities in organ morphology upon analysis
by light microscopy (data not shown).

Normal development of retinal vasculature
in CD146EC-KO mice

Since the retinal vasculature is an excellent model system to
study the general development of blood vessels (Gariano
and Gardner, 2005), we performed fluorescein angiography,
to examine the vascular network in CD146EC-KO mice. As
shown in Fig. 2, there were no apparent differences in blood
vessel density between CD146EC-KO mice and their WT lit-
termates. Our data revealed that large vessels sprouting
from the optic nerve head (Fig. 2A) and small branching
vessels (Fig. 2B) were also similar between the two groups.
No abnormalities in retinal vasculature structure (including
tortuosity, vessel dilatation and hemorrhages) in CD146EC-KO

mice were observed. Similarly, there were no differences in
the morphology or density of skin vessel between WT and
CD146EC-KO mice (data not shown). These results suggest
that endothelial deletion of CD146 does not affect normal
retinal vascular development.
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Impaired tumor growth in CD146EC-KO mice

To investigate the role of CD146 in pathological angiogen-
esis in vivo, the tumor growth in WT and CD146EC-KO mice

was measured, following subcutaneous injection of either a
mouse melanoma cell line B16F10, or a fibrosarcoma cell
line MCA 205, both of which are malignant tumors

Figure 1. Generation of endothelial-specific CD146 knockout mice. (A) Targeting strategy for generation of CD146floxed/floxed

mice, shown are the wild type locus of mouse CD146 gene (top), and the targeting construct (bottom). A LoxP site (3′loxp) was cloned

upstream of the promoter, and the frt-Neo-frt-loxp cassette was cloned downstream of exon 1. (B) Mating scheme to generate

endothelial-specific CD146 knock-out mice (TekCre/+CD146floxed/floxed, namely CD146EC-KO) and control WT littermates (Tek+/

+CD146floxed/floxed). (C) Genotyping of CD146EC-KO and WT mice by PCR analysis of genomic DNA. A 481-bp fragment from wild-type

Cre gene, a 418-bp fragment from wild-type CD146 gene (wt CD146) and a 537-bp fragment from floxed CD146 gene (Mu CD146)

were PCR-amplified with specific primers. Genomic DNA from Tg(Tek-Cre) mice was used as positive control (P.C.) for Cre analysis;

Genomic DNA from CD146floxed/floxed mice were used as P.C. for Mu CD146 analysis; genomic DNA from C57BL/6 mice were used

as P.C. for wt CD146 analysis. ddH2O was used as negative control (N.C.) for all three PCR analyses. (D) Double

immunofluorescence staining of CD31 and CD146 in lung tissues from WT and CD146EC-KO mice. Scale bar, 50 μm.
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characterized by intense angiogenesis. Representative
images of tumors in each group of mice at day 16 or day 24
after injection are shown in Fig. 3A. Solid tumors, formed
after injection of cells from either tumor cell line, were both
smaller in CD146EC-KO mice compared to those in WT mice.

When the excised tumors were analyzed, the B16F10 tumor
size was nearly 40% smaller in CD146EC-KO mice than WT
mice (P < 0.05). The MCA 205 tumor size was almost 50%
smaller in CD146EC-KO mice than WT mice (P < 0.05)
(Fig. 3B). These data suggest that endothelial deletion in
mice of CD146 results in inhibition of tumor growth.

Impairment of tumor angiogenesis in CD146EC-KO

mice

To investigate whether impaired tumor growth in CD146EC-KO

mice was a consequence of impaired host angiogenesis, we
compared tumor vessel density in tumor sections from
CD146EC-KO mice and WT mice. Immunofluorescence ana-
lysis with antibody targeting endothelial cell marker CD31
revealed that tumor sections in CD146EC-KO mice displayed
decreased vascular density compared with those in WT mice
(Fig. 4A). The endothelial-specific deletion of CD146 in
CD146EC-KO mice was further confirmed in tumor sections
(Fig. S2). Furthermore, to quantitate the overall degree of
vascular density in tumor sections, vessels with CD31-
positive staining were counted. As shown in Fig. 4B, vas-
cular density in the CD146EC-KO mice was significantly
decreased in B16F10 tumors (9.9 ± 2.2 versus 4.5 ± 1.3

A B

Profound vessel

WT CD146EC-KO

Superficial vessel

WT CD146EC-KO

Figure 2. Normal development of retinal vasculature in

CD146EC-KO mice. Fluorescein isothiocyanate-dextran-per-

fused retinas isolated from WT and CD146EC-KO mice, super-

ficial radial vessels (A) and profound vessels (B). Scale bar,

100 μm. n = 3 mice in each group.

Figure 3. Impaired tumor growth in CD146EC-KO mice. B16F10 melanoma or MCA 205 fibrosarcoma were injected into CD146EC-KO

and WTmice. Tumor volume was monitored every 48 h. (A) Representative tumors in CD146EC-KO and WTmice on the day when all the

animals were sacrificed (16th day for B16F10 and 24th day for MCA 205 after injection). (B) Growth curve of tumors in CD146EC-KO and

WT mice. (*, P < 0.05 versus WT, n = 9 mice for melanoma injection, n = 10 mice for fibrosarcoma injection in each group).
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microvessels per field, P < 0.05) and MCA 205 tumors
(18.7 ± 3.8 versus 11.6 ± 3.3 microvessels per field,
P < 0.05). Thus, impaired tumor growth correlated with
decreased vascular formation in CD146EC-KO mice, sug-
gesting that decreased vascular formation resulted in the
impaired tumor growth in CD146EC-KO mice.

Reduced VEGF-induced ECs sprouting in aortic ring
of CD146EC-KO mice

To investigate further how angiogenesis functions in
CD146EC-KO mice, we performed an aortic ring assay. Since
VEGF is the most prominent factor amongst the angiogenic
factors many tumors secrete to promote new blood vessel
formation (Grothey and Galanis, 2009), it was used as a
stimulatory ligand in this model. As shown in Fig. 5, the aortic
ring cultures isolated from CD146EC-KO mice exhibited sig-
nificantly reduced endothelial cell sprouting when compared
to WT samples (P < 0.05). More interestingly, while the
number of microvessels sprouting from the WT aortic ring
cultures increased significantly in response to VEGF treat-
ment, the number of microvessels sprouting in CD146EC-KO

mice remained unchanged. Together, these data support a
critical role for CD146 in endothelial function and in

angiogenesis, and suggest that VEGF-induced endothelial
cell sprouting is inhibited in the absence of CD146.

Reduced VEGF-induced migration and tube
formation in ECs of CD146EC-KO mice

The results from the in vivo tumor model and in vitro aortic
ring model indicate that the loss of endothelial CD146
function leads to an inhibition of tumor angiogenesis. To
further investigate this, we isolated liver ECs from WT and
CD146EC-KO mice and compared their capabilities of migra-
tion and tube formation in vitro. We first observed that ECs
isolated from these two groups of mice showed no differ-
ences in morphology (Fig. S3). Cells were also verified to be
of endothelial identity by FACS analysis and Western blot, as
shown in Fig. 6A–C. While ECs isolated from WT mice dis-
played a CD31+/CD146+ or Tek+/CD146+ double positive
phenotype, ECs from CD146EC-KO mice showed a CD31+/
CD146- or Tek+/CD146- single positive phenotype, verifying
complete endothelial deletion of CD146 in these mice. In
addition, mRNA level of other adhesion molecules, including
JAM, PECAM-1, ICAM and VCAM remained unchanged
(Fig. S4). Furthermore, we found that significantly fewer

Figure 4. Decreased tumor angiogenesis in CD146EC-KO

mice. (A) Representative microvessels of tumor sections in WT

and CD146EC-KO mice. Microvascular morphology as identified

by fluorescence microscopy of tumor sections stained with an

anti-CD31 antibody (red) and counterstained with DAPI (blue).

Scale bar, 100 μm. (B) Microvessel counts in B16F10 and MCA

205 tumor sections from WT and CD146EC-KO mice. The graph

represents the average vessel number in three random (100×)

fields of tumor section. Each tumor section was taken from the

tumor edge of each mice. n = 6 mice in each group. (*, P < 0.05

versus WT).

Figure 5. Reduction in VEGF-induced EC sprouting in

aortic rings of CD146EC-KO mice. (A) Representative

micrographs of WT and CD146EC-KO aortic ring microves-

sels without or with VEGF (50 ng/mL) treatment. (B) Micro-

vessel numbers were counted from WT and CD146EC-KO

aortic rings without or with VEGF (50 ng/mL) treatment.

n = 3 mice per genotype; *, P < 0.05, NS., no significant

differences, P > 0.05.
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single cells migrated through the filter, and less of the tube-
like network was formed on Matrigel for CD146-null ECs
when compared with wild-type ECs. Importantly, the ability of
CD146-null ECs for migration and tube formation was also
significantly impaired in response to VEGF (Fig. 6D and 6E),
suggesting that VEGF-induced endothelial activation is
dependent on the presence of CD146. These observations
were consistent with our previous finding that the disruption
of CD146 function via targeting antibodies or siRNAs inhibits
VEGF-induced cell migration and tube formation in human
umbilical vein endothelial cells, HUVECs (Jiang et al., 2012).

Inhibition of VEGF-mediated signal transduction
in CD146-null ECs

Mounting evidences indicate that there is a functional rela-
tionship between CD146 and VEGF (Jiang et al., 2012), we
therefore focused on investigating whether the VEGF/VEG-
FR-2 signaling pathway was compromised in CD146-null
ECs. As shown in Fig. 7, we observed that in wild-type ECs,
VEGF-induced VEGFR-2 phosphorylation normally, as well
as the p38/IKK/NF-κB signaling cascade, and Akt phos-
phorylation. In contrast, VEGF-induced activation signaling
was significantly abrogated in CD146-null ECs. Interestingly,
VEGF-induced ERK activation was not affected by the
absence of CD146 (Fig. 7E). These data suggest that
CD146 may play an important role in the Akt and p38/IKK/
NF-κB pathways induced by VEGF, whilst other VEGF
pathways appear to function in a CD146-independent man-
ner. These observations were consistent with our previous
finding that disruption of CD146 inhibits VEGF pathway in
HUVECs (Jiang et al., 2012), providing an important clue for
elucidating the precise molecular mechanisms responsible
for the impairment of endothelial function, as well as dis-
ruption in tumor angiogenesis observed in CD146EC-KO

mice.

DISCUSSION

In this report, endothelial-specific CD146 knockout mice
(CD146EC-KO mice) were generated via Cre/LoxP system
and studies were performed on these mice to investigate in
detail the involvement of CD146 during in vivo angiogenesis.
These mice were viable, with no apparent morphological
defects. However, CD146EC-KO adult mice exhibited defec-
tive tumor angiogenesis, resulting in significantly delayed
tumor growth. In confirmation, isolated ECs lacking CD146
performed poorly in spouting, migration and tube formation
assays when compared to WT cells. When investigating the
possible underlying mechanisms for the observed impair-
ments, we found that VEGF-induced p38 signaling was
greatly inhibited in ECs of CD146EC-KO mice. Taken together,
our data present here indicate the important role of endo-
thelial CD146 in the process of in vivo blood vessel forma-
tion, and reveal that CD146 is critically involved in

pathological angiogenesis via functional cooperation with the
VEGF/VEGFR-2 pathway.

CD146 was previously found to be highly expressed in the
endothelium (Shih, 1999), and subsequent studies estab-
lished its role during in vivo angiogenesis, by finding that an
anti-CD146 antibody, AA98, could inhibit tumor angiogenesis
in xenografted mice (Yan et al., 2003). Generation of endo-
thelial CD146 knockout mice here enabled us to systemically
study the role of CD146 in angiogenesis in vivo. These
endothelial-specific CD146-deficient mice exhibited normal
development, suggesting that CD146 is dispensable for
vasculogenesis in the process of embryogenesis; these
animals had the ability to reproduce, which also suggests that
CD146 does not play an essential role during physiological
angiogenesis in adult mice, such as the adult female repro-
ductive cycle. However, two previous studies established a
role of CD146 in vascular development in zebrafish, by
demonstrating that the suppression of CD146 affected vas-
cular lumen formation of intersomitic vessels (Chan et al.,
2005), and also angiogenic sprouting of intersegmental
vessels (So et al., 2010), which is in apparent contradiction
with our mouse studies. However, these two studies differ in
two important ways from ours presented here. Firstly, their
study on the role of CD146 in zebrafish was performed by
way of anti-CD146 morpholino transient transfection, which
abolished the expression of CD146 in all kinds of cells. In
contrast, our targeted disruption of CD146 in mice was
focused on Tek-positive cells, mainly including ECs and
pericytes (Armulik et al., 2005). Secondly, embryogenesis is
a more complex process in mice than that in zebrafish. A
variety of endothelial cell adhesion molecules share certain
functions with CD146 in angiogenic processes, such as JAM
(Dejana et al., 2001), PECAM-1 (Graesser et al., 2002;
Gratzinger et al., 2003) and ESAM (Hirata et al., 2001). All of
these adhesion molecules might play overlapping roles with
CD146, and could thus be able to compensate for its deletion
in vivo during mouse embryogenesis, resulting in normal
physiological angiogenesis in CD146EC-KO mice. In contrast,
CD146EC-KO adult mice exhibited defective tumor angiogen-
esis and delayed tumor growth, suggesting its role in patho-
logical angiogenic processes. When investigating the
possible underlying mechanisms, we found that the migration
and tube formation activities of CD146 knockout ECs were
impaired, which may have led to impaired ECs function in
CD146EC-KO mice resulted in defective tumor angiogenesis.
Besides, there might be two other potential mechanisms.
Firstly, as revealed by a recent study, endothelial CD146
plays an important role in lymphocytes infiltration (Duan et al.,
2013), thus the altered lymphocytes infiltration and cytokines
expression in the tumor environment of CD146EC-KO mice
might have affected tumor angiogenesis. Secondly, since
CD146 is expressed on the pericytes (Li et al., 2003; Crisan
et al., 2009) and has also been deleted in CD146EC-KO mice
(Data not shown), CD146-null pericytes might have contrib-
uted to defective tumor angiogenesis.
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The exact signaling mechanisms underlying CD146
function in angiogenesis has been the subject of several
studies. Anfosso et al. originally reported that the engage-
ment of CD146 in HUVECs led to the association with
tyrosine kinase FYN, followed by the phosphorylation of FAK
and paxillin, suggesting that CD146 acts as a membrane
receptor to participate in outside-in signaling (Anfosso et al.,
1998; Anfosso et al., 2001). Our previous observations
demonstrated that CD146 is essential for the activation of
the p38/IKK/NF-κB signaling pathway in HUVECs (Bu et al.,
2006; Zheng et al., 2009). A following study showed that
VEGF mediates CD146 dimerization and downstream

signaling in a NOX4-dependent manner (Zhuang et al.,
2010), which aroused our interest on the association
between CD146 and VEGF pathway and finally led to the
important finding that CD146 is a co-receptor of VEGFR-2 in
tumor angiogenesis. The data we presented here is a strong
confirmation of this finding, revealing that CD146 enhances
pathological tumor angiogenesis through mediating VEGF
pathway. One interesting phenomenon we observed that
VEGF-induced p38 and AKT activations were significantly
inhibited in isolated ECs lacking CD146, while ERK activa-
tion was not affected. It has been reported that intracellular
propagations of different VEGFR2 signaling translate into

Figure 6. Reduced VEGF-induced migration and tube formation in CD146-null ECs. (A) FACS analysis of Tek and CD146

expression in ECs isolated from WTand CD146EC-KO mice. (B) FACS analysis of CD31 and CD146 expression in ECs isolated from

WTand CD146EC-KO mice. (C) Western blot analysis of CD31 and CD146 expression in ECs isolated from WTand CD146EC-KO mice.

GAPDH were used as control. (D) Migration assay of ECs isolated from WTand CD146EC-KO mice without or with VEGF (50 ng/mL)

treatment. (E) Tube formation assay of ECs isolated from WT and CD146EC-KO mice without or with VEGF (50 ng/mL) treatment. *,

P < 0.05, NS., no significant differences, P > 0.05.
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diverse endothelial functions (Koch et al., 2011). For
instance, the phosphorylated tyrosine pY1214 of VEGFR2
allows recruitment of NCK and FYN as well as eventually
activation of p38 MAPK pathway, which is important for EC
migration (Lamalice et al., 2006), while VEGF/VEGFR2-
induced activation of the RAS/RAF/ERK/MAPK pathway is
responsible for EC proliferation (Meadows et al., 2001;
Zachary, 2001). Therefore, our observation gave clues about
investigating a specific role for CD146 in VEGFR2 biology

via the dissection out of specific VEGF-induced pathways in
which it is involved. For example, our in vitro assay on iso-
lated ECs showed impaired EC migration in the absence of
CD146, providing strong evidences for the specific involve-
ment of CD146 in EC migration and p38 MAPK pathway, and
we hypothesized that FYN would be a linker between them.
Meanwhile, the unaffected ERK pathway suggests that
CD146 does not participate in ECs proliferation. Further
investigations into the molecular details are warranted.

Figure 7. Inhibition of VEGF-mediated signal transduction in CD146-null ECs. (A) Phosphorylation of VEGFR-2 upon VEGF

stimulation (50 ng/mL, 10 min) was determined in ECs fromWTand CD146EC-KO mice. (B) Activation of p38 induced by VEGF (50 ng/mL,

30 min) was measured in ECs from WTand CD146EC-KO mice. (C) Degradation of I-κB and activation of NF-κB p65 induced by VEGF

(50 ng/mL, 7 h) were determined in ECs from WTand CD146EC-KO mice. (D and E) AKTand ERK activation induced by VEGF (50 ng/

mL, 30 min) were measured in ECs isolated from WTand CD146EC-KO mice. All Western blots were quantified by measuring the band

density. Bar graphs (mean ± SD) present normalized values from at least 3 independent experiments. ***, P < 0.001, **, P < 0.01, *,

P < 0.05, NS., no significant differences, P > 0.05.
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Together with findings from previous reports describing
the effects of antibody inhibition of CD146, this study also
raises the possibility of CD146 as a potential target for
cancer therapy. Firstly, since CD146 has also been identified
as a novel molecule for inducing epithelial-mesenchymal
transition (EMT) in tumor progression (Imbert et al., 2012; Liu
et al., 2012; Zeng et al., 2012), not only does the absence or
inhibition of CD146 function block tumor growth and angio-
genesis; it is also likely to suppress tumor metastasis. Sec-
ondly, anti-CD146 therapy is likely to be well tolerated, since
endothelial deletion of CD146 in mice does not affect some
forms of physiological angiogenesis, and deleterious effects
have not been observed in mice following anti-CD146 anti-
body treatment (Yan et al., 2003; Jiang et al., 2012). Last but
most importantly, anti-CD146 therapy could present a
promising approach to combine with existing strategies tar-
geting VEGF pathway to inhibit tumor angiogenesis. Since
many cancers activate VEGF-A expression and the great
importance of VEGF in neovascularization has been
emphasized, strategies to inactivate VEGF/VEGFR signal-
ing have led to significant suppression of tumor angiogene-
sis and tumor growth (Ferrara and Alitalo, 1999; Brekken
et al., 2000), including the anti-VEGF-A mAb bevacizumab
(Ferrara et al., 2004), as well as two small molecule tyrosine
kinase inhibitors (TKIs) sorafenib and sunitinib (Chung et al.,
2010). However, it has been reported recently that a small
percentage of patients acquired tolerance to these drugs,
possibly due to the complexity of tumor angiogenic signaling
(Van Cutsem et al., 2011). Our data reveal that the activation
of VEGF/VEGFR is significantly impaired in the absence of
CD146, suggesting that anti-VEGF and anti-CD146 adjunct
therapies would have a cumulative effect on inhibiting tumor
angiogenesis. Our observations described here and our
previous studies have verified this hypothesis, and further
studies should shed more light on the precise mechanisms
involved in tumor angiogenesis.

MATERIALS AND METHODS

Antibodies and reagents

The rabbit anti-CD146 polyclonal antibody and mouse anti-CD146

monoclonal antibody AA1 and AA4 were generated in our laboratory

(Zhang et al., 2008). Rat anti-mouse CD146 (clone ME-9F1) was

purchased from BD Biosciences. Anti-mouse Tek-PE and anti-

mouse CD31-APC antibodies were purchased from Tianjin Sungene

Biotech Co., Ltd. Antibodies specific for phospho-p38 MAPK, p38

MAPK, phospho-NF-κB p65 (Ser536), phospho-ERK, ERK, AKT,

were purchased from Cell Signaling Technology. Antibodies specific

for I-κB were from Beijing Zhong Shan-Golden Bridge Biological

Technology CO., LTD. Antibodies against phosphor-VEGFR-2 (Tyr

1214) and phospho-AKT (Ser 473) were purchased from Signalway

Antibody. Antibodies specific for CD31 and GAPDH were purchased

from Abcam. HRP-conjugated goat anti-mouse or rabbit IgG were

purchased from GE Healthcare. Enhanced chemiluminescence

assay kits were purchased from Pierce. Biotin-conjugated

secondary antibodies and HRP-conjugated streptavidin were pur-

chased from Dianova. Goat serum and the DAB substrate system

were purchased from Santa Cruz Biotechnology. DAPI was pur-

chased from Roche. Fluorescein isothiocyanate-dextran was pur-

chased from Sigma. Growth factor-reduced Matrigel and

collagenase were purchased from BD Biosciences. VEGF-A was

purchased from Upstate Biotechnology.

Generation of endothelial cell-specific CD146 knockout mice

This study was approved by the Biomedical Research Ethics

Committee of the Institute of Biophysics, Chinese Academy of Sci-

ences (Beijing, China), and all animal experiments were performed

in compliance with the guidelines for the care and use of laboratory

animals of the institute.

The conditional CD146 knockout mice (CD146floxed/floxed mice)

were generated in Model Animal Research Center of Nanjing Uni-

versity. Briefly, a 9 kb mouse DNA containing the CD146 gene was

cloned into the pL253 vector. A LoxP site (3′loxp) was cloned

upstream of the promoter, and the frt-Neo-frt-loxp cassette was

cloned downstream of exon 1 (Fig. 1A). The linearized targeting

vector was transfected into 129S6/SvEvTac-derived W4 embryonic

stem (ES) cells by electroporation. The correctly targeted embryonic

stem cell clones were injected into C57Bl/6 blastocysts to generate

chimeric animals. Five chimeric male mice were obtained and bred

to C57Bl/6 females (Jackson Laboratories) to obtain heterozygous

pups. Heterozygous mice (CD146floxed/+) were backcrossed to

C57Bl/6 for at least 5 generations before homozygous animals

(CD146floxed/floxed) were generated.

To further generate endothelial-specific CD146 knockout mice

(CD146EC-KO mice), CD146floxed/floxed mice were further bred to

Tek+/Cre mice (Strain Name: B6.Cg-Tg(Tek-cre)12Flv/J, The Jackson

Laboratory), which specifically expressed Cre recombinase in ECs.

The Mating schematic is shown in Fig. 1B. Briefly, CD146floxed/floxed

mice crossed with Tek+/Cre mice generate Tek+/CreCD146floxed/+

mice. These mice were subsequently backcrossed with CD146floxed/

floxed mice to generate endothelial-specific CD146 knockout (Tek+/Cre

CD146floxed/floxed) and control (Tek+/+ CD146floxed/floxed) mice.

Tek+/CreCD146floxed/floxed mice (CD146EC-KO mice) were viable,

and these mice were further cross-bred with Tek+/+CD146floxed/floxed

mice, resulting in 50 % Tek+/Cre CD146floxed/floxed mice (CD146EC-KO

mice) and 50 % Tek+/+CD146floxed/floxed mice (WT mice). Genotyping

of knockout animals was performed by PCR analysis with tail DNA

according to a standard protocol (Fig. 1C).

Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized and hydra-

ted. Endogenous peroxidase activity was quenched by incubation

for 30 min with 0.3% H2O2 in methanol at 37°C. After washing with

PBS, the tissue sections were boiled for 30 min in 10 mmol/L citrate

buffer (pH 6.0) at 100°C. Once cooled down to room temperature,

tissue sections were blocked for 1 h with 5% normal goat serum in

PBS at 37°C, and then incubated overnight with rat anti-mouse

CD146 antibody (Clone 9F1) or CD31 antibody at 4°C. After three

washes in PBS for 5 min, tissue sections were incubated with biotin-

conjugated secondary antibodies (1:1000 diluted) at 37°C for 1 h.

After washing in PBS for 3 times, tissue sections were then
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incubated with HRP-conjugated streptavidin (1:1000 diluted) at 37°C

for 45 min. Freshly prepared DAB was added for color development.

All tissue sections were counterstained with haematoxylin. Finally,

the stained tissue sections were analyzed under an OLYMPUS

BX51 microscope.

Retinal fluorescein angiogram

Mice were anesthetized, followed by exposure of the thoracic cavity.

1 mL PBS containing 25 mg of fluorescein isothiocyanate-dextran

dye was injected into the left ventricular of the mice. Subsequently,

eyes were removed and fixed in 4% paraformaldehyde for 3 h.

Finally, the retina was peeled off and mounted on a glass slide.

Fluorescent micrographs were taken with a confocal laser scanning

microscope (FV-1000, Olympus).

In vivo tumor model

Two tumor cell lines B16F10 melanoma and MCA 205 fibrosarcoma

were used as in vivo tumor growth models. CD146EC-KO mice that

were 2–3 months, and both sex- and age-matched WT mice were

used in this study. 1 × 106 tumor cells in 100 μL of PBS were injected

subcutaneously into the mice. Every other day, tumor volume was

measured with calipers and calculated based on the formula

(length × width × height). When the tumor volume reached about

1,500 mm3, all the mice were sacrificed and tumor tissues were

peeled off for further analysis.

Aortic ring assay

Mouse aortic ring assays were performed essentially as described

previously (Baker et al., 2012). 1-mm thoracic aortic rings were

placed in 50 μL growth factor-reduced Matrigel, and then overlaid

with 100 μL of Opti-MEM with or without VEGF (50 ng/mL). Micro-

vessel outgrowth was visualized by an inverted microscope (Eclipse

model TS100; Nikon) with a CCD color camera (Model KP-D20AU;

Hitachi) and the number of vessels growing from each aortic ring

was counted at day 7 using Image Pro Plus software.

Isolation of ECs from WT and CD146EC-KO mice

Sex- and age-matched CD146EC-KO and WT mice were anesthe-

tized, followed by exposure of the abdominal cavity. 30 mL of PBS

was injected via the hepatic portal vein to flush the blood cells in the

liver. Subsequently, 20 mL of collagenase (100 μg/mL dissolved in

D-hanks buffer) were injected. The livers were subsequently

removed, cut into pieces and then incubated with 2 mL of collage-

nase at 37°C for 10 min. 5 mL of DMEM medium containing 2% FBS

was added and gently agitated for a few seconds. The resulting

tissue/cell suspension was filtered through a 100 μm strainer (REF

352360, BD Biosciences). The filtered cell suspension was centri-

fuged for 1 min at 300 rpm, the supernatant was then centrifuged for

5 min at 500 rpm. Subsequently, the supernatant was centrifuged for

7 min at 2000 rpm. After removal of the supernatant, the cell pellet

was washed once with DMEM and then resuspended in 12 mL of

complete DMEM and plated into a gelatin-coated 6-well plate. The

following day, the medium was exchanged with fresh complete

DMEM, and the cells were cultured for an additional 1–2 days.

FACS analysis

Isolated ECs from WT and CD146EC-KO mice were trypsinized,

washed with PBS, and then incubated with PE-conjugated AA1 and

APC-conjugated CD31 antibody or APC-conjugated AA1 and PE-

conjugated Tek for 45 min at 4°C. Cells were then washed three

times with PBS, before analysis using a Becton Dickinson FACS

Calibur flow cytometer.

Western blot

Cell lysates of isolated ECs from WTand CD146EC-KO mice were run

on a 10% SDS-polyacrylamide gel and then transferred to a nitro-

cellulose membrane. Subsequently, nitrocellulose membranes were

blocked for 60 min with 5% non-fat milk in PBS at room temperature,

and then incubated over night with the primary antibodies at 4°C,

followed by incubation with goat anti-mouse or anti-rabbit IgG con-

jugated to HRP for 45 min at room temperature. Enhanced chemi-

luminescence (Pierce) was used to detect the presence of specific

immunoreactive proteins. The bands were quantified by Quantity

One software.

Cell migration assay

ECs isolated from WT and CD146EC-KO mice were trypsinized,

washed and then resuspended in fresh serum-free DMEM medium

and counted. 1.2 × 104 cells were resuspended in serum-free

medium into the upper chamber of each well (96-well inserts, 8 μm,

Corning), and treated with or without VEGF (50 ng/mL). Lower

chambers contained fresh medium containing 10% fetal bovine

serum serving as chemoattractant. After overnight incubation at

37°C, cells at the upper surface of the membrane were removed

using a swab, and cells at the lower surface of the membrane were

fixed with 4% paraformaldehyde at room temperature for 15 min,

and subsequently stained for 15 min at room temperature with

Crystal Violet. Finally, to remove any unincorporated Crystal Violet,

cells were washed with water. Pictures were taken using an

OLYMPUS BX51 microscope. Cells migrating through the filter were

counted using Image J software.

Tube formation

96-well plates were coated with 50 μL growth factor-reduced Matri-

gel. The isolated ECs from WT and CD146EC-KO mice were tryp-

sinized, washed, resuspended in fresh serum-free DMEM medium

and counted. 2 × 104 cells were cultured on the Matrigel and treated

with or without VEGF (50 ng/mL) and incubated overnight at 37°C.

Tube formation was analyzed with an inverted microscope (Eclipse

model TS100; Nikon) with a CCD color camera (Model KP-D20AU;

Hitachi) and the tube length was measured using Image Pro Plus

software.

Activation of VEGFR-2 signaling pathway

Isolated ECs from WT and CD146EC-KO mice were starved with

DMEM medium for 24 h and then induced with VEGF (50 ng/mL) at

37°C for 10 min, 30 min or 7 h for analysis of the activation of

VEGFR-2, p38/AKT/ERK and NF-KB, respectively. Cells were then

washed with PBS, lysed in RIPA lysis buffer (150 mmol/L NaCl,
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1 mmol/L EDTA, 50 mmol/L Tris, pH 8.0, 10% glycerol, 1% NP-40,

1 mmol/L phenylmethylsulfonyl fluoride (PMSF), and 25 μg/mL

aprotinin), prior to analysis of activation of the relevant signaling

pathways by Western blotting, as described above.

Statistical analysis

All values are representative of experiments performed in triplicate.

Quantitative Data are expressed as mean ± SD. Statistical differ-

ences were determined by unpaired Student’s t tests. The statistical

differences of the tumor model were determined by paired Student’s

t tests. The criterion for statistical significance was defined as

P < 0.05.
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