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a b s t r a c t

Tumor angiogenesis, induced by tumor-secreted pro-angiogenic factors, is an essential process for cancer
development and metastasis. CD146 is identified as an endothelial cell adhesion molecule and implicated
in blood vessel formation, however, its exact role in angiogenesis, particularly tumor angiogenesis, and
its potential function of mediating downstream signaling are still unclear. In present study, we evidenced
that silencing endogenous endothelial CD146 by RNAi significantly impaired hepatocarcinoma cell
secretions-promoted tubular morphogenesis and -enhanced motility of endothelial cells. Biochemical
studies revealed that CD146 was required for the activation of p38/IKK/NF�B signaling cascade and
up-regulation of NF�B downstream pro-angiogenic genes, notably IL-8, ICAM-1 and MMP9, in response
to tumor secretions. Interestingly, specific anti-CD146 mAb AA98, which bound a conformational epitope
depending on C452–C499 disulfide bond, could abrogate NF�B activation and tumor angiogenesis,
whereas another anti-CD146 mAb AA1 recognizing a linear epitope containing aa50–54 did not have

such effects. Further structure–function analysis identified that C452–C499 disulfide bond within the
fifth extracellular Ig domain was indispensible for CD146-mediated signaling and tube formation.
Moreover, dimerization of CD146, which was enhanced by tumor secretions and suppressed by AA98 but
not AA1, also relied on C452 and C499. Together, this study for the first time uncovered the pro-angiogenic
role of CD146 and also pinpointed the key structural basis responsible for its signaling function and

ngs a
al re
dimerization. These findi
but also a membrane sign

. Introduction

Tumor angiogenesis, the proliferation of a network of blood
essels in tumor microenvironment that penetrates into cancerous
rowth, provides oxygen and nutrients and removes wastes for
yperproliferated cancer cells. Thus, it is an early and crucial
tep for the development and metastasis of solid tumor. Previ-
us studies evidenced that most cancer cells secrete a variety
f pro-angiogenic cytokines and chemokines, such as fibroblast
rowth factors, vascular endothelial growth factors, IL-1, IL-6,
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

L-8 and stromal cell-derived factor 1, which induce the survival,
roliferation and migration of endothelial cells and eventually
romote tumor angiogenesis.

∗ Corresponding author at: No. 15 Datun Road, Chaoyang District, Beijing 100101,
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E-mail address: yanxy@sun5.ibp.ac.cn (X. Yan).

357-2725/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.biocel.2009.03.014
lso suggested that CD146 might serve as not just a cell adhesion molecule
ceptor in tumor-induced angiogenesis.

© 2009 Elsevier Ltd. All rights reserved.

Pro-inflammatory cytokines, such as TNF-� and IL-1�, pro-
duced by cancer cells and infiltrated immune cells in tumor, were
found to activate NF�B in endothelial cells (Bowie et al., 1996) and
promote angiogenesis (Leibovich et al., 1987; Voronov et al., 2003).
Activated NF�B, composed of two principal subunits, p65 and
p50, were released from the association with inhibitory subunit
I�B and translocated into nucleus to modulate the expression of
downstream genes (Barnes and Karin, 1997). NF�B activates the
transcription of pro-angiogenic factors, such as IL-8, IL-6, MCP-1
and VEGF, and endothelial cell adhesion molecules, such as ICAM-
1, VCAM-1 and E-selectin as well as matrix metalloproteinases,
MMPs, which play as important effectors in endothelium activa-
tion (Blackwell and Christman, 1997; Monaco and Paleolog, 2004;
Roebuck, 1999; St-Pierre et al., 2004). In the other hand, Miyake
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

et al. (2006) reported that NF�B decoy oligodeoxynucleotides
significantly inhibited neointimal hyperplasia in rabbit vein graft
model, supporting the promotive role of NF�B in blood vessel
formation. In addition, studies evidenced that oxidative stress and
hypoxia, often observed in tumor microenvironment, also induced

dx.doi.org/10.1016/j.biocel.2009.03.014
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:yanxy@sun5.ibp.ac.cn
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he activation of endothelial NF�B and expressions of chemokines
nd antioxidant proteins, including NOS, COX-2 and MnSOD, which
nhanced local endothelial stability and mortality (Shono et al.,
996; Murley et al., 2001; Naidu et al., 2003; Zhen et al., 2008).
herefore, NF�B plays a critical role in activating endothelial cells
uring tumor angiogenesis.

CD146 was originally cloned from human melanoma cells as a
elanoma specific cell adhesion molecule (Johnson et al., 1993)

nd then identified to be expressed on circulating endothelial cells
Bardin et al., 1996). The extracellular region of CD146 contains a
haracteristic V-V-C2-C2-C2 immunoglobulin-like domain struc-
ure. Within each domain a pair of cysteines theoretically forms
disulfide bond to support the protein structure. The acts of CD146
s an adhesion molecule in enhancing cell adhesion and migration
ere studied in both melanoma and endothelial cells (Xie et al.,

997; Guezguez et al., 2007; Kang et al., 2006), whereas its role
n mediating signal transduction is not clear. Although Anfosso
t al.’s studies found that CD146 cross-linking by a monoclonal
ntibody (mAb), named S-endo1, triggered the phosphorylation
f FAK through association with Fyn (Anfosso et al., 1998, 2001),
hese artificial engagements of CD146 might not reflect its physi-
logical function. Moreover, the signaling of Fyn/FAK/paxilin they
stablished mainly mediated cytoskeleton rearrangement and cell
dhesion, indicating additional pathway might exist for some other
unctions of CD146, such as mediating angiogenesis.

Our previous studies showed that a novel therapeutic anti-
D146 mAb, namely AA98, significantly inhibited tumor angiogen-
sis possibly through inhibiting endothelial NF�B activation (Yan et
l., 2003; Bu et al., 2006). However, the exact role of CD146 in angio-
enesis is unknown and the direct evidence linking CD146 to the
ctivation of NF�B signaling is still missing. Furthermore, we previ-
usly observed the dimerization of CD146 in living cells using FRET
ethod and found that its dimerization was inducible and regu-

atable under certain circumstances (Bu et al., 2007). Nevertheless,
he potential role of dimerization in mediating signal transduction
s unclear; also, the structural basis of CD146 dimerization has never
een investigated.

In this study, we aimed to clarify the function of CD146 in tumor-
nduced angiogenesis and elucidate its downstream signaling by
timulating human endothelial cells with tumor secretions and
ilencing the endogenous CD146 expression by specific siRNA.

. Materials and methods

.1. Antibodies and reagents

All reagents and chemicals were purchased from Sigma (St.
ouis, MO), and cell culture mediums were from Gibco (Grand
sland, NY). The following antibodies were used in this study:
nti-human NF�B p65, NF�B p50 (Upstate, Millipore Corpora-
ion, Billerica, MA), I�B�, phosphor-p38 MAPK�, Histone H1, Actin
Santa Cruz Biotech, Santa Cruz, CA), p38 MAPK�, IKK�, IKK�,
hosphor-IKK�(Ser180)/IKK�(Ser181), phosphor-I�B� (p-Ser32/36)
Cell Signaling, Danvers, MA). Anti-His-tag, Myc-tag and FLAG-tag
ntibodies, as well as, Horseradish peroxidase (HRP) or fluorescent
eagent conjugated affinity purified secondary antibodies were pur-
hased from Sigma. Mouse anti-human CD146 mAbs, AA98 and
A1, were purified from ascites by protein A-Sepharose. Anti-IL-
� neutralizing antibody was purchased from BD Bioscience (San
ose, CA) and p38 inhibitor SB203580 and PI3K inhibitor LY294002
as purchased from Sigma.
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

.2. Cell culture and transfection

Human melanoma cell A375, hepatocarcinoma SMMC 7721
ell line and Chinese Hamster Ovary (CHO) cells were obtained
 PRESS
emistry & Cell Biology xxx (2009) xxx–xxx

from American Type Culture Collection (Rockville, MD). Primary
human umbilical vein endothelial cells (HUVEC) were prepared
from human umbilical cords as previously described (Jaffe et al.,
1973). CHO cells were cultured in F12 medium containing 10% FCS
and other cells were cultured in DMEM containing 10% FCS. Fugene
HD (Roche) mediated transfection was employed according to the
manufacture’s instruction.

2.3. Plasmid constructs and dsRNA

On the basis of CD146 cDNA provided by Dr. Judith P. John-
son at University of Munich, DNA fragments encoding respectively
CD146 fractions of D1–2, F44–227, F64–227, F84–227, F99–227
and F114–227 were cloned into pET30a expression vector. DNA
fragments encoding respectively fractions of D2–3, D3–4 and
D4–5 were cloned into pET32a. By site-directed mutagenesis,
full-length mutants of CD146 cDNA with respective mutation
at cysteines were generated in vector pcDNA3.1 on the basis
of pcDNA3.1-CD146/wt; and then designated as CD146/C320A,
CD146/C365A, CD146/C407A, CD146/C452A and CD146/C499A.
In addition, three full-length CD146 mutants with targeted
deletion at the region of aa50–59, aa50–54 and aa55–59 respec-
tively were made by standard overlapping PCR, cloned into also
pcDNA3.1 and designated as CD146/�50–59, CD146/�50–54 and
CD146/�55–59.

Double-strand RNA (dsRNA) targeting respectively the CDS:
410–428 of CD146 and the CDS: 1562–1580 of GFP were synthe-
sized by Invitrogen using the following sequences, siRNA-CD146:
forward 5′-CCA GCU CCG CGU CUA CAA AdTdT-3′, reverse 5′-UUU
GUA GAC GCG GAG CUG GdTdT-3′; siRNA-GFP: forward 5′-CUU CAG
CCU CAG CUU GCC GdTdT-3′, Reverse 5′-CGG CAA GCU GAC CCU
GAA GdTdT-3′.

2.4. Tube formation

Tube formation assay was performed as described by Nagata et
al. (2003). Briefly, 24-well culture plates (Costar, Corning Incorpo-
rated) were coated with 200 �l/well of Matrigel (BD Biosciences)
followed by solidification for 30 min at 37 ◦C. Cells transiently
transfected with appropriate dsRNAs or plasmids were suspended
at 5 × 105 ml−1 in complete RPMI 1640 medium or SMMC 7721-
conditional medium. Then 200 �l of this cell suspension was added
into each well and were incubated for 6 h. Appropriate antibodies
or normal IgG (50 �g/ml) were directly added in the cell suspen-
sion when seeding. Tube formation was observed under an inverted
microscope. Images were captured with a CCD color camera (Model,
KP-D20AU, Hitachi, Japan) attached to the microscope and tube
length was measured using the NIH Image J.

2.5. Cell migration assay

Cell migration was assayed using transwells (8 �m pore size;
Corning Costar) coated with type I collagen solution at 100 �g/ml
and blocked with 1% BSA in PBS. Cells under appropriate trans-
fection were suspended in normal complete medium or SMMC
7721-conditional medium and then added to the upper chamber
(5000 cells/well). Lower chambers contained fresh medium with
20%FBS, 10ng/ml human VEGF and bFGF. After incubation for 6 h,
cells remained at the upper surface of the membrane were removed
using a swab, while the cells that migrated to the lower membrane
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

surface were fixed with ethanol and stained with Giemsa solution.
The number of cells migrating through the filter was counted and
plotted as the number of cells per optic field (20×). Either mAb
AA98 or AA1 or mIgG (25 �g/ml) was added to the upper chambers
when cells were seeded.

dx.doi.org/10.1016/j.biocel.2009.03.014
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.6. Western blot

Whole cell extract were prepared by lysing cells in the NP-
0 lysis buffer containing 50 mM Tris–Cl pH 6.8, 150 mM NaCl,
mM EGTA, 1%NP-40 and proteinase inhibitor cocktails (Roche).
or preparing the nuclear extract, cytoplasmic membrane were dis-
upted in [0.5% NP-40, 25 mM Hepes (pH 7.5), 5 mM KCl, 0.5 mM
gCl2, 1 mM DTT and proteinase inhibitors]; then nuclei were

ollected by centrifuging and lysed in [25 mM Hepes (pH 7.5),
0% sucrose, 0.01%NP-40, 350 mM NaCl, 1 mM DTT and proteinase
nhibitors]. Extracts were subjected to electrophoresis and trans-
erred to nitrocellulose membranes (Millipore, Billerica, MA). The

embranes were blocked with 5% nonfat dry milk in TBS with
.1% Tween-20 for 2 h before the appropriate antibody was added
nd continued incubating for another 45 min. HRP conjugated sec-
ndary antibodies and enhanced chemiluminescence detection
Pierce, Rockford, IL) was used to detect the specific immunore-
ctive proteins.

.7. Immunofluorescence

Cells were plated on coverslips, cultured in a six-well plate and
hen subjected to appropriate treatment. Cells were fixed with
cetone:methanol (1:1), blocked with 5% normal goat serum for
0 min at 37 ◦C, and then incubated with anti-p65 or anti-p50 or
BS overnight at 4 ◦C, followed by incubation with Cy3-conjugated
nti-rabbit IgG (Sigma) for 30 min at 37 ◦C. Finally, the coverslips
ere examined with a confocal laser scanning microscope (Olym-
us, Tokyo, Japan).

.8. RT-PCR

1 �g of total RNA isolated by TRIzol reagent was subjected to
DNA synthesis by Superscript III reverse transcriptase (Invitrogen).
he PCR reaction was then performed using 1 �l cDNA and a pair of
rimers specific for each gene. For the semi-quantitative PCR, the
CR products were visualized on a 1.5% agarose gel with EB staining.
or real-time PCR, SYBR green real-time PCR master mix (Toyobo,
saka, Japan) was employed. After denaturizing at 95 ◦C for 60 s, a

wo-step reaction was used in our reaction as the following, step
: 95 ◦C 10 s; step 2: 95 ◦C 5 s, 60 ◦C 50 s, 40 cycles for step 2. Data
ere collected by Rotor-Gene 6000 (Corbett life science, Australia).

.9. Two-tag system and immunoprecipitation

Wild-type CD146 cDNA and different mutants were cloned into
oth pcDNA3.1/myc-his(−)b and p3xFLAG-cmv-14. A pair of wild-
ype or mutated CD146 proteins fused with myc-tag or FLAG-tag
t C-terminus were co-expressed in cells by co-transfecting corre-
ponding plasmids into HUVEC cells. The interaction between myc-
nd FLAG-tagged CD146 wild-type or mutated proteins were then
etermined by immunoprecipitation with anti-FLAG mAb and fol-

owed immunoblot with anti-myc mAb. Briefly, cells co-transfected
ith two kinds of expression plasmids were harvested and lysed
ith RIPA Buffer [50 mM Tris–HCl pH 7.4, 1% NP-40, 0.25% Na-
eoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF,
mM PMSF and proteinase inhibitors]. Soluble fractions were pre-
leared with protein A-agarose and then incubated with anti-FLAG
r normal IgG overnight at 4 ◦C. The immunocomplexes were cap-
ured by protein A-agarose and then subjected to Western blot using
nti-Myc mAb.
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

Dimerization Efficiency was calculated from Western blot
esults. Firstly, the band density of anti-Myc in whole cell lysates
WCL) were measured and normalized by the band density of
nti-FLAG in WCL. The value was then designated as anti-Myc-
CL. Secondly, band density of anti-Myc in anti-FLAG precipitates
 PRESS
emistry & Cell Biology xxx (2009) xxx–xxx 3

was measured and the value was designated as anti-Myc-IP.
Dimerization efficiency was obtained by the following formula:
[dimerization efficiency = anti-Myc-IP/anti-Myc-WCL] and relative
values were calculated by setting the value from the control sample
as 1.

3. Results

3.1. CD146 was required for SMMC 7721-CM-stimulated tubular
morphogenesis

To study tumor-induced angiogenesis, conditional medium from
hepatocarcinoma cells SMMC 7721, designated as SMMC 7721-
CM, was used to stimulate human endothelial cells. We utilized
siRNA duplex specifically against CD146 to silence the expres-
sion of endogenous endothelial CD146 and directly tested the
role of CD146 in tumor secretions-induced angiogenesis. Tube for-
mation assay, the in vitro test for angiogenesis, was employed
to examine the morphology and function of endothelial cells
expressing different levels of CD146 under the treatment of SMMC
7721-CM. HUVECs with different transfections and treatments
were placed on Matrigel for 6 h and results showed that SMMC
7721-CM accelerated and promoted the tube formation. How-
ever, cells with CD146 knockdown could not form capillary-like
tube in response to SMMC 7721-CM and the total tube length
was even lower than the basal level (Fig. 1A and B). Restoring
CD146 levels by co-transfecting CD146 expression plasmids with
siRNA-CD146 could rescue the tubular morphogenesis of HUVECs.
Moreover, migration assays using collagen-coated transwell model
also confirmed that the increased motility of endothelial cells in
response to tumor secretions required CD146 (Fig. 1C). Therefore,
our data indicated that endothelial CD146 played a crucial role
in the pathological angiogenesis stimulated by tumor cell secre-
tions.

3.2. CD146 contributed to the activation of p38/IKK/NF�B
signaling cascade

Since blockage of NF�B expression was showed to efficiently
impair angiogenesis (Miyake et al., 2006); and therapeutic anti-
CD146 mAb, namely AA98, might suppress NF�B activation (Bu
et al., 2006), we then checked whether endothelial CD146 pro-
moted or mediated tumor angiogenesis by contributing to the
activation of NF�B signal pathway. HUVEC cells transfected with
siRNA duplex targeting either CD146 or GFP, were treated with
SMMC 7721-CM. Then the whole cell lysates (WCLs), as well as
the nuclear extracts (NEs) and cytoplasmic fractions (CPs), were
prepared and subjected to Western blot analysis using a panel of
antibodies against NF�B signaling molecules. As shown in Fig. 2A,
the increase of NF�B p65 and p50 in nucleus, the decrease of
I�B� in cytoplasm and the phosphorylation of both IKK and I�B�,
stimulated by SMMC 7721-CM, were remarkably blocked by siRNA-
CD146. Conversely, NF�B signaling pathway was re-activated upon
restoration of CD146 expression (Fig. 2Ai, lane 4). Some of these
changes in protein amounts of signal mediators were quantified
by measuring the band density (Fig. 2Aii). Since MAPK pathway
was found to be upstream of IKK in activating NF�B in endothelial
cells (Ulfhammer et al., 2006), we next measured phosphorylation
of p38, as an indication of p38 activation, in Western blot assay.
Results showed that p38 was activated under the stimulation of
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

SMMC 7721-CM in HUVECs, but this increased activity was abro-
gated by silencing CD146 and restored by further resuming CD146
expression (Fig. 2B). Nevertheless, the activity of another MAPK,
ERK1/2, had been found unchanged regardless of CD146 expression
levels (data not shown).

dx.doi.org/10.1016/j.biocel.2009.03.014
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Fig. 1. CD146 was required for SMMC 7721-CM-promoted tube formation. Conditional medium collected from 80% confluent SMMC 7721 cells was used to stimulate HUVEC
cells transfected with siRNA against CD146 or GFP. CD146-expressing vector, pcDNA3.1-CD146, was co-transfected with siRNA-CD146 to restore the expression of CD146. Cells
under indicated treatment were subjected to tube formation assays (A), results of which were analyzed by calculating the total tube lengths (B). The bar graph represented
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t least three independent tests and presented as the relative total tube length. Cells
ells migrating through the filter was counted. Results from at least three indepen
eld (20×) (C).

Immunofluorescent staining of NF�B p65 and p50 also con-
rmed that the nuclear translocation of NF�B enhanced by SMMC
721-CM was dependent on the expression of CD146; and found
hat p38 was upstream of NF�B activation, because adding a spe-
ific p38 inhibitor SB203580, which repressed the phosphorylation
f p38 (Fig. 2B, lane 5), significantly blocked NF�B nuclear translo-
ation (Fig. 2C). To sum up, evidence indicated that CD146 was
equired for tumor secretions-induced activation of p38/IKK/NF�B
ignaling cascade.

.3. Tumor secretion-induced up-regulation of NF�B target
ro-angiogenic genes required CD146

NF�B was reported to regulate the transcription of a panel of
ro-angiogenic genes, including cytokines, chemokines, cell adhe-
ion molecules, cell mortality-related proteins, as well as matrix
etalloproteinases (Blackwell and Christman, 1997; Monaco and

aleolog, 2004; Roebuck, 1999; St-Pierre et al., 2004). Here, we
ried to identify some NF�B target genes involved in CD146-

ediated angiogenesis using real-time PCR, of which the results
ere shown in Fig. 3 as relative fold increase. The expression

f CD146 was expectedly reduced by siRNA-CD146 and further
esumed by pcDNA3.1-CD146 co-transfection. The mRNA levels
f IL-8, VEGF, ICAM-1 and MMP-9 were up-regulated by SMMC
721-CM and correlated with the level of CD146. Nevertheless, lev-
ls of MMP-2 and PLGF were unchanged and mRNA of VCAM-1
nd iNOS could not be detected, possibly indicating the speci-
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

city of NF�B-driven genes in response to certain stimuli. These
esults implicated that CD146-dependent angiogenesis induced
y tumor secretions could involve increased expression of some
ro-angiogenic genes, including at lease IL-8, VEGF, ICAM-1 and
MP-9.
also subjected to migration assays using collagen-coated transwell system and the
ssays were presented in bar graph as mean ± S.D. of the number of cells per optic

3.4. AA98, not AA1, could inhibit SMMC 7721-CM-induced tube
formation and NF�B activation

To analyze the role of CD146 in promoting tumor angiogene-
sis, we have generated and characterized a panel of monoclonal
antibodies against CD146. Interestingly, among these antibodies,
anti-CD146 mAb AA98 (Yan et al., 2003) and AA1 (Zhang et al.,
2008) have been found to have distinct effects on angiogenesis.
AA98 markedly suppressed tumor secretions-enhanced endothe-
lial tubular morphogenesis and reduced the total tube length,
whereas AA1 had no such effect (Fig. 4A and B). Consistently shown
in the migration assay, increased motility of HUVECs by tumor
secretions was also only suppressed by AA98 but not AA1 (Fig. 4C).
Moreover, AA98 inhibited SMMC 7721-CM-induced NF�B activa-
tion, whereas AA1 was unable to change the amount of either
nuclear NF�B subunits or cytoplasmic I�B� (Fig. 4D). These data
indicated that only AA98 but not AA1 acted as an inhibitory anti-
body to antagonize the function of CD146 in activating NF�B and
promoting angiogenesis. We reasoned that it is likely that these
antibodies, by recognizing different sites of CD146, could differen-
tially modulate the functions of this molecule.

3.5. AA98, not AA1, could interfere with SMMC
7721-CM-enhanced CD146 dimerization

Previously, we have reported the dimerization of CD146 in living
cells using the method of FRET (Bu et al., 2007). We postulated that
dimerization may be related to the role of CD146 in tumor angiogen-
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

esis. To address this question, we developed a two-tag system and
directly assessed the dimerization level by testing the interaction
between two kinds of tagged CD146 with co-immunoprecipitation
(Co-IP). Relative dimerization efficiency was calculated by measur-
ing the band density of Western blot results as described in Section

dx.doi.org/10.1016/j.biocel.2009.03.014


Please cite this article in press as: Zheng C, et al. Endothelial CD146 is required for in vitro tumor-induced angiogenesis: The role of a
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2009), doi:10.1016/j.biocel.2009.03.014

ARTICLE IN PRESSG Model
BC-2984; No. of Pages 10

C. Zheng et al. / The International Journal of Biochemistry & Cell Biology xxx (2009) xxx–xxx 5

Fig. 2. CD146 contributed to p38/IKK/NFkB signaling cascade activation in response to SMMC 7721-CM. The whole cell lysates (WCL), cytoplasmic fraction (CP) and nuclear
extracts from HUVEC cells under indicated treatments were subjected to Western blot analyses using indicated specific antibodies (Ai). The results of Western blot were
quantified by measuring the band density and then normalized with internal controls, such as IKK�/� and Actin. By setting the untreated samples (lane 1) as 1, results of
experimental samples (lanes 2–4) were presented in bar graphs as the mean ± S.D. of relative values from three independent assays (Aii). Cells, co-transfected with siRNA-
CD146 and pcDNA3.1-CD146, were treated with SMMC 7721-CM alone or both of CM and p38 MAPK inhibitor, SB203580 (10 mM). Cells were then lysed for Western blot
assays (B) or immunostaining with specific anti-p65 and anti-p50 antibodies (C).

Fig. 3. Some NF�B-driven pro-angiogenic factors were up-regulated by tumor secretions in a CD146-depedent manner. HUVEC cells under indicated treatments were subjected
to real-time PCR analyses for determining the transcripts levels of CD146, IL-8, VEGF, ICAM-1, MMP-9, MMP-2 and PLGF, using specific primers. The bar graph represented at
least three independent tests and the transcription levels were presented as relative fold increase.

dx.doi.org/10.1016/j.biocel.2009.03.014
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ig. 4. AA98 not AA1 inhibited SMMC 7721-CM-induced tube formation and NF�B
IgG or AA98 or AA1. These cells were used in both tube formation assay (A), of wh

hen the nuclear extracts and cytoplasmic fractions were prepared for Western blo

. For studying the inducibility of dimerization, HUVECs were co-
ransfected with pcDNA3.1-Myc-CD146 and pCMV-3XFLAG-CD146
nd then treated with SMMC 7721-CM and mAb AA98 or AA1. Co-
P and Western blot assay were performed. Results showed that
ecretions from SMMC 7721 markedly enhanced the dimerization
f CD146 and this increased interaction was abrogated by only AA98
ut not AA1 (Fig. 5A and B). Therefore, the evidence that AA98, not
A1, could disturb CD146 dimerization indicated that being dif-

erent from AA1’s epitope, AA98’s epitope, which was structurally
r topologically sheltered upon AA98 binding, might contain some
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
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mino acids essential for the dimerization of CD146 protein.
Together, completely different effects of these two anti-CD146

Abs in both CD146-mediated signaling and dimerization sug-
ested the different positions, roles and even importance of the two
pitopes recognized by AA98 and AA1 respectively. Further identi-

ig. 5. AA98 but not AA1 inhibited CD146 dimerization. Myc-tagged CD146-expressi
o-transfected into HUVECs. Then cells were treated with SMMC 7721-CM or not in the p
recipitated with anti-FLAG or mIgG and the immunoprecipitates were analyzed by Wes
ssays to monitor the transfection efficiency. By measuring the band density, the Dimeri
he value from control sample (lane1) as 1. The bar graph represented the mean ± S.D. of
tion. HUVEC cells, stimulated with SMMC 7721-CM, were treated with 50 �g/ml of
sults were presented as relative total tube lengths (B), and cell migration assay (C).
nalysis (Di) and results were quantified (Dii).

fying them may lead us to discover the functional domain or site
on CD146 protein.

3.6. Identification of fine epitopes of anti-CD146 mAbs, AA98 and
AA1

The extracellular region of CD146 consists of five Ig-like
domains, V-V-C2-C2-C2, corresponding to D1–D5, and each of them
contains a theoretical disulfide bond. Based on our previous data,
we designed and constructed a serial of recombinant fractions and
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

full-length cDNA mutants of CD146, as illustrated in Fig. 6A. It was
found that AA98 could only bind the fraction D4–5, the fused two
IgC2 domains proximal to cell membrane, in non-reducing condi-
tion (Fig. 6B, upper and middle panels), implying that the epitope of
AA98 was possibly disulfide bond-based. Therefore, we constructed

ng pcDNA3.1 vectors and FLAG-tagged CD146-expressing pCMV plasmids were
resence of AA98 (50 �g/ml) or AA1 (50 �g/ml). Whole cell lysates were immuno-

tern blotting (A). Cell lysates without IP (WCL) were also subjected to Western blot
zation Efficiencies were calculated and relative values were determined by setting
relative dimerization efficiency from three independent tests (B).

dx.doi.org/10.1016/j.biocel.2009.03.014
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Fig. 6. Epitope mapping of anti-CD146 mAbs, AA98 and AA1. Schematic maps of different fractions of CD146 extracellular part and full-length CD146 mutants were illustrated
(A). Recombinant fusions of CD146 domains were analyzed by SDS-PAGE and Western blot with AA98 in both reducing and non-reducing conditions. rhCD146 (aa24–552)
served as positive control and 100 mM DL-Dithiothreitol, DTT, was added to create reducing condition (B, upper and middle panels). Expression vectors, encoding cysteine-
mutated full-length CD146 proteins, were transfected into CHO cells. Whole cell lysates were subjected to immunoblot assays with AA98. Polyclonal antibody RACD146 was
u (B, lo
b 146 w
a

fi
t
h
c
t
C
c
f
t
C
d
D
t
T

f
n
F
a
i

sed to monitor the transfection efficiency and CD146/wt served as positive control
y SDS-PAGE and Western blot (C, upper panels). Full-length deletion mutants of CD
ssays (C, lower panels).

ve full-length CD146 mutants, carrying changes at the five cys-
eines respectively, in pcDNA3.1 vector and transfected them into
uman CD146-negative CHO cells. Results of Western blot using
ell extracts showed that only mutating C452 and C499 could make
he binding signal disappear (Fig. 6B, lowest panels). Rabbit anti-
D146 polyclonal antibodies, RACD146, were employed as positive
ontrol. These data indicated that C452 and C499, which should
orm a disulfide bond in D5, were essential for the binding of AA98
o CD146 protein. Importantly, disulfide bonds of C365–C407 and
452–C499 within CD146 protein were not only theoretically pre-
icted but also practically observed when the recombinant CD146
4–5 protein fraction was subjected to trypsin digestion and pro-

eomic analysis under non-reducing conditions (Suppl. Fig. S1 and
able S1).

In order to get a fine epitope of AA1, we expressed recombinant
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

ractions to test which amino acids were essential for AA1’s recog-
ition. As shown in the upper panels of Fig. 6C, only F44–227 but not
64–227 and other fractions could be detected by AA1, suggesting
a44–63 was the region bound by AA1. Further, deleting aa50–54
n full-length CD146 was sufficient for completely impairing the
wer panels). Fractions based on CD146 D1–2 were expressed in E. coli and analyzed
ere expressed in CHO cells and the whole cell extracts were taken to Western blot

binding of AA1 (Fig. 6D, lower panel), while RACD146 worked as
a positive control. Thus, five amino acids in CD146 protein at the
position of aa50–54 were indispensable for its association with AA1.

To sum up, works identified epitopes of two anti-CD146 mAbs,
AA98 and AA1, one is functional for anti-angiogenesis but the other
is not, were a conformational epitope depending on C452–C499
disulfide bond and a linear epitope containing aa50–54 respec-
tively. Full-length CD146 mutant with mutation at C452 or C499
could not be recognized by AA98 and mutant lacking aa50–54 lost
the binding of AA1. These mutants, found to be normally localized
at the cell membrane, were used in the following studies.

3.7. C452 and C499 are essential for CD146-mediated tube
formation and its dimerization
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

After proving the different binding sites of AA98 and AA1 on
CD146, we tested the different roles of AA98 and AA1’s epitopes
in CD146-mediated signaling and tubular formation, as well as
its dimerization. By co-transfecting HUVECs with siRNA-CD146
and various full-length CD146 mutants, we re-established differ-

dx.doi.org/10.1016/j.biocel.2009.03.014
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ig. 7. C452 and C499 were indispensable for CD146-mediated tube formation and
o-transfected with siRNA-CD146 into HUVEC cells which were then treated with S
ube formation assay (B and C).

nt mutants of CD146 in the cells and checked its status with AA1
nd AA98 bindings in Western blot assays (Fig. 7A). The levels of
hosphorylated p38 and I�B� were used to monitor the activa-
ion of CD146-mediated signaling cascades. Results showed that
oth p38 and I�B� could no longer be phosphorylated by SMMC
721-CM treatment when HUVECs expressed CD146/C452A and
D146/C499A (Fig. 7A, lanes 8 and 9), whereas there were no dif-

erence between cells expressing CD146/wt and CD146/�50–54
Fig. 7A, lanes 4 and 9). Also, mutating other cysteines, such as
320, C365 and C407, remained the function of CD146 unchanged in
ediating p38 activation and I�B� phosphorylation. Furthermore,
UVECs expressing CD146/C452A and CD146/C499A could not
ndergo tubular morphogenesis as wild-type and other mutants
id (Fig. 7B and C). Therefore, C452-C499 disulfide bond within
he third IgC2 domain, proximal to cell membrane, were critical
or CD146-mediated in vitro angiogenesis upon tumor secretion
timulation.

Dimerization of these CD146 mutants were tested by the two-
ag system mentioned previously. We constructed the plasmids
xpressing FLAG-tagged or Myc-tagged CD146 mutants, transfected
hem into HUVECs, and measured the dimerization levels. As shown
n Fig. 8, when two kinds of vectors, pcDNA3.1-Myc and pCMV-
XFLAG, were co-transfected into the same cells, CD146/C452A and
D146/C499A could not detectably form a dimer and be detected
y anti-Myc in anti-FLAG immunoprecipitates (Fig. 8A, lanes 9–12).
evertheless, other mutants, including changes at other three cys-

eines and deletion of AA1’s epitope, still had the capability of main-
aining dimerization in quiescence and up-regulating dimerization
n response to tumor secretions as the wild-type CD146 did (Fig. 8B,
anes 1–8 and 13–14). These data implied that C452 and C499 were
ndispensible for protein-protein interaction during the process of
D146 dimerization. Moreover, dimerization between CD146/wt
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
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nd CD146/C452A or CD146/C499A was severely compromised and
he association between CD146/C452A and CD146/C499A cannot
e detected (Fig. 8C and D). It further confirmed the involve-
ent of the C452A–C499A disulfide bond in the dimerization

rocess.
ling. Wild-type or mutated CD146-expressing pcDNA3.1 vectors were respectively
7721-CM. Cells were employed in Western blot using whole cells extracts (A) and

4. Discussion

Although CD146 has been implicated to be up-regulated in blood
capillaries, hematogenous sprouts and tumor vessels (Sers et al.,
1994), the exact role of CD146 in angiogenesis, especially tumor
angiogenesis, is still unclear. In the present study, we stimulated
human endothelial cells with conditional medium from human
liver cancer cells and observed that the promotion of in vitro tubu-
lar morphogenesis of HUVECs required endogenous endothelial
CD146 expression. Further analysis discovered that CD146 was
indispensible for the activation of p38/IKK/NF�B signaling cascade
and subsequent up-regulation of pro-angiogenic genes, including
at least IL-8, VEGF, ICAM-1 and MMP-9, in response to tumor secre-
tions. Therefore, we for the first time uncovered the promotive role
of CD146 in tumor-induced angiogenesis by proving CD146 was
required for activating pro-angiogenic p38/IKK/NF�B signaling and
increasing endothelial motility.

Since the potential ligand of CD146 has still not been identified,
it is mysterious why CD146 is so essential for the activation of
NF�B in endothelium during tumor-induced angiogenesis. NF�B
signaling, as an important drive in pathological endothelial activa-
tion, is mainly induced by pro-inflammatory factors. However, in
our study it was shown that CD146 knockdown influenced neither
TNF-�- nor IL1-�-induced NF�B activation, which indicated that
CD146 was probably not involved in TNFR- and IL1Rs-initiated
NF�B signaling (Fig. S2A). Moreover, SMMC 7721 expressed no
TNF-� and a very low level of IL-1� (Fig. S2B), but neutralizing
IL-1� with antibodies could not discernibly impair SMMC 7721-
CM-induced NF�B activation, indicating IL-1� was not the major
trigger for the signaling (Fig. S2C, lane 3). Moreover, specific PI3K
inhibitor was also unable to repress the NF�B activation requiring
CD146 (Fig. S2C, lane 4), suggesting that CD146 was not engaged in
s required for in vitro tumor-induced angiogenesis: The role of a
009), doi:10.1016/j.biocel.2009.03.014

the possible crosstalk between growth factors-induced PI3K/Akt
pathway and NF�B signaling. As CD146 cannot fit in these known
NF�B-activating pathways, it is possible that by the binding of
the unknown ligand, present in the tumor secretions, CD146
directly mediated the outside-in signaling, which in turn activate

dx.doi.org/10.1016/j.biocel.2009.03.014


ARTICLE IN PRESSG Model
BC-2984; No. of Pages 10

C. Zheng et al. / The International Journal of Biochemistry & Cell Biology xxx (2009) xxx–xxx 9

Fig. 8. C452–C499 disulfide bond was essential for CD146 dimerization. Indicated two kinds of vectors, pcDNA3.1-Myc and pCMV-3XFLAG, containing wild-type or mutated
C 721-C
o lues.
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D146 cDNAs, were co-transfected into HUVEC cells and then treated with SMMC 7
ut (A and C); and the dimerization efficiency were calculated and set as relative va
he results of three independent IP-WB tests (B and D).

38/IKK/NF�B cascade. Thus, a careful analysis of the conditional
edium composition might help identify this potential ligand.
Interestingly, a close correlation between signaling mediation

nd dimerization of CD146 was found in present studies. Secretions
rom SMMC 7721 induced both CD146-dependent NF�B signaling
nd its dimerization, leading to enhanced in vitro angiogenesis; and
hese up-regulations were coincidently abrogated by either adding
nti-CD146 mAb AA98 or disrupting the C452–C499 disulfide bond.
t suggested that CD146 might serve as a membrane signal recep-
or, of which the dimerization or oligmerization triggers the signal
ransduction upon ligand binding. Given these observations, we
ypothesized that the potential ligand binding site of CD146 was
tructurally based on C452–C499 disulfide bond and it was shel-
ered by the binding of AA98. Moreover, this disulfide bond could
lso be the structural basis of how CD146 formed a dimer and how
t initiated downstream signaling.

In recent years, owing to the specific abilities to target
umors, therapeutic monoclonal antibodies have become more
nd more effective and rather promising in clinical cancer treat-
ent. However, among thousands of monoclonal antibodies against
Please cite this article in press as: Zheng C, et al. Endothelial CD146 i
disulfide bond in signaling and dimerization. Int J Biochem Cell Biol (2

umor-associated antigens, the number of functional ones with
umor-suppressing activities is limited, which could be partially
xplained by the distinct epitopes recognized by anti-cancer mAbs.
or example, anti-EGFR mAb Cetuximab was found to interact
xclusively with domain III of sEGFR, partially occluding the ligand
M or not. Immunoprecipitation and followed Western blotting assays were carried
The bar graph represented the mean ± S.D. of relative dimerization efficiency from

binding region and sterically preventing the receptor from adopt-
ing the extended conformation required for dimerization (Li et
al., 2005). That is consistent with our study that mAb AA98 per-
turbed CD146 dimerization and possibly covered up the potential
ligand binding site. Moreover, Wang et al.’s study on anti-HER2 anti-
bodies showed that non-inhibitory antibody HF only recognized
N-terminal portion of erbB2 ectodomain, but inhibitory antibody
Herceptin, also known as Trastuzumab, bound to C-terminal por-
tion of it exclusively (Wang et al., 2004). Excitingly, it almost exactly
matches our observations that non-functional AA1 bound the N-
terminus (aa50–54) while inhibitory AA98 recognized a conforma-
tional epitope harbored in D4–5, very proximal to the membrane.
Thus, the present study offers another instance to understand how
the therapeutic monoclonal antibody against tumor-associated
antigen works and hopefully could benefit drug development in the
further.
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