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CD146 acts as a novel receptor for netrin-1 in promoting 
angiogenesis and vascular development
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Angiogenesis, a process that newly-formed blood vessels sprout from pre-existing ones, is vital for vertebrate de-
velopment and adult homeostasis. Previous studies have demonstrated that the neuronal guidance molecule netrin-1 
participates in angiogenesis and morphogenesis of the vascular system. Netrin-1 exhibits dual activities in angio-
genesis: either promoting or inhibiting angiogenesis. The anti-angiogenic activity of netrin-1 is mediated by UNC5B 
receptor. However, how netrin-1 promotes angiogenesis remained unclear. Here we report that CD146, an endothelial 
transmembrane protein of the immunoglobulin superfamily, is a receptor for netrin-1. Netrin-1 binds to CD146 with 
KLJK�DI¿QLW\�� LQGXFLQJ�HQGRWKHOLDO�FHOO�DFWLYDWLRQ�DQG�GRZQVWUHDP�VLJQDOLQJ�LQ�D�&'����GHSHQGHQW�PDQQHU��&RQGL-
tional knockout of the cd146�JHQH�LQ�WKH�PXULQH�HQGRWKHOLXP�RU�GLVUXSWLRQ�RI�QHWULQ�&'����LQWHUDFWLRQ�E\�D�VSHFL¿F�
DQWL�&'����DQWLERG\�EORFNV�RU�UHGXFHV�QHWULQ���LQGXFHG�DQJLRJHQHVLV��,Q�]HEUD¿VK�HPEU\RV��GRZQUHJXODWLQJ�HLWKHU�
netrin-1a or CD146 results in vascular defects with striking similarity. Moreover, knocking down CD146 blocks 
ectopic vascular sprouting induced by netrin-1 overexpression. Together, our data uncover CD146 as a previously 
unknown receptor for netrin-1 and also reveal a functional ligand for CD146 in angiogenesis, demonstrating the in-
volvement of netrin-CD146 signaling in angiogenesis during vertebrate development. 
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Introduction

Angiogenesis, a process in which newly-formed blood 

vessels sprout from pre-existing ones, is vital for devel-

opment and adult homeostasis [1]. Angiogenesis is also 

an important aspect in a large number of human diseas-

es [2]. During angiogenesis, endothelial cells degrade 

the basement membrane, migrate into the extracellular 

space, proliferate and form capillary sprouts and tubu-

lar structures. All these processes are tightly regulated 

by a network of pro- and anti-angiogenic factors [3, 4], 

among which the vascular endothelial growth factor 

(VEGF) and its functional endothelial receptor VEGFR2 

are major contributors [5, 6]. Recent studies have estab-

lished that the four major classes of neuronal guidance 

molecules, including netrins, Slits, semaphorins and 

ephrins, play important roles in angiogenesis and pattern 

formation during vascular morphogenesis [7-12]. Netrin 

family members are secreted proteins that promote axon 

outgrowth and guide growth cone navigation during 

neural development [13]. They share an N-terminal type 

VI laminin repeat (domain VI), followed by three cyste-

ine-rich epidermal growth factor modules (domains V) 

and a positively charged C-terminus (netrin-like domain, 

NTR). Netrin-1, a prototype of netrin family, can act to 

either attract or repel growing axons during neural devel-

opment [14, 15]. The netrin-1 receptor Deleted in Colon 

Cancer (DCC) can mediate both attractive and repul-
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sive responses [16, 17], whereas members of the UNC5 
family mediate netrin-1-induced repulsion [18, 19]. In 
angiogenesis, netrin-1 also has dual functions: either pro-
moting or inhibiting endothelial cell activation and an-
giogenesis [7, 8, 20, 21]. UNC5B, the only known cog-
nate receptor for netrin-1 on endothelial cells, mediates 
the anti-angiogenic effect of netrin-1 [7, 21]. However, 
the molecular mechanisms by which netrin-1 promotes 
angiogenesis remain to be elucidated. 

CD146 (also known as melanoma cell adhesion mol-
ecule, MCAM) is a member of cell adhesion molecules 
of the immunoglobulin (Ig) superfamily [22]. It contains 
¿YH� ,J�OLNH�GRPDLQV� LQ� LWV� H[WUDFHOOXODU� UHJLRQ�� D� VLQJOH�
transmembrane domain and a cytoplasmic tail [23]. As 
a multi-functional molecule, CD146 participates in var-
ious biological processes including angiogenesis, tumor 
metastasis, lymphocyte activation, morphogenesis during 
development and tissue regeneration [24-26]. Expressed 
on endothelial cells, CD146 is required for endothelial 
cell proliferation, migration and tube formation [27, 28], 
playing critical roles in angiogenesis [29-32]. In our 
previous studies, we have developed a CD146-specific 
monoclonal antibody (mAb) AA98 that blocks tumor an-
giogenesis both in vitro and in vivo [29, 33]. In addition, 
CD146 serves as a co-receptor for VEGFR2 to facilitate 
the transduction of VEGF signaling in endothelial cells 
>��@�� ,Q� VSLWH� RI� LQWHQVLYH� VWXGLHV�� VSHFL¿F� OLJDQG�V�� LQ-
volved in CD146-mediated angiogenesis has not been 
LGHQWL¿HG�

In this study, we report that netrin-1 binds to CD146 
with high affinity and the netrin-CD146 interaction is 
required for netrin-1-induced endothelial cell activation, 
as well as downstream VEGF signal transduction. In 
mouse, deletion of endothelial CD146 or disruption of 
netrin-CD146 interaction by anti-CD146 mAb AA98 
LPSDLUV� QHWULQ���LQGXFHG� DQJLRJHQHVLV�� ,Q� ]HEUD¿VK� HP-
bryos, downregulation of netrin-1a or CD146 results in 
strikingly similar vascular defects. Importantly, knock-
ing down CD146 blocks ectopic vascular sprouting and 
EUDQFKLQJ�LQGXFHG�E\�QHWULQ���RYHUH[SUHVVLRQ��2XU�¿QG-
ings demonstrate that CD146 is a previously unknown 
receptor required for netrin-1-induced angiogenesis and 
support a key role of netrin-CD146 signaling in angio-
genesis during vertebrate development. 

Results

Netrin-1 interacts with CD146 
In an effort to identify new ligands for CD146 in an-

giogenesis, we tested netrin-1 for its potential interaction 
with CD146 using biochemical and cell biological ap-
proaches. In Human Embryonic Kidney 293 (HEK293) 

cells that co-transfected with netrin-1- and CD146-ex-
pressing plasmids, both netrin-1 and CD146 could be im-
munoprecipitated by either anti-CD146 or anti-netrin-1 
antibody but not by the mouse IgG (mIgG) control (Figure 
1A), indicating that netrin-1 interacts with CD146. 

To test whether netrin-CD146 interaction could occur 
on the surface of living cells, we employed a cell surface 
binding assay. Following transfection of HEK293 cells 
with plasmids encoding DCC receptor (as a positive 
control), CD146 or Robo-1 (as a negative control), cells 
were incubated with conditional media prepared from 
netrin-1-GFP stable expression cells. Fluorescent micros-
copy was used to detect netrin-1-GFP signals on the cell 
surface. Netrin-1-GFP binding signals were detected on 
HEK293 cells that expressing either DCC or CD146, but 
not Robo-1 (Figure 1B). Robo-1 is another member of 
the Ig superfamily that expressed on growing axons and 
serves as a receptor for Slits [35]. These results support a 
VSHFL¿F�LQWHUDFWLRQ�EHWZHHQ�QHWULQ���DQG�&'�����

To demonstrate a direct interaction between netrin-1 
and CD146, we performed a pull-down assay using pu-
UL¿HG�SURWHLQV��7KH�)F�IUDJPHQW�RI�KXPDQ�,J*��)F��DV�D�
control), the extracellular domain of CD146 or UNC5B 
fused to the Fc fragment (Fc-CD146 or Fc-UNC5B) was 
¿UVW�ERXQG�WR�SURWHLQ�*�VHSKDURVH�EHDGV�DQG� WKHQ� LQFX-
EDWHG�ZLWK�SXUL¿HG�QHWULQ���SURWHLQ��1HWULQ��� LQWHUDFWHG�
with Fc-CD146 or Fc-UNC5B, whereas Fc alone did not 
show binding activity (Figure 1C), indicating that the 
extracellular region of CD146 directly binds to netrin-1. 
)XUWKHUPRUH��WKH�ELQGLQJ�DI¿QLW\�RI�QHWULQ���WR�&'����RU�
UNC5B was measured using surface plasmon resonance 
(SPR). Interestingly, the apparent dissociation constant 
(Kd) of netrin-CD146 interaction was ~1.33 nM (Figure 
1D), lower than that of netrin-UNC5B interaction with a 
Kd value of 5.10 nM (Figure 1E). 

We next mapped the domains required for ne-
trin-CD146 interaction using netrin-1 and CD146 trun-
cation mutant constructs. In the co-immunoprecipitation 
experiments, CD146 was immunoprecipitated by the 
IXOO�OHQJWK�QHWULQ���RU� LWV� WUXQFDWLRQ�PXWDQW�ǻ175�� LQ�
which the C-terminal NTR domain of netrin-1 was de-
leted. However, further deletion to remove the domain 
9� �ǻ175�9��RI� QHWULQ��� DEROLVKHG� WKH� LQWHUDFWLRQ�EH-
tween netrin-1 and CD146 (Figure 2A and 2B). These 
results indicate that the domain V of netrin-1 is critical 
for its binding to CD146. Similarly, when using a series 
of CD146 truncation mutant constructs with the extra-
cellular Ig domains deleted sequentially, netrin-1 was 
immunoprecipitated by the full-length CD146, or the 
WUXQFDWLRQ�PXWDQWV��ǻ'���ǻ'��'��DQG�ǻ'��'���+RZHY-
HU��IXUWKHU�GHOHWLRQ�WR�UHPRYH�WKH��WK�,J�GRPDLQ��ǻ'��'���
abolished the interaction (Figure 2C and 2D), indicating 
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Figure 1 Netrin-1 binds to CD146. (A) Co-immunoprecipitation assays. Netrin-1- and CD146-expressing plasmids were 
co-transfected into HEK293 cells prior to preparation of cell lysates. Lanes 1 and 4: precipitated by control mIgG. Lanes 2 and 3: 
anti-CD146 mAb AA1. Lanes 5 and 6: anti-netrin-1 mAb. (B) HEK293 cells were transfected with plasmids encoding DCC, 
CD146 or Robo-1 and incubated with netrin-1-GFP conditional medium. Binding of netrin-1-GFP to the cell was detected by 
LWV�*)3�ÀXRUHVFHQFH��6FDOH�EDU�����µm. (C)�'LUHFW�LQWHUDFWLRQ�EHWZHHQ�SXUL¿HG�QHWULQ���DQG�&'����SURWHLQV�in vitro. Fc, Fc-
&'����RU�)F�81&�%������QJ�PO��ERXQG�SURWHLQ�*�EHDGV�ZDV�LQFXEDWHG�ZLWK�QHWULQ���SURWHLQ������QJ�PO���7KH�ERXQG�SURWHLQV�
were analyzed by western blotting. (D, E)�'HWHUPLQDWLRQ�RI�QHWULQ�&'����ELQGLQJ�DI¿QLW\�E\�635��3XUL¿HG�QHWULQ���SURWHLQ�ZDV�
applied at different concentrations to the CM5 chips containing Fc-CD146 (D) or Fc-UNC5B (E). Data represent 3 indepen-
dent experiments.

the 4th Ig domain of CD146 is critical for the binding to 
netrin-1. 
,Q�RXU�SUHYLRXV�VWXGLHV��ZH�KDYH�GHYHORSHG�D�VSHFL¿F�

function-blocking mAb against CD146, AA98, which 
recognizes CD146 at its 4th-5th Ig domains [29, 36]. As 
the 4th Ig domain of CD146 is required for netrin-CD146 

interaction, we tested whether AA98 could block the 
binding. In the pull-down assay in which two anti-CD146 
mAbs, AA1 and AA98, were first bound to protein G 
beads and then incubated with CD146 extracellular re-
gion (soluble CD146 (sCD146)) and netrin-1, netrin-1 
could be precipitated by AA1 but not AA98 (Supplemen-
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Figure 2 ,GHQWL¿FDWLRQ�RI� LQWHUDFWLQJ�GRPDLQV�RI�QHWULQ���DQG�&'���� (A)�$�GLDJUDPPDWLF� LOOXVWUDWLRQ�RI� WKH� IXOO�OHQJWK� �)/��
and truncation mutants of netrin-1 expressed as His-tagged proteins. (B) HEK293 cells were co-transfected with plasmid 
H[SUHVVLQJ�&'����DQG�WKH�)/�RU�WUXQFDWLRQ�PXWDQW�RI�QHWULQ����7KH�FHOO�O\VDWHV�ZHUH�SUHSDUHG�IRU�LPPXQRSUHFLSLWDWLRQ�ZLWK�
anti-CD146 mAb AA1. (C, D)�'H¿QLQJ�WKH�GRPDLQ�RI�&'����UHTXLUHG�IRU�LQWHUDFWLRQ�ZLWK�QHWULQ����&'����DQG�LWV�WUXQFDWLRQ�
mutants were expressed as Flag-tagged proteins. Immunoprecipitation was performed using anti-netrin-1 mAb. Data repre-
sent 3 independent experiments.

tary information, Figure S1A). AA1 recognizes CD146 
at its 1st-2nd Ig domains of the extracellular region [36]. 
Similar results were obtained in a cell surface binding as-
say. When the HEK293 cells were pre-treated with mAb 
AA98, the binding of netrin-1 to CD146-expressing cells 
was inhibited (Supplementary information, Figure S1B). 
These results support the notion that AA98 was capable 
of blocking netrin-CD146 interaction. Thus, AA98 was 
used as a blocker for netrin-CD146 interaction in subse-
quent functional assays.

CD146 is required for netrin-1-induced endothelial cell 
activation

We examined the effect of netrin-1 on endothelial cell 
activation using human umbilical vein endothelial cells 
(HUVECs). Low concentrations of netrin-1 (50 or 200 
ng/ml) promoted HUVEC proliferation (Figure 3A), mi-
gration (Figure 3B and 3E) and tube formation (Figure 

3C and 3E). In contrast, netrin-1 at 2 000 ng/ml exhibited 
inhibitory effect. These results are in line with previous 
studies [37]. To delineate downstream pathways medi-
ating netrin-1-induced endothelial cell activation, we 
¿UVW�H[DPLQHG�WKH�GLPHUL]DWLRQ�RI�&'�����DQ� LPSRUWDQW�
mechanism required for its downstream signaling [28]. 
In HUVECs, netrin-1 induced CD146 dimerization in a 
dose-dependent manner (Figure 3D). Interestingly, in a 
recent study, Xu et al. [38] reported that the molecular 
structure of netrin-1 contains two receptor-binding ends 
to bring together receptor molecules. Because CD146 
could serve as a co-receptor for VEGFR2 and facilitate 
the VEGF signal transduction [34], we next tested wheth-
er VEGF signaling is activated by netrin-1 treatment. 
Consistent with the cell functional assays, netrin-1 at 50 
or 200 ng/ml induced the phosphorylation of VEGFR2, 
ERK1/2 and p38, whereas at 2 000 ng/ml it inhibited the 
phosphorylation of these proteins (Figure 3D). ERK1/2 
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Figure 3 Netrin-1 exhibits dual activities in endothelial cell activation. (A-C) HUVECs were used for proliferation assay (A), 
transwell migration assay (B) and tube formation assay (C). Netrin-1 was applied at concentrations as indicated. (D) se-
UXP�VWDUYHG�+89(&V�ZHUH�WUHDWHG�ZLWK�QHWULQ���DW�GLIIHUHQW�FRQFHQWUDWLRQV�IRU����PLQ��'LPHUL]DWLRQ�RI�&'����DQG�SKRVSKRU-
\ODWLRQ�RI�9(*)5���(5.����DQG�S���ZHUH�DQDO\]HG�E\�ZHVWHUQ�EORWWLQJ��7KH�EODFN�DUURZ�PDUNV�WKH�&'����GLPHU��(E) Rep-
UHVHQWDWLYH�LPDJHV�RI�QHWULQ���LQGXFHG�+89(&�PLJUDWLRQ��OHIW��DQG�WXEH�IRUPDWLRQ��ULJKW���)RU�A-C, n = 3 in each group. Data 
UHSUHVHQW���LQGHSHQGHQW�H[SHULPHQWV��PHDQV���6(0���P���������P���������P����������RQH�ZD\�$129$�ZLWK�7XUNH\�post 
hoc�WHVWV��

and p38 are key signaling molecules downstream of 
VEGFR2 that contribute to endothelial cell activation 
and angiogenesis [5]. Netrin-1 did not bind to VEGFR2, 
as shown by the co-immunoprecipitation (Supplementary 
information, Figure S2A) and pull-down assays (Sup-
plementary information, Figure S2B), suggesting that 
netrin-1 affects VEGF signaling through its interaction 
with CD146.

Previous studies have demonstrated that the inhibitory 
effect of netrin-1 on angiogenesis depends on UNC5B 
[7, 21], the only known cognate receptor of netrin-1 that 
expressed on endothelial cells. Here we investigated the 
roles of CD146, UNC5B and VEGFR2 in mediating the 
dual activities of netrin-1. Efficient downregulation of 
CD146 expression by its specific siRNA abolished ne-
trin-1 (at 50 or 200 ng/ml) induced HUVEC proliferation 
(Figure 4A), migration (Figure 4B) and tube formation 
(Figure 4C), as well as VEGF signaling activation (Figure 
4D), whereas the inhibitory effect of netrin-1 at 2 000 
ng/ml were not affected. In contrast, downregulation of 
UNC5B receptor did not affect the pro-angiogenic activ-
ities of netrin-1 at low concentrations, but converted the 
inhibitory effect of netrin-1 at 2 000 ng/ml to pro-angio-
genic effect (Figure 4), suggesting that in the absence of 
UNC5B receptor, netrin-1 mainly promotes endothelial 
cell activation via CD146. These results indicate that 
CD146 and UNC5B mediate the pro- and anti-angiogen-
ic activities of netrin-1, respectively. Moreover, knocking 

down VEGFR2 partially reduced but did not abolish 
netrin-1-induced HUVEC activation (Figure 4A-4C), 
suggesting that other pathways may also be involved 
downstream of netrin-CD146 to contribute to endothelial 
cell activation. In contrast, downregulation of CD146 
abolished VEGF-induced HUVEC migration and tube 
formation but not proliferation (Figure 4A-4C), indicat-
ing a critical role of CD146 in mediating VEGF signal-
ing, which is consistent with our previous study [34].

To confirm that netrin-1 activates endothelial cells 
through binding to CD146, we used the specific func-
tion-blocking CD146 antibody, AA98. Interestingly, 
AA98 could block both netrin-CD146 and CD146-VEG-
FR2 interactions [34], thus serving as a bi-functional 
blocker. As shown in Supplementary information, Figure 
S3, netrin-1 promoted HUVEC proliferation, migration, 
tube formation and downstream signaling activation in 
the control mIgG-treated groups. However, pre-treatment 
of HUVECs with AA98 abolished the effect of netrin-1 
(Supplementary information, Figure S3), supporting that 
the netrin-CD146 and CD146-VEGFR2 interactions are 
critical for netrin-1-induced endothelial cell activation.

CD146 is required for netrin-1-induced angiogenesis in 
vivo

We further examined the role of netrin-CD146 inter-
action in two angiogenesis models. In the aortic-ring 
assay, endothelial cells sprout from the cultured mouse 
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Figure 4 CD146 mediates netrin-1-induced endothelial cell activation. (A-D) HUVECs transfected with control, CD146, 
81&�%�RU�9(*)5��VSHFL¿F�VL51$�ZHUH�VXEMHFWHG�WR�SUROLIHUDWLRQ�DVVD\�(A), transwell migration assay (B), tube formation 
assay (C) and signaling activation assay (D)��1HWULQ���ZDV�DSSOLHG�DW�WKH�LQGLFDWHG�FRQFHQWUDWLRQV��1RWH�WKDW�WKH�VSHFL¿F�VL5-
1$V�HI¿FLHQWO\�GRZQUHJXODWHG�WKH�H[SUHVVLRQ�RI�FRUUHVSRQGLQJ�PROHFXOHV��)RU�A-C, n = 3 in each group. Data represent 3 
LQGHSHQGHQW�H[SHULPHQWV��PHDQV���6(0���P���������P���������P����������µ16¶�LQGLFDWHV�QR�VLJQL¿FDQW�FKDQJHV�REVHUYHG�
�RQH�ZD\�$129$�ZLWK�7XUNH\�post hoc�WHVWV���

aortic explants and form tubular structures. In the Matri-
gel-plug assay, mouse endothelial cells migrate into the 
Matrigel implants where they form networks resembling 
FDSLOODULHV��:H�¿UVW�WHVWHG�WKH�HIIHFW�RI�QHWULQ���DW�GLIIHU-
ent concentrations on these processes. Netrin-1 promot-
ed endothelial cell sprouting and angiogenesis at 50 or 
200 ng/ml, whereas it showed no or inhibitory effect at 
a higher concentration of 1 000 ng/ml (Supplementary 
information, Figure S4A and S4B), consistent with the 
results described in the endothelial cell activation. 

Importantly, the average number of sprouts per ring 
was increased by netrin-1 (50 ng/ml) treatment of aortic 
rings from the wild-type (WT) mice (Figure 5A). Howev-
er, when the aortic rings were prepared from CD146EC-KO 
mice in which CD146 was conditionally deleted in the 
endothelium [39], the promoting effect of netrin-1 on 
endothelial cell sprouting was eliminated (Figure 5A). 
Consistently, anti-CD146 mAb AA98 blocked the stimu-

lating effect of netrin-1 on endothelial sprouting (Figure 
5B). 

In the Matrigel-plug assay in vivo, netrin-1 (200 ng/
ml) increased the number of blood vessels in the Matrigel 
implants in the WT mice (Figure 5C). However, when 
CD146EC-KO mice were used (Figure 5C) or when the 
Matrigel plugs were mixed with AA98 before injection 
(Figure 5D), the stimulatory effect of netrin-1 on vascu-
ODU� IRUPDWLRQ�ZDV� VLJQL¿FDQWO\� UHGXFHG�� EXW� QRW� WRWDOO\�
abolished. These results suggest that netrin-1-induced 
angiogenic response in vivo mainly depends on its bind-
ing to the endogenous endothelial CD146, although these 
data do not exclude the possibility that other mechanisms 
might also be involved. 

To investigate the role of netrin-1 and CD146 in an-
giogenesis during vertebrate development, we used a 
zebrafish model. In situ hybridization revealed strong 
CD146 expression on endothelial cells at 24-36 hours 
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Figure 5 &'����LV�UHTXLUHG�IRU�QHWULQ���LQGXFHG�DQJLRJHQHVLV�LQ�PRXVH�PRGHOV� (A) $RUWLF�ULQJV�ZHUH�SUHSDUHG�IURP�:7�RU�
CD146(&�.2�PLFH��&RQWURO�RU�QHWULQ�������QJ�PO��ZDV�GLUHFWO\�DGGHG�WR�WKH�FXOWXUH�PHGLXP��(B)�7KH�HIIHFW�RI�DQWL�&'����DQ-
WLERG\�$$���ZDV�WHVWHG�LQ�WKH�DRUWLF�ULQJ�DVVD\��&RQWURO�P,J*�RU�$$��������µJ�PO��ZDV�DGGHG�WR�WKH�FXOWXUH�PHGLXP�LQ�WKH�
SUHVHQFH�RI�FRQWURO�RU�QHWULQ�������QJ�PO���$IWHU�FXOWXULQJ�IRU�����GD\V��WKH�QXPEHU�RI�VSURXWV�IURP�HDFK�ULQJ�ZDV�TXDQWL¿HG��
n� ����LQ�HDFK�JURXS�DQG�UHVXOWV�DUH�SUHVHQWHG�DV�DYHUDJH�QXPEHU�RI�VSURXWV�SHU�ULQJ��PHDQV���6(0�� (C)�7KH�0DWULJHO�SOXJ�
DVVD\�IRU�DQJLRJHQHVLV�ZDV�FDUULHG�RXW�XVLQJ�:7�RU�&'���(&�.2�PLFH��7KH�SOXJV�ZHUH�PL[HG�ZLWK�FRQWURO�RU�QHWULQ��������QJ�
PO��DQG�WKHQ�LQMHFWHG�VXEFXWDQHRXVO\�LQWR�PLFH�LQ�WKH�FRUUHVSRQGLQJ�JURXSV��(D)�7KH�HIIHFW�RI�DQWL�&'����DQWLERG\�$$���RQ�
QHWULQ���LQGXFHG�DQJLRJHQHVLV�ZDV�WHVWHG�LQ�WKH�0DWULJHO�SOXJ�DVVD\��7KH�SOXJV�ZHUH�SUH�PL[HG�ZLWK�$$���RU�FRQWURO�P,J*�
�����µJ�PO��DQG�LQMHFWHG�LQWR�WKH�:7�PLFH�����GD\V�SRVW�LQMHFWLRQ��WKH�0DWULJHO�SOXJV�ZHUH�VHFWLRQHG�DQG�LPPXQRVWDLQHG�ZLWK�
DQWL�&'���DQWLERG\��7KH�QXPEHU�RI�EORRG�YHVVHOV�LQ�HDFK�VHFWLRQ�ZDV�VFRUHG��n = 5 in each group and results are presented 
DV�DYHUDJH�QXPEHU�RI�EORRG�YHVVHOV�PP2��PHDQV���6(0���6FDOH�EDU������µP��P���������P���������P����������QV��QRW�
VLJQL¿FDQW�

post fertilization (hpf), the critical stage for vascular 
development (Figure 6A). After 48 hpf, the CD146 ex-
pression was downregulated. This developmental expres-
sion pattern of CD146 on endothelial cells is consistent 
with its role in vascular development. Next, we used 
VSHFL¿F�DQWLVHQVH�PRUSKROLQR�ROLJRQXFOHRWLGHV��02V��WR�
examine the functions of netrin-1a and CD146 in angio-
genesis and vascular development. The corresponding 

02V�HI¿FLHQWO\�NQRFNHG�GRZQ�WKH�H[SUHVVLRQ�RI�WKH�¿VK�
netrin-1a or CD146 (Supplementary information, Figure 
S5). In the transgenic Tg(kdrl:GFP) embryos which ex-
press GFP in the endothelial cells to enable visualization 
RI� WKH�YDVFXODWXUH��GRZQUHJXODWLQJ� WKH�]HEUD¿VK�&'����
homolog by the CD146 MO led to a phenotype that was 
strikingly similar to that of the netrin-1a MO-treated 
embryos: the intersegmental vessels (ISVs) and dorsal 
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Figure 6 &'����PHGLDWHV�QHWULQ���LQGXFHG�DQJLRJHQHVLV� LQ� ]HEUD¿VK� (A)�&'����H[SUHVVLRQ� LQ� WKH�]HEUD¿VK�HPEU\RV�DW�
different stages was detected by whole mount in situ hybridization. (B)�7KH� FRQWURO��CD146 or netrin-1a VSHFL¿F 02�ZDV�
LQMHFWHG�ZLWK�FRQWURO�RU�KXPDQ�QHWULQ���P51$� LQWR� WKH� WUDQVJHQLF�]HEUD¿VK�7J�NGUO�*)3��HPEU\RV� WKDW�H[SUHVVHG�*)3� WR�
HQDEOH�YLVXDOL]DWLRQ�RI�YDVFXODWXUH��7KH�YDVFXODU�SDWWHUQV�RI� WKH�¿VK�HPEU\RV�DW��������DQG����KSI�ZHUH�DQDO\]HG��<HOORZ�
DUURZKHDGV� LQGLFDWH�3$9��5HG�DUURZKHDGV�PDUN�HFWRSLF�VSURXWV� LQ�QHWULQ���P51$�LQMHFWHG�HPEU\RV�� (C)�7J�)OL��Q*)3��î�
7J�NGUO�PFKHUU\��HPEU\RV�ZHUH�LQMHFWHG�ZLWK�WKH�LQGLFDWHG�02�DQG�P51$��7KH�QXPEHU�RI�HQGRWKHOLDO�FHOOV�LQ�WKH�,69V�RI�WKH�
HPEU\RV�DW����KSI�����KSI�DQG����KSI�VWDJHV�ZDV�TXDQWL¿HG�DQG�DQDO\]HG��'DWD�DUH�SUHVHQWHG�DV�DYHUDJH�QXPEHU�RI�HQGR-
WKHOLDO�FHOOV�SHU�,69��PHDQV���6(0���P���������P���������P����������RQH�ZD\�$129$�ZLWK�7XUNH\�post hoc�WHVWV��

longitudinal anastomotic vessels (DLAVs) were formed, 
whereas the formation of parachodal vessels (PAVs) was 
inhibited (Figure 6B). CD146 morphants (38/45) and 
QHWULQ��D�PRUSKDQWV���������ODFNHG�ÀL�HJIS�SRVLWLYH�FHOOV�
at the presumptive position of PAV. Furthermore, overex-
SUHVVLQJ�KXPDQ�QHWULQ��� �KQHWULQ���� LQ� WKH�¿VK�HPEU\RV�
caused ectopic vessel sprouting and branching (36/43), 
which was blocked by co-injection of CD146 MO (41/41). 
These data demonstrate that netrin-1-induced angiogen-
HVLV�GHSHQGV�RQ�&'����H[SUHVVLRQ�GXULQJ�]HEUD¿VK�YDV-
cular development.

We further tested the effect of netrin-1 and CD146 

on endothelial cell proliferation and migration using 
Fli1:nGFP embryos. At the stages of 36, 48 and 60 hpf 
during vascular development, CD146 MO or netrin-1a 
MO injected embryos showed a reduction of endothelial 
cells in the ISVs (Figure 6C). Time-lapse microscopy 
showed that both proliferation and migration of endothe-
lial cells were inhibited by netrin-1a MO or CD146 MO 
injection (Supplementary information, Figure S6). Con-
sistently, increased endothelial cells in the ISVs were ob-
served in embryos overexpressing hnetrin-1, and CD146 
MO blocked the increase of endothelial cells caused by 
hnetrin-1 overexpression (Figure 6C). Taken together, 



Tao Tu et al.
9

npg

www.cell-research.com | Cell Research

these results demonstrate that CD146 and netrin-1a are 
crucial for vascular development in zebrafish, and ne-
trin-1 induces endothelial cell activation and angiogene-
sis in a CD146-dependent manner.

Discussion

The role of netrin in angiogenesis is highly complex. 
By interacting with different receptors, netrin can act 
as a pro- or anti-angiogenic factor. In the present study, 
we demonstrate that CD146 mediates netrin-1-promot-
ed endothelial cell activation and angiogenesis in vitro 
and in vivo with several lines of evidence. First, netrin-1 
VSHFL¿FDOO\�ELQGV�WR�&'����in vitro ZLWK�KLJK�DI¿QLW\�LQ�
the absence of other proteins. Second, siRNA-mediated 
knockdown of CD146 or inhibition of netrin-CD146 
interaction by the anti-CD146 mAb AA98 suppresses 
netrin-1-induced endothelial cell proliferation, migra-
tion and tube formation, as well as the activation of 
downstream signals. Third, endothelial-specific CD146 
GHOHWLRQ�RU� WKH� WUHDWPHQW�ZLWK� WKH�&'����VSHFL¿F�P$E�
AA98 inhibits netrin-1-promoted endothelial cell sprout-
ing and blood vessel formation in mice. Fourth, down-
UHJXODWLRQ�RI�QHWULQ��D�RU�&'����E\�VSHFL¿F�02�UHVXOWV�
in similar defects in zebrafish vascular development. 
CD146 knockdown eliminated ectopic vascular sprout-
ing induced by netrin-1 overexpression. Collectively, our 
¿QGLQJV�GHPRQVWUDWH�WKH�OLJDQG�UHFHSWRU�UHODWLRQVKLS�EH-
tween netrin-1 and CD146, and support a critical role of 
netrin-CD146 signaling in angiogenesis during vertebrate 
vascular development.

Previous studies have demonstrated the dual role of 
netrin-1 in angiogenesis, and the pro- or anti-angiogenic 
function of netrin-1 depends on its concentration [4, 37, 
40]. At high concentrations, netrin-1 inhibits angiogen-
esis through UNC5B receptor [7, 21]. Here, we demon-
strate netrin-1 at relatively low concentrations promotes 
angiogenesis through CD146. Netrin-1 binds to CD146 
ZLWK� D� KLJKHU� DI¿QLW\� WKDQ� WKDW� RI� QHWULQ�81&�%� LQWHU-
action, as shown by the SPR experiments. Moreover, in 
the endothelial cell line, CD146 is expressed at a much 
higher level than UNC5B at both RNA and protein levels 
(Supplementary information, Figure S7A and S7B). We 
propose that one explanation for the dual role of netrin-1 
is the different expression levels of CD146 and UNC5B 
receptors. At low concentrations, netrin-1 preferentially 
binds to CD146, whereas at high concentrations, netrin-1 
could bind to UNC5B and triggers signals that coun-
teract CD146 downstream signals to inhibit the growth 
of blood vessels. It will be interesting to systematically 
compare the signal pathways downstream of netrin-1 re-
ceptors involved in pro- and anti-angiogenesis processes, 

and to exam how UNC5B and CD146 coordinate with 
each other to mediate netrin-1 signaling in directing mor-
phogenesis of the vascular system during development. 
Further studies are necessary to delineate these pathways 
and elucidate molecular mechanisms underlying these 
processes.

In our Matrigel-plug model, the effect of netrin-1 on 
angiogenesis was substantially diminished, but not ful-
ly eliminated by endothelial CD146 knockout or AA98 
treatment. It is conceivable that the involvement of mul-
tiple factors in the in vivo microenvironment may have 
contributed to the results. Although endothelial CD146 is 
deleted in CD146EC-KO mice, there are other types of cells 
expressing CD146 which might be activated by netrin-1 
to promote angiogenesis. The smooth muscle cells and 
macrophages express CD146 and are tightly connected to 
the progression of angiogenesis. Moreover, other netrin 
receptors might be expressed on various types of cells 
and contribute to netrin-1-induced angiogenesis in vivo. 
Therefore, activating endothelial cells through CD146 is 
one important pathway via which netrin-1 promotes an-
giogenesis, and this mechanism may operate in conjunc-
tion with other mechanisms in vivo.
8VLQJ� ]HEUD¿VK�PRGHOV��ZH�GHPRQVWUDWH� WKDW� NQRFN-

down of netrin-1a or CD146 causes specific vascular 
defects, supporting the notion that netrin-CD146 plays 
a critical role in vascular development. In addition to its 
role in developmental angiogenesis, netrin-CD146 sig-
naling might be involved in pathological angiogenesis. 
Expression of netrin-1 in melanoma, breast cancer and 
colorectal cancer confers metastatic advantages to tu-
mor cells [41-43], supporting a role of netrin-1 in tumor 
angiogenesis. The involvement of endothelial CD146 in 
tumor angiogenesis has been extensively documented. 
%DVHG�RQ� WKHVH�¿QGLQJV� DQG� WKH�SUHVHQW�ZRUN��ZH�SUR-
pose that netrin-CD146 signaling may also have a role 
in diseases involving pathological angiogenesis. Modu-
ODWLQJ�QHWULQ�&'���� VLJQDOLQJ�E\� VSHFL¿F� DQWLERGLHV� RU�
analogues may provide new therapeutic approaches to 
angiogenic diseases.

In our previous study, we have demonstrated that 
CD146 promotes VEGF-induced tumor angiogenesis 
by acting as a co-receptor for VEGFR2. However, the 
CD146-knockout mice did not show severe vascular de-
fects and embryonic lethal phenotype [39], which were 
observed in VEGF-knockout mice [44, 45] and VEG-
FR2-knockout mice [46]. These data suggest that under 
physiological conditions, CD146 and VEGF signaling 
play different roles in regulating angiogenesis. Indeed, 
our present study demonstrates that CD146 is a receptor 
for netrin-1 to promote developmental angiogenesis. 
Moreover, CD146 acts as a receptor for Wnt5a to regu-
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late cell motility and convergent extension [26], and Wnt 
signaling has been reported to contribute to angiogenesis 
as well [47, 48]. The schematic of CD146 involved, an-
giogenesis-related pathways is shown in Supplementary 
information, Figure S8. It seems that CD146 can mediate 
different signalings according to the context, and further 
studies should be performed to demonstrate how these 
pathways crosstalk and cooperate with each other.

Material and Methods

Antibodies and reagents
The following antibodies were used in this study: anti-CD146 

rabbit polyclonal antibody, anti-CD146 mouse mAb AA1 and 
AA98 were generated in our lab [29, 36]; the control mIgG, 
DQWL�ȕ�DFWLQ� DQG� DQWL�)ODJ� DQWLERGLHV� �6LJPD�$OGULFK��� DQWL�QH-
trin-1 and anti-UNC5B antibodies (Enzo Life Science); anti-p38, 
anti-phosphor-p38, anti-ERK1/2 and anti-phosphor-ERK1/2 
antibodies (Cell Signaling Technology); anti-VEGFR2 and an-
ti-phosphor-VEGFR2 antibodies (Signalway antibody); anti-CD31 
antibody (Abcam); anti-human IgG Fc and anti-His antibodies 
(ZSGB-BIO); HRP-conjugated goat anti-mouse and -rabbit IgG 
antibodies (GE Healthcare); goat anti-mouse Alexa Fluor 555 
(Invitrogen); biotin-conjugated goat anti-rabbit IgG antibody and 
HRP-conjugated streptavidin (Dianova). 

The following reagents were used: recombinant hnetrin-1, 
mouse netrin-1 and Fc-UNC5B (Enzo Life Science); human Fc, 
Fc-CD146, sCD146 (Sino Biological), growth factor-reduced 
Matrigel (BD Biosciences); Fugene HD, DAPI and protease in-
hibitor cocktails (Roche); protein G sepharose beads and DAB 
substrates (Santa Cruz); Enhanced Chemiluminescence Assay Kit 
(Pierce) for western blotting; cell counting kit-8 (CCK8, Dojindo) 
for cell proliferation assay.

Animals
All animal experiments were performed in compliance with 

national 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. Tekcre/+CD-
146ÀR[HG�ÀR[HG (named CD146EC-KO) mice were generated in our lab as 
described previously [39]. Tek+/+CD146floxed/floxed (WT) mice were 
used as controls in the aortic-ring and the Matrigel-plug assays. 

=HEUD¿VK�HPEU\RV�ZHUH�REWDLQHG�E\�QDWXUDO�VSDZQLQJ�RI�DGXOW�
¿VK��(PEU\RV�ZHUH� UDLVHG� DQG�PDLQWDLQHG�DW� ����� �&�DQG� VWDJHG�
morphologically as described previously [49]. The following 
WUDQVJHQLF� OLQHV�ZHUH�XVHG��7J�ÀL��Q(*)3���7J�NGUO�(*)3�� DQG�
Tg(kdrl:mCherry). 

Co-immunoprecipitation
HEK293 cells were co-transfected with plasmids encoding the 

full-length CD146, netrin-1 or the truncation mutants using Fugene 
HD (Roche). 48 h post transfection, the cells were lysed in ice-
cold RIPA buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 0.1% SDS, 
0.5% deoxycholate, 0.1% NP-40, 1 mM PMSF, protease inhibitor 
cocktails). Then the cell lysates were incubated with the control 
P,J*��DQWL�&'����P$E�$$��RU�DQWL�QHWULQ���P$E�IRU���K�DW����&��
and immunoprecipitation was carried out using protein G sepharose 
beads (Santa Cruz). The cell lysates and precipitates were analyzed 

by western blotting using chemiluminescence imaging system 
(ChemiScope 3400; Clinx, China).

Pull-down assay
)RU�SXOO�GRZQ�DVVD\��SXUL¿HG�KXPDQ�)F��)F�&'����RU�)F�81-

C5B (200 ng/ml each) was immobilized on protein G sepharose 
beads. Beads were then incubated with recombinant hnetrin-1 (200 
QJ�PO��IRU���K�DW����&�LQ�+(3(6�EXIIHU�������0�+(3(6�������0�
NaCl, 0.001% Tween 20, pH 7.4). After three washes in HEPES 
buffer, the bound proteins were analyzed by western blotting.

SPR assay
Fc-CD146, Fc-UNC5B or Fc (10 µg/ml each) in HEPES buffer 

was immobilized on the surface of a CM5 sensor chip (BIACORE 
$%��GRFNHG�LQWR�D�%,$&25(������LQVWUXPHQW��ÀRZ�UDWH�����O�PLQ��
using the amine coupling kit (BIACORE AB) following the manu-
facturer’s instructions. 3XUL¿HG�QHWULQ���DW�GLIIHUHQW�FRQFHQWUDWLRQV�
(18.75 nM, 37.5 nM, 75 nM, 150 nM and 300 nM) was injected 
DW�D�ÀRZ�UDWH�RI����O�PLQ�DQG� WKH� UHVSRQVH�ZDV�PHDVXUHG� LQ�58�
(Resonance Units). A blank flow cell was prepared by injecting 
QHWULQ���ZLWK�WKH�VDPH�ÀRZ�UDWH�RYHU�D�EODQN�VHQVRU�FKLS�WR�REWDLQ�
the baseline RU. The net RU reported was obtained by subtracting 
the baseline RU from the response RU. The Fc protein was used as 
a negative control.

RNA interference
CD146- and UNC5B-specific siRNAs were synthesized by 

Invitrogen using sequences as previously described [27, 37]. 
Downregulation of VEGFR2 in HUVECs was carried out using 
a shRNA kit (Origene). HUVECs were transfected using Fugene 
HD (Roche) and functional or signaling assays were carried out 48 
h post transfection.

Endothelial cell proliferation, migration and tube formation
In proliferation, migration and tube formation assays, HUVECs 

that had been serum-starved for 24 h were used. Cell proliferation 
DVVD\�ZDV�FDUULHG�RXW�XVLQJ�D�&&.���NLW� �'RMLQGR���%ULHÀ\��+8-
VECs were suspended and seeded into a 96-well plate. Netrin-1 
and the antibodies were directly added to the culture medium. 
After culturing for 48 h, cells were incubated with 100 µl of 10% 
&&.���UHDJHQW�IRU���K�DW�����&��7KH�FRORU�UHDFWLRQ�ZDV�PHDVXUHG�
at 450 nm with a BioRad ELISA reader (Richmond, CA, USA).

HUVEC migration was examined using a modified Boyden 
chamber assay (8 µm pore size; Costar, Corning, USA). HUVECs 
were suspended in fresh serum-free medium and seeded in upper 
chambers of the transwell plate to a total number of 5 × 103 cells 
per chamber. Lower chambers contained fresh medium containing 
����IHWDO�FDOI�VHUXP��)&6���$IWHU����K�LQFXEDWLRQ�DW�����&��FHOOV�
remaining at the upper surface of the membrane were removed 
using a swab, whereas the cells migrated to the lower membrane 
VXUIDFH�ZHUH�¿[HG�ZLWK����3)$�DQG�VWDLQHG�ZLWK������FU\VWDO�YL-
ROHW�VROXWLRQ��7KH�QXPEHU�RI�FHOOV�PLJUDWLQJ�WKURXJK�WKH�¿OWHU�ZDV�
scored.

In tube formation assay, 96-well culture plates were coated with 
Matrigel (BD Biosciences) to a total volume of 60 µl per well and 
DOORZHG�WR�VROLGLI\�IRU����PLQ�DW�����&��1HWULQ���ZDV�DGGHG�GLUHFW-
ly to the HUVEC suspensions in complete 1640 medium, and the 
cells were then seeded into the corresponding wells to a total num-
ber of 1 × 104 cells per well in 96-well plate. Cells were incubated 
DW�����&�IRU���K��7XEH�IRUPDWLRQ�ZDV�REVHUYHG�XQGHU�DQ�LQYHUWHG�
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microscope (Eclipse Model TS100; Nikon, Japan) and tube length 

was measured using NIH Image J software.

Signaling activation assays
HUVECs were serum-starved for 24 h and then treated with 

QHWULQ���DW�GLIIHUHQW�FRQFHQWUDWLRQV�IRU����PLQ�DW�����&��7KH�FHOOV�
were lysed in ice-cold RIPA buffer and boiled in sample loading 

buffer before western blotting analysis. For antibody blocking test, 

+89(&V�ZHUH�LQFXEDWHG�ZLWK�&'����VSHFL¿F�P$E�$$���RU�FRQ-

trol mIgG (50 g/ml) for 1 h before netrin-1 was added.

The aortic-ring assay
7KH�DRUWLF�ULQJ�DVVD\�ZDV�SHUIRUPHG�DV�GHVFULEHG�>��@��%ULHÀ\��

thoracic aortae were carefully dissected from 12-week-old mice 

following euthanasia and cut into rings of 0.5-1 mm in width. The 

rings were then serum-starved overnight in Opti-MEM medium 

and implanted into Matrigel in 96-well culture plate. The rings 

were cultured with Opti-MEM containing 2.5% FCS for 5-6 days 

(growth medium was changed every other day). Then the rings 

were photographed under an inverted microscope, and the num-

EHU�RI�VSURXWV�SHU�ULQJ�ZDV�TXDQWL¿HG��)RU� WKH�DQWLERG\�EORFNLQJ�
experiment, mIgG or AA98 (100 µg/ml) was added directly to the 

growth medium. 

The Matrigel-plug assay
The Matrigel-plug assay was performed as described [34]. Liq-

uid Matrigel containing heparin was mixed with control or netrin-1 

(200 ng/ml). The Matrigel mixture (500 µl) was then injected into 

the abdominal subcutaneous tissue of mice along the peritoneal 

PLGOLQH��7HQ�GD\V�SRVW�LQMHFWLRQ��WKH�PLFH�ZHUH�VDFUL¿FHG�DQG�WKH�
Matrigel plugs were carefully dissected out. After photographing, 

WKH�SOXJV�ZHUH�¿[HG�ZLWK����3)$�LQ�3%6�DQG�HPEHGGHG�LQWR�SDU-
DI¿Q��6DPSOHV�ZHUH�VHFWLRQHG�DW����P�DQG� WKHQ� LPPXQRVWDLQQHG�
with anti-CD31 antibody. The number of blood vessels in each 

VHFWLRQ�ZDV�TXDQWL¿HG�DQG�DQDO\]HG��)RU�DQWLERG\�EORFNLQJ�DVVD\��
Matrigel was mixed with control mIgG or AA98 (100 µg/ml) be-

fore injection.

Immunohistochemistry
For immunohistochemistry staining, the paraffin-embedded 

0DWULJHO�SOXJ�VHFWLRQV�ZHUH�GH�SDUDI¿QL]HG�DQG�VWDLQHG�¿UVW�ZLWK�
DQ�DQWLERG\�VSHFL¿F�IRU�HQGRWKHOLDO�PDUNHU�&'����IROORZHG�E\�EL-
otin-conjugated secondary antibody and HRP-conjugated strepta-

vidin (Dianova). Sections were then counterstained with hema-

toxylin. The number of blood vessels in each section was scored 

under a microscope.

Morpholinos, mRNA synthesis and microinjection in zebraf-
ish

7KH�&'����02���ƍ�$*&$*7*&**7*7$**7&$777&7&��ƍ��
and control MO were purchased from GeneTools (Philomath, OR, 

USA) and prepared as 1 mM stock solutions. The netrin-1a-MO 

��ƍ�&&$$$*&$7&$*$*$&7&7&$$&$7��ƍ��ZDV� D� JLIW� IURP�
G Peng [51]. For CD146 or netrin-1a knockdown experiment, 2 ng 

CD146 MO or netrin-1a MO per embryo was injected at one-cell 

stage. The full-length hnetrin-1 cDNA was inserted into pCS2+ 

vector and mRNA for injection was synthesized in vitro using the 

mMessagemMachine SP6 kit (Ambion) according to the instruc-

tion manual. For hnetrin-1 overexpression experiment, 12.5 pg hn-
etrin1 mRNA per embryo was injected at one-cell stage. Confocal 

images were acquired using a Zeiss LSM 510 META confocal mi-

croscope with 3D projections generated using Zeiss LSM software 

(Carl Zeiss) [52].

Statistical analysis
8QOHVV�VSHFL¿HG�RWKHUZLVH��DOO�GDWD�UHSUHVHQW�DW�OHDVW���LQGHSHQ-

dent experiments in each assay. Results are expressed as the mean 

± SEM. One-way ANOVA with Turkey post hoc tests were used to 

compare differences between groups in various experiments. The 

FULWHULRQ�IRU�VWDWLVWLFDO�VLJQL¿FDQFH�ZDV�GH¿QHG�DV�P < 0.05.

Acknowledgments

We are grateful to Professors J Xiong and A Meng for gen-

erously providing the fish strains, Dr G Peng for providing the 

netrin-1a MO, Lina Song for her assistance with cell culture. This 

work was partly supported by the National Basic Research Pro-

gram of China (2015CB553705) and the National Natural Science 

Foundation of China (81272409 and 81371025). JYW is supported 

by National Institutes of Health (R01CA175360). RK was sup-

ported by China Postdoctoral Science Foundation (20110490615).

References

1  Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic 

aspects of angiogenesis. Cell 2011; 146:873-887.

2  Chung AS, Ferrara N. Developmental and pathological angio-

genesis. Annu Rev Cell Dev Biol 2011; 27:563-584.

3  Carmeliet P, Jain RK. Molecular mechanisms and clinical ap-

plications of angiogenesis. Nature 2011; 473:298-307.

4  Melani M, Weinstein BM. Common factors regulating pat-

terning of the nervous and vascular systems. Annu Rev Cell 
Dev Biol 2010; 26:639-665.

5  Eichmann A, Simons M. VEGF signaling inside vascular en-

dothelial cells and beyond. Curr Opin Cell Biol 2012; 24:188-

193.

6  Cudmore MJ, Hewett PW, Ahmad S, et al. The role of het-

erodimerization between VEGFR-1 and VEGFR-2 in the reg-

ulation of endothelial cell homeostasis. Nat Commun 2012; 

3:972.

7  Lu X, Le Noble F, Yuan L, et al. The netrin receptor UNC5B 

mediates guidance events controlling morphogenesis of the 

vascular system. Nature 2004; 432:179-186.

8  Wilson BD, Ii M, Park KW, et al. Netrins promote develop-

mental and therapeutic angiogenesis. Science 2006; 313:640-

644.

9  Liu ZJ, Herlyn M. Slit-Robo: neuronal guides signal in tumor 

angiogenesis. Cancer Cell 2003; 4:1-2.

10  Sawamiphak S, Seidel S, Essmann CL, et al. Ephrin-B2 reg-

ulates VEGFR2 function in developmental and tumour angio-

genesis. Nature 2010; 465:487-491.

11  Wang Y, Nakayama M, Pitulescu ME, et al. Ephrin-B2 con-

trols VEGF-induced angiogenesis and lymphangiogenesis. 

Nature 2010; 465:483-486.

12  Basile JR, Castilho RM, Williams VP, Gutkind JS. Sema-

phorin 4D provides a link between axon guidance processes 

and tumor-induced angiogenesis. Proc Natl Acad Sci USA 

2006; 103:9017-9022.

���� 6HUD¿QL�7��.HQQHG\�7(��*DONR�0-��0LU]D\DQ�&��-HVVHOO�70��



12
CD146 is a pro-angiogenic receptor for netrin-1npg

Cell Research | www.nature.com/cr

7HVVLHU�/DYLJQH�0��7KH�QHWULQV�GH¿QH�D� IDPLO\�RI�D[RQ�RXW-
growth-promoting proteins homologous to C. elegans UNC-
6. Cell 1994; 78:409-424.

14  Colamarino SA, Tessier-Lavigne M. The axonal chemoat-
tractant netrin-1 is also a chemorepellent for trochlear motor 
axons. Cell 1995; 81:621-629.

���� 6HUD¿QL�7��&RODPDULQR�6$��/HRQDUGR�('� et al. Netrin-1 is 
required for commissural axon guidance in the developing 
vertebrate nervous system. Cell 1996; 87:1001-1014.

16  KeinoMasu K, Masu M, Hinck L, et al. Deleted in colorectal 
cancer (DCC) encodes a netrin receptor. Cell 1996; 87:175-
185.

17  Culotti JG, Merz DC. DCC and netrins. Curr Opin Cell Biol 
1998; 10:609-613.

18  Leonardo ED, Hinck L, Masu M, Keino-Masu K, Ackerman 
SL, Tessier-Lavigne M. Vertebrate homologues of C. elegans 
UNC-5 are candidate netrin receptors. Nature 1997; 386:833-
838.

19  Hong KS, Hinck L, Nishiyama M, Poo MM, Tessier-Lavigne 
M, Stein E. A ligand-gated association between cytoplasmic 
domains of UNC5 and DCC family receptors converts ne-
trin-induced growth cone attraction to repulsion. Cell 1999; 
97:927-941.

20  Park KW, Crouse D, Lee M, et al. The axonal attractant Ne-
trin-1 is an angiogenic factor. Proc Natl Acad Sci USA 2004; 
101:16210-16215.

21  Larrivee B, Freitas C, Trombe M, et al. Activation of the 
UNC5B receptor by Netrin-1 inhibits sprouting angiogenesis. 
Genes Dev 2007; 21:2433-2447.

22  Lehmann JM, Riethmuller G, Johnson JP. Muc18, a marker of 
tumor progression in human melanoma, shows sequence sim-
ilarity to the neural cell adhesion molecules of the immuno-
globulin superfamily. Proc Natl Acad Sci USA 1989; 86:9891-
9895.

23  Taira E, Takaha N, Taniura H, Kim CH, Miki N. Molecular 
cloning and functional expression of gicerin, a novel cell ad-
hesion molecule that binds to neurite outgrowth factor. Neu-
ron 1994; 12:861-872.

24  Ouhtit A, Gaur RL, Abd Elmageed ZY, et al. Towards under-
standing the mode of action of the multifaceted cell adhesion 
receptor CD146. Biochim Biophys Acta 2009; 1795:130-136.

25  Wang Z, Yan X. CD146, a multi-functional molecule beyond 
adhesion. Cancer Lett 2013; 330:150-162.

26  Ye Z, Zhang C, Tu T, et al. Wnt5a uses CD146 as a receptor 
to regulate cell motility and convergent extension. Nat Com-
mun 2013; 4:2803.

27  Kang YY, Wang FC, Feng J, Yang DL, Yang X, Yan XY. 
Knockdown of CD146 reduces the migration and proliferation 
of human endothelial cells. Cell Res 2006; 16:313-318.

28  Zheng CG, Qiu YJ, Zeng QQ, et al. Endothelial CD146 is 
required for in vitro tumor-induced angiogenesis: the role of 
D�GLVXO¿GH�ERQG�LQ�VLJQDOLQJ�DQG�GLPHUL]DWLRQ��Int J Biochem 
Cell B 2009; 41:2163-2172.

29  Yan XY, Lin Y, Yang DL, et al. A novel anti-CD146 monoclo-
nal antibody, AA98, inhibits angiogenesis and tumor growth. 
Blood 2003; 102:184-191.

30  Chan B, Sinha S, Cho D, Ramchandran R, Sukhatme VP. 
Critical roles of CD146 in zebrafish vascular development. 
Dev Dyn 2005; 232:232-244.

31  Kebir A, Harhouri K, Guillet B, et al. CD146 short isoform 
increases the proangiogenic potential of endothelial progeni-
tor cells in vitro and in vivo. Circ Res 2010; 107:66-75.

32  Harhouri K, Kebir A, Guillet B, et al. Soluble CD146 displays 
angiogenic properties and promotes neovascularization in ex-
perimental hind-limb ischemia. Blood 2010; 115:3843-3851.

33  Bu P, Gao L, Zhuang J, Feng J, Yang D, Yan X. Anti-CD146 
monoclonal antibody AA98 inhibits angiogenesis via suppres-
sion of nuclear factor-kappaB activation. Mol Cancer Ther 
2006; 5:2872-2878.

34  Jiang T, Zhuang J, Duan H, et al. CD146 is a coreceptor for 
VEGFR-2 in tumor angiogenesis. Blood 2012; 120:2330-
2339.

35  Brose K, Bland KS, Wang KH, et al. Slit proteins bind Robo 
receptors and have an evolutionarily conserved role in repul-
sive axon guidance. Cell 1999; 96:795-806.

36  Zhang Y, Zheng C, Zhang J, et al. Generation and character-
ization of a panel of monoclonal antibodies against distinct 
epitopes of human CD146. Hybridoma (Larchmt) 2008; 
27:345-352.

37  Yang Y, Zou L, Wang Y, Xu KS, Zhang JX, Zhang JH. Axon 
guidance cue Netrin-1 has dual function in angiogenesis. 
Cancer Biol Ther 2007; 6:743-748.

38  Xu K, Wu Z, Renier N, et al. Neural migration. Structures of 
netrin-1 bound to two receptors provide insight into its axon 
guidance mechanism. Science 2014; 344:1275-1279.

39  Zeng Q, Wu Z, Duan H, et al. Impaired tumor angiogenesis 
and VEGF-induced pathway in endothelial CD146 knockout 
mice. Protein Cell 2014; 5:445-456.

40  Larrivee B, Freitas C, Suchting S, Brunet I, Eichmann A. 
Guidance of vascular development: lessons from the nervous 
system. Circ Res 2009; 104:428-441.

41  Fitamant J, Guenebeaud C, Coissieux MM, et al. Netrin-1 ex-
pression confers a selective advantage for tumor cell survival 
in metastatic breast cancer. Proc Natl Acad Sci USA 2008; 
105:4850-4855.

42  Paradisi A, Maisse C, Coissieux MM, et al. Netrin-1 up-reg-
ulation in inflammatory bowel diseases is required for col-
orectal cancer progression. Proc Natl Acad Sci USA 2009; 
106:17146-17151.

43  Kaufmann S, Kuphal S, Schubert T, Bosserhoff AK. Func-
tional implication of Netrin expression in malignant melano-
ma. Cell Oncol 2009; 31:415-422.

44  Ferrara N, Carver-Moore K, Chen H, et al. Heterozygous 
embryonic lethality induced by targeted inactivation of the 
VEGF gene. Nature 1996; 380:439-442.

45  Carmeliet P, Ferreira V, Breier G, et al. Abnormal blood ves-
sel development and lethality in embryos lacking a single 
VEGF allele. Nature 1996; 380:435-439.

46  Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of 
the Flt-1 receptor tyrosine kinase in regulating the assembly 
of vascular endothelium. Nature 1995; 376:66-70.

47  Kitajewski J. Wnts heal by restraining angiogenesis. Blood 
2013; 121:2381-2382.

48  Stefater JA 3rd, Lewkowich I, Rao S, et al. Regulation of an-
giogenesis by a non-canonical Wnt-Flt1 pathway in myeloid 
cells. Nature 2011; 474:511-515.

49  Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling 
7)��6WDJHV�RI� HPEU\RQLF� GHYHORSPHQW� RI� WKH� ]HEUD¿VK��Dev 



Tao Tu et al.
13

npg

www.cell-research.com | Cell Research

Dyn 1995; 203:253-310.
50  Baker M, Robinson SD, Lechertier T, et al. Use of the mouse 

aortic ring assay to study angiogenesis. Nat Protoc 2011; 
7:89-104.

51  Zhang CW, Gao JX, Zhang HF, Sun L, Peng G. Robo2-Slit 
DQG�'FF�1HWULQ��FRRUGLQDWH�QHXURQ�D[RQDO�SDWK¿QGLQJ�ZLWKLQ�
the embryonic axon tracts. J Neurosci 2012; 32:12589-12602.

���� /LX�)��3DWLHQW�5��*HQRPH�ZLGH�DQDO\VLV�RI�WKH�]HEUD¿VK�(76�
IDPLO\� LGHQWL¿HV� WKUHH�JHQHV� UHTXLUHG� IRU�KHPDQJLREODVW�GLI-

ferentiation or angiogenesis. Circ Res 2008; 103:1147-1154.

(Supplementary information is linked to the online version of 
the paper on the Cell Research website.)

7KLV�ZRUN�LV�OLFHQVHG�XQGHU�WKH�&UHDWLYH�&RPPRQV�
$WWULEXWLRQ�1RQ&RPPHUFLDO�1R�'HULYDWLYH�:RUNV�

����8QSRUWHG�/LFHQVH��7R�YLHZ�D�FRS\�RI�WKLV�OLFHQVH��YLVLW�KWWS���
FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�QF�QG����


