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Endothelial cells (ECs) play an essential role in the mod-
ulation of vascular homeostasis. During aging and spe-

cifically during the development of atherosclerosis, ECs are 
exposed to various damaging stimuli and are thereby prone to 
injury.1 Rapid endothelial recovery, or re-endothelialization, 

correlates with diminished plaque formation.2 Likewise, 
coronary intervention–induced vascular injury requires an 

Background—ADAMTS-7, a member of the disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 
family, was recently identified to be significantly associated genomewide with coronary artery disease. However, the 
mechanisms that link ADAMTS-7 and coronary artery disease risk remain elusive. We have previously demonstrated 
that ADAMTS-7 promotes vascular smooth muscle cell migration and postinjury neointima formation via degradation 
of a matrix protein cartilage oligomeric matrix protein. Because delayed endothelium repair renders neointima and 
atherosclerosis plaque formation after vessel injury, we examined whether ADAMTS-7 also inhibits re-endothelialization.

Methods and Results—Wire injury of the carotid artery and Evans blue staining were performed in Adamts7–/– and wild-type 
mice. Adamts-7 deficiency greatly promoted re-endothelialization at 3, 5, and 7 days after injury. Consequently, Adamts-7 
deficiency substantially ameliorated neointima formation in mice at days 14 and 28 after injury in comparison with the 
wild type. In vitro studies further indicated that ADAMTS-7 inhibited both endothelial cell proliferation and migration. 
Surprisingly, cartilage oligomeric matrix protein deficiency did not affect endothelial cell proliferation/migration and 
re-endothelialization in mice. In a further examination of other potential vascular substrates of ADAMTS-7, a label-
free liquid chromatography-tandem mass spectrometry secretome analysis revealed thrombospondin-1 as a potential 
ADAMTS-7 target. The subsequent studies showed that ADAMTS-7 was directly associated with thrombospondin-1 by 
its C terminus and degraded thrombospondin-1 in vivo and in vitro. The inhibitory effect of ADAMTS-7 on postinjury 
endothelium recovery was circumvented in Tsp1–/– mice.

Conclusions—Our study revealed a novel mechanism by which ADAMTS-7 affects neointima formation. Thus, ADAMTS-7 
is a promising treatment target for postinjury vascular intima hyperplasia.   (Circulation. 2015;131:1191-1201. DOI: 
10.1161/CIRCULATIONAHA.114.014072.)
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efficient re-endothelialization to prevent postinjury restenosis 
and thrombotic events. The rate of luminal endothelial repair 
is thus a critical modulator of arterial lesion formation after 
injury. Drug-eluting stents have failed to improve the long-
term prognosis and increased the stent thrombosis rate,3–5 
potentially because they inhibit not only vascular smooth 
muscle cell (VSMC) proliferation/migration, but also re-
endothelialization.6,7 Therefore, new strategies that aim to pro-
mote endothelial recovery, and simultaneously inhibit VSMC 
activation, as well, are needed for the effective prevention and 
treatment of atherosclerosis and postinjury restenosis.

Metalloproteinases are critical in vascular wall remod-
eling through matrix or nonmatrix degradation.8 Recently, 
we described ADAMTS-7, a member of a disintegrin and 
metalloproteinase with thrombospondin motifs (ADAMTS) 
family, in the mediation of VSMC migration and the pro-
motion of neointima formation following artery injury 
through the degradation of cartilage oligomeric matrix pro-
tein (COMP).9,10 To date, COMP is the only identified sub-
strate of ADAMTS-7 in the vessel wall and is believed to 
mediate its functional effects.11,12 Three recent genomewide 
association studies have further revealed ADAMTS-7 as a 
novel locus associated with human coronary atherosclero-
sis.13–15 A nonsynonymous single-nucleotide polymorphism 
in the prodomain of ADAMTS-7 is inversely related to 
VSMC migration, COMP cleavage, and the prevalence of 
atherosclerosis.16 Moreover, ADAMTS-7 promotes VSMC 
and aortic calcification by disturbing the balance between 
osteogenic bone morphogenetic protein 2 and its natural 
inhibitor COMP.12,17 However, the underlying mechanism 
of ADAMTS-7 in atherogenesis and postinjury vascular 
remodeling remains elusive. In this current study, we report 
that ADAMTS-7 not only promotes VSMC activation, 
but also inhibits postinjury endothelial cell recovery via a 
COMP-independent mechanism.

Methods
All animal studies followed the guidelines of the Animal Care and 
Use Committees of Peking University, People’s Republic of China, 
and Schleswig-Holstein and Bavaria, Germany. The Adamts7 gene 
was interrupted by introducing an internal ribosome entry site fol-
lowed by the β-galactosidase sequence between exons 4 and 5. Wire 
injury of the mouse carotid artery was performed in 12-week-old 
male mice as described.18 Gel-liquid chromatography-mass spec-
trometry analysis of secretome was performed as described.19 An 
expanded and detailed Materials and Methods section is available in 
the online-only Data Supplement.

Results
Adamts7–/– Mice Are Viable and Do Not Show Any 
Obvious Phenotype
The Adamts7 gene was interrupted by the introduction of an 
internal ribosome entry site followed by the β-galactosidase 
sequence between exons 4 and 5 (Figure 1A). Interruption of the 
gene was visualized by polymerase chain reaction on genomic 
DNA and reverse transcription polymerase chain reaction on 
mRNA from heart, kidney, and liver tissues (Figure 1B and 
1C). Correct introduction of the β-galactosidase sequence was 
verified by X-gal staining of heart tissue (Figure 1D).

Large-Scale Phenotyping of Adamts7–/– Mice
Male and female Adamts7–/– mice were fertile and segre-
gated with the assumed Mendelian frequencies. Wild-type 
(WT) and Adamts7–/– mice were subjected to a large-scale 
phenotyping as previously described.20 As shown in Tables I 
through IV in the online-only Data Supplement, aside from 
changes in anxiety-related behavior, Adamts7–/– mice did not 
display abnormal phenotypes measured by vital parameters, 
echocardiographic analysis, severe organ dysfunction, or his-
topathologic abnormalities. Lung function analysis revealed 
increased lung function parameters and reduced resistance. 
However, histopathologic analysis did not detect emphysema 
(data not shown). We did find some sex-specific effects, in 
particular, on energy metabolism (Table II in the online-only 
Data Supplement). However, without a proatherogenic back-
ground, Adamts7–/– mice did not display changes in blood lipid 
levels after 15 weeks of Western diet in comparison with WT 
mice (Table IV in the online-only Data Supplement).

ADAMTS-7 Deficiency Promotes 
Re-endothelialization and Ameliorates Neointima 
Formation in Wire-Injured Mouse Carotid Arteries
To test the hypothesis concerning if ADAMTS-7 is involved 
in postinjury endothelium recovery, we performed wire injury 
in the carotid artery of Adamts7–/– mice and littermate WT 
C57/BL6 mice. Re-endothelialization was quantified by en 
face Evans blue staining of the denuded area at 3, 5, and 7 
days after injury (Figure 1E). WT ECs were severely damaged 
immediately after injury and recovered by ≈25% at day 3, 45% 
at day 5, and 65% at day 7. In contrast, re-endothelialization 
in Adamts7–/– mice was 50% at day 3, 75% at day 5, and 85% 
at day 7 postinjury. Subsequent neointimal hyperplasia was 
completely abolished in Adamts7–/– mice at 14 and 28 days. Of 
note, media area and circumference of external elastic lamina 
did not differ between the 2 groups (Figure 1F).

ADAMTS-7 Inhibits EC Proliferation In Vivo and 
In Vitro
Next, we examined whether ADAMTS-7 affects EC prolifera-
tion. In vivo proliferation was assessed by bromodeoxyuridine 
incorporation. ECs were identified by en face immunofluores-
cence staining of von Willebrand Factor. The bromodeoxyuri-
dine-positive cells by en face staining reflected proliferating 
cells at the wound margins proximal to the impaired artery. EC 
proliferation was significantly enhanced in Adamts7–/– mice in 
comparison with WT mice 3 days after injury (Figure 2A).

Next, we monitored human umbilical vein endothelial 
cell (HUVEC) proliferation in vitro. Ectopic expression of 
ADAMTS-7 by adenovirus (Ad-ADAMTS-7) at 10 multi-
plicities of infection markedly repressed HUVEC prolifera-
tion as evidenced by cell counting via kit-8 (CCK-8), by cell 
cycle analysis via flow cytometry, and cell cycle checkpoint 
protein measurement by Western Blot (Figure  2B through 
2D). A neutralizing antibody that targeted the metallopro-
teinase domain of ADAMTS-7 was applied and function-
ally characterized. The antibody circumvented the COMP 
degradation capacity of ADAMTS-7 in a dose-dependent 
manner (Figure IA in the online-only Data Supplement), 
and ADAMTS-7–induced VSMC migration, as well (Figure 
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IB in the online-only Data Supplement). Interestingly, 
the ADAMTS-7 neutralizing antibody dose-dependently 
reversed the inhibitory effect of ADAMTS-7 on EC prolif-
eration (Figure 2E). These data reinforced that ADAMTS-7 
specifically targets EC proliferation.

ADAMTS-7 Represses EC Migration
Because cell migration is an essential step in the re-endotheli-
alization response, we assessed the effects of ADAMTS-7 on 

EC migratory ability. An in vitro scratch-wound assay revealed 
reduced migration of Ad-ADAMTS-7–infected HUVECs in 
comparison with Ad-LacZ–infected cells. The mean migra-
tion distance was shorter than with the control cells by 48%, 
32%, and 43% at 12, 18, and 24 hours after injury, respec-
tively (Figure  3A). Additionally, modified Boyden chamber 
assays were performed. A dramatic decrease of migration was 
observed in Ad-ADAMTS-7–infected HUVECs in compari-
son with Ad-LacZ–infected cells (Figure  3B). Reciprocally, 

Figure 1. Adamts-7 deficiency promotes re-endothelialization and ameliorates neointima formation in wire-injured mice carotid arteries. 
A, Targeting vector for genomic deletion of Adamts7. Adamts7–/– embryonic stem cells were used to generate Adamts7–/– mice by the 
insertion of an internal ribosome entry site followed by the β-galactosidase sequence and a neomycin cassette (trans-NIH Knock-Out 
Mouse Project, KOMP Repository, USA).19a B, Genomic PCR results of the Adamts7–/– mice. C, Adamts7 gene expression in heart, kidney, 
and liver. D, Representative pictures of β-galactosidase staining of heart tissue. E, Re-endothelialization was quantified in Evans blue–
stained carotid arteries at 3, 5, and 7 days after vascular injury (representative pictures). Blue staining indicates endothelial denudation. 
Scale bar, 1 mm, *P<0.05 vs wild type (n=6–8 for each group). F, Neointima formation was determined on hematoxylin and eosin–stained 
cross sections of carotid arteries 14 and 28 days after vascular wire injury (n=6 each group). Scale bar, 100 μm. *P<0.05. ELL indicates 
external elastic lamina; n.d., not detectable; PCR, polymerase chain reaction; and WT, wild type. 
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ADAMTS-7 inhibition by neutralization antibody signifi-
cantly abolished the antimigratory effect of ADAMTS-7 
(Figure 3C).

COMP Does Not Affect EC Proliferation/Migration
Our previous studies have shown that ADAMTS-7 directly 
binds to and degrades COMP in VSMCs and injured vessels 
and subsequently promotes VSMC migration.9,10 A recent study 
also revealed that an ADAMTS-7 single-nucleotide polymor-
phism alters COMP degradation and VSMC migration and 
therefore affects coronary artery disease risk.14 Because COMP 
is primarily expressed in VSMCs but not in ECs,21 we then 
examined whether COMP also affects re-endothelialization. 
Thus, HUVECs were supplemented with increasing amounts 
of purified COMP (concentration from 50 to 200 ng/mL) or 
cultured on plates coated with purified COMP. Interestingly, 
neither treatment affected HUVEC proliferation (Figure IIA 
and IIB in the online-only Data Supplement). In accordance, 
scratch-wound assays on HUVECs supplemented with vari-
ous amounts of COMP revealed no difference in migration 
(Figure IIC in the online-only Data Supplement). To avoid the 
high level of mitogens masking the potential effects of COMP, 
the proliferation and migration of HUVECs were analyzed in 

the presence of 1% fetal bovine serum. Neither cell prolifera-
tion nor migration was influenced by increasing the amount of 
purified COMP (Figure IID and IIE in the online-only Data 
Supplement). Next, wire injury was conducted in Comp–/– and 
WT mice. In accordance, re-endothelialization was not signif-
icantly different between WT and Comp–/– mice (Figure IIF in 
the online-only Data Supplement). In contrast, the neointima 
area was greatly increased in Comp–/– mice 28 days after wire 
injury in comparison with littermate WT mice (Figure IIG 
in the online-only Data Supplement), reinforcing the notion 
that ADAMTS-7 retards endothelium repair independent of 
COMP. These data suggest that, although ADAMTS-7 pro-
motes VSMC migration and neointima formation via COMP 
degradation, ADAMTS-7 may inhibit EC recovery via 
COMP-independent mechanisms.

Identification of a Novel Substrate for ADAMTS-7 
by Secretome Analysis
To identify a novel substrate of ADAMTS-7 and reveal 
the mechanism of ADAMTS-7 on re-endothelialization, a 
secretome proteomics analysis was performed. Primary rat 
VSMCs were adenovirally infected with Ad-ADAMTS-7 or 
control Ad-GFP. Supernatant was collected and analyzed 

Figure 2. ADAMTS-7 inhibits HUVEC proliferation in vivo and in vitro. A, Representative BrdU-positive endothelial cells at the endothelial 
wound margins in carotid arteries 3 days after vascular injury. Proliferating nuclei were indicated by BrdU incorporation (red), and 
endothelial cells were indicated by vWF staining (green, n=3 each group). Scale bar, 50 μm. B, Proliferation of HUVECs infected with 
Ad-ADAMTS-7 or Ad-LacZ was determined by Cell Counting Kit-8 (CCK-8). Results are means±SEM from 3 independent experiments 
performed in duplicate. C, Cell-cycle distribution of HUVECs was confirmed by propidium iodide staining and FACS analysis. Results are 
means±SEM from 3 independent experiments performed in duplicate. D, Representative Western blot of cell-cycle checkpoint protein in 
Ad-ADAMTS-7 and Ad-LacZ–infected HUVECs. Bar represents means±SEM from 3 independent experiments. E, ADAMTS-7 inhibition 
by neutralization antibody abolished the antiproliferation effect. HUVECs were supplemented with ADAMTS-7 neutralization antibody 
(0.1–50 μg/mL) in culture medium when infected with adenovirus. Results are means±SEM from 4 independent experiments performed in 
duplicate. BrdU indicates bromodeoxyuridine; FACS, fluorescence-activated cell sorting; HUVEC, human umbilical vein endothelial cell; 
IgG, immunoglobulin G; SEM, standard error of the mean; and vWF, von Willebrand Factor.
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by proteomics. As expected, ADAMTS-7 was dramatically 
increased. The gel-liquid chromatography-tandem mass 
spectrometry analysis identified 290 proteins in the con-
ditioned media, of which 29 proteins were identified with 
significant differences (P≤0.05; Table V in the online-only 
Data Supplement). Among these, 13 proteins were extracel-
lular proteins or plasma membrane proteins. These proteins 
included extracellular matrix proteins (thrombospondin-1, 
osteopontin, periostin, olfactomedin-like protein 3, growth/
differentiation factor 6 and Sushi, von Willebrand factor 
type A, epidermal growth factor, and pentraxin domain–
containing protein 1), cell proliferation regulators (pigment 
epithelium–derived factor and guanine nucleotide–binding 
protein subunit beta-2-like 1), peroxidases (thioredoxin), 
and cytoskeleton proteins (actin-related protein 3, elastin, 
moesin, and septin-11).

Thrombospondin-1 (TSP-1) is the first identified and 
potent endogenous antiangiogenic protein capable of 
inhibiting EC proliferation and migration and was of 
close to statistical significance (P=0.0509) regulated by 
ADAMTS-7 overexpression. Further enzyme-linked immu-
nosorbent assay analysis confirmed the reduced secretion 
of TSP-1 in the supernatant of Ad-ADAMTS-7 in compari-
son with Ad-LacZ–infected T/G HA VSMCs (Figure 4A). 
TSP-1 has been shown to be expressed and secreted by 
ECs.22,23 Similarly, the secretion of endogenous TSP-1 from 
HUVECs was markedly reduced by Ad-ADAMTS-7 infec-
tion in comparison with Ad-LacZ treatment (4.798±0.7136 
versus 2.145±0.8099 ng/104 cells; n=8; P<0.05; Figure 4B). 
In addition, increased TSP-1 was detected in the aorta of 
Adamts7–/– mice, which indicates that ADAMTS-7 truly 
affects the TSP-1 level (Figure 4C).

Figure 3. ADAMTS-7 suppresses HUVEC migratory ability in vitro. A, Representative images of cell migration 12 hours after scratching. 
Confluent HUVEC monolayers were scratch wounded 48 hours after adenoviral infection. The cells were maintained in culture for an 
additional 12, 18, and 24 hours before imaging (dotted line indicates wound edge). The mean distance migrated by the HUVECs was 
quantified (average of 4 independent microscope fields for 3 independent experiments each, magnification ×100). B, Representative 
images of modified Boyden chamber assay at 6, 9, and 12 hours (magnification ×100). Migrated cells were quantified by the average of 
4 randomly chosen high-power fields (HPF) of 3 independent duplicate experiments. C, Neutralization antibody (1–50 μg/mL) rescued 
the suppressed migration in Ad-ADAMTS-7–infected HUVECs 12 hours after scratch. Results are means±SEM from 3 independent 
experiments. HUVEC indicates human umbilical vein endothelial cell; IgG, immunoglobulin G; and SEM, standard error of the mean.
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ADAMTS-7 Associates With TSP-1
Because protein-protein interactions are a fundamental process 
for most enzyme-substrate reactions, we first examined the 
interaction between ADAMTS-7 and TSP-1. The coimmuno-
precipitation assay was conducted to verify the association of 
ADAMTS-7 and TSP-1 in vivo. In WT aorta, a specific TSP-1 
band was present in the complex immunoprecipitated with 
anti–ADAMTS-7 antibody, but not with control immunoglob-
ulin G. Accordantly, coimmunoprecipitation with anti–TSP-1 
antibody revealed that TSP-1 also precipitated ADAMTS-7 
(Figure 5A). In contrast, no protein interaction was detected in 
Adamts7–/– aorta. A specific interaction between ADAMTS-7 
and TSP-1 was further confirmed in primary HUVECs, and 
COS-7 cells, as well, cotransfected with ADAMTS-7 and 
TSP-1 (Figure 5B and 5C). To further characterize the binding 
motif of ADAMTS-7 attributable to the TSP-1 interaction, a 
mammalian 2-hybrid assay was performed by cotransfecting 
Eahy 926 cells with the pACT plasmids that expressed vari-
ous ADAMTS-7 deletion mutants and the pBIND plasmid that 
encoded the full-length TSP-1, respectively. The ADAMTS-7 
prodomain (amino acids [aa] 26–246), the metalloproteinase 
plus disintegrin-like and cysteine-rich domain (aa 238–711), 
and the spacer-1 plus 3 TSP repeats (aa 703–1007) were 
not bound to TSP-1. Instead, the spacer-2 plus 4 C-terminal 
TSP repeats of ADAMTS-7 (aa 999–1595) bound to TSP-1 
(Figure 5D). The interaction between the ADAMTS-7 C ter-
minus and TSP-1 was also confirmed by coimmunoprecipi-
tation with anti-Flag antibody in Eahy 926 cells transfected 
with Flag-CMV vectors that expressed various ADAMTS-7 

deletion mutants (Figure 5E). Taken together, our data show 
that ADAMTS-7 binds to TSP-1 in vitro and in vivo.

ADAMTS-7 Degrades TSP-1 In Vitro
Next, we analyzed TSP-1 cleavage by ADAMTS-7 in HUVECs. 
Western blot analysis of Ad-ADAMTS-7– and Ad-LacZ–infected 
cells revealed reduced levels of full-length TSP-1 in both whole-
cell lysate (Figure 6A) and supernatant (Figure 6B). Interestingly, 
a 140-kDa fragment was repeatedly observed in the supernatant, 
but not in the cell lysate. In contrast, the mRNA level of TSP-1 
was not altered by ADAMTS-7 (Figure III in the online-only 
Data Supplement). To further verify the observation, COS-7 cells 
were infected with increasing amounts of adenoviral constructs 
that expressed LacZ and ADAMTS-7, respectively. The super-
natant was collected, concentrated, and incubated with purified 
human TSP-1 at 37°C for 4 hours. With increased expression 
of ADAMTS-7, a gradually reduced level of full-length TSP-1 
(170 kDa) was observed in parallel with an increased 140-kDa 
fragment (Figure 6C). Accordingly, an enhanced cleavage frag-
ment of TSP-1 was observed with increasing amounts of extra-
neous TSP-1 (Figure 6D). This effect, however, was completely 
abolished by adding the ADAMTS-7–neutralizing antibody 
(Figure 6E). Previous studies have suggested that the catalytic 
domains of ADAMTS-7 and ADAMTS-20 produced in bacteria 
can digest their substrates in vitro.9 Using a similar method, we 
purified the catalytic domain (aa 217–427) of rADAMTS-7 as 
a glutathione-S-transferase fusion protein in bacteria. The gluta-
thione-S-transferase moiety was further removed by thrombin, 
and the purity of protein was confirmed by visualization using 
Coomassie staining (data not shown). The recombinant cata-
lytic domain of ADAMTS-7 was incubated with purified human 
TSP-1 in a buffer containing 50 mmol/L Tris-HCl, 150 mmol/L 
NaCl, 5 mmol/L CaCl

2
, 2 mmol/L ZnCl

2
, and 0.05% Brij-35, pH 

7.5. As shown in Figure 6F, the catalytic domain of ADAMTS-7 
digested TSP-1 in a dose-dependent manner.

ADAMTS-7 Inhibits Re-endothelialization via TSP-1
We next examined whether ADAMTS-7 inhibited postinjury EC 
recovery via TSP-1. TSP-1 expression was specifically silenced 
by small interfering RNA treatment of HUVECs (Figure 7A). As 
shown in Figure 7B and 7C, the inhibitory effect of ADAMTS-7 
on EC proliferation was significantly abolished in the absence 
of TSP-1 as evident by both cell counting and cell cycle analy-
sis. In line with this observation, TSP-1 deficiency also circum-
vented the inhibitory effect of ADAMTS-7 on EC migration 
(Figure 7D). As a consequence, the retardation of re-endotheli-
alization by ADAMTS-7 overexpression was circumvented in 
Tsp1–/– mice (Figure 7E), which indicates ADAMTS-7 refrains 
endothelial repair from repairing via TSP-1 (Figure 8).

Discussion
Aberrant EC recovery is inversely related to neointima for-
mation during atherosclerosis and postinjury restenosis. Our 
current study revealed ADAMTS-7 as a potent inhibitor of 
endothelial recovery in response to injury. Using Adamts7–/– 
mice and injury models, we uncovered that, in addition to the 
suppression of VSMC migration, ADAMTS-7 deficiency also 
promoted re-endothelialization and completely blocked subse-
quent neointima formation. ADAMTS-7 inhibition, therefore, 

Figure 4. ADAMTS-7 decreases thrombospondin-1 expression 
at the protein level. A, Identification of the TSP-1 protein level in 
the culture medium of Ad-lacZ– or Ad-ADAMTS-7–infected T/G 
HA VSMC by ELISA analysis. Results are means±SEM from 5 
independent experiments. B, Protein level of TSP-1 in HUVEC 
supernatant. Results are means±SEM from 8 independent 
experiments. C, Western blot analysis of TSP-1 expression in 
the aorta of Adamts7–/– mice. n=3. ELISA indicates enzyme-
linked immunosorbent assay; HA, human aortic; HUVEC, human 
umbilical vein endothelial cell; IgG, immunoglobulin G; SEM, 
standard error of the mean; TSP-1, thrombospondin-1; and 
VSMC, vascular smooth muscle cell.
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is a promising dual-effect target for both atherosclerosis and 
restenosis after PCI.

The ADAMTS-7 locus was identified to have a strong asso-
ciation with coronary atherosclerotic disease14,15 and was rather 
involved in the formation of atherosclerotic plaques in com-
parison with atherothrombotic events. However, the underly-
ing mechanism is not yet understood. In the current phenotype 
screening assay, we did not observe difference regarding lipid 
metabolism. As shown in Table IV in the online-only Data 
Supplement, without a proatherogenic background, Adamts7–/– 
mice did not display changes in blood lipid levels after 15 
weeks of Western diet in comparison with WT mice. However, 
we did find increased maximum oxygen consumption in male 
mice (Table II in the online-only Data Supplement), indicating 
alterations in the energy metabolism or cardiorespiratory fit-
ness during exercise.24 Further experiments are needed for better 
understanding of Adamts7–/– mice phenotype.

Previously, we demonstrated that ADAMTS-7 degrades 
COMP in vessels.10 COMP itself interacts with α7β1 integrin 

and bone morphogenetic protein 2 and prevents VSMC trans-
differentiation into a synthetic or osteogenic phenotype.11,12 
ADAMTS-7, via he degradation of COMP, promotes neointima 
formation and vascular calcification.10,17 Among other potential 
substrates, we have identified TSP-1 as another ADAMTS-7 
target with profound functional implications on endothelial 
biology following injury. ADAMTS-7 not only acts via COMP 
degradation, but also inhibits EC proliferation/migration via a 
COMP-independent pathway. TSP-1 belongs to the microcellu-
lar thrombospondin protein family, which also includes TSP-2, 
TSP-3, TSP-4, and TSP-5 (COMP).25 Our functional data are in 
line with previous reports that demonstrated that the intra-arterial 
delivery of TSP-1 antibodies accelerates re-endothelialization 
and reduces neointimal lesion formation after balloon denuda-
tion in rats.26 Our study is also consistent with earlier studies 
that showed reduced neointima hyperplasia in Tsp1–/– mice.27 
Compelling studies have shown the pivotal role of TSP-1 in 
angiogenesis, inflammation, wound healing, cancer, and throm-
bosis via complex protein-protein interactions with various 

Figure 5. ADAMTS-7 associates with TSP-1 via its C-terminal domain. TSP-1 was associated with ADAMTS-7 in mouse aorta (A), 
HUVECs (B) and COS-7 cells cotransfected with TSP-1 and ADAMTS-7 (C) by Co-IP. D, Top, Schematic illustration of ADAMTS-7 
structures used to map the corresponding domains that bind to TSP-1. Presence or absence of binding between ADAMTS-7 and TSP-1 
was indicated by + or –, respectively. Bottom, Mammalian 2-hybrid analysis of ADAMTS-7 and TSP-1 interaction. Eahy 926 cells were 
cotransfected with pACT plasmids that expressed various ADAMTS-7 deletion mutants and pBIND plasmid that encoded full-length 
TSP-1. Luciferase activity was analyzed 48 hours after transfection. Data represent the means±SEM of 3 independent experiments in 
duplicate. E, Co-IP of Eahy 926 cells with anti-Flag antibody in vivo. Eahy 926 cells were cotransfected with Flag-CMV vectors that 
encoded various ADAMTS-7 fragments and full-length TSP-1 for 48 hours. TSP-1 protein expression was examined by Western blot 
analysis. Co-IP indicates coimmunoprecipitation; HUVEC, human umbilical vein endothelial cell; IB, immunoblot; IgG, immunoglobulin G; 
IP, immunoprecipitation; SEM, standard error of the mean; and TSP-1, thrombospondin-1. 
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partners, such as CD47, transforming growth factor β, CD36, 
and integrin.28 TSP-1 has further been detected in atherosclerotic 
specimens, and the genetic variants of TSP-1 have been reported 
to correlate with coronary artery disease and myocardial infarc-
tion.29–31 In Apoe–/– mice, TSP-1 deficiency has also been shown 
to accelerate atherosclerotic plaque maturation without affecting 
plaque formation.32 In addition to the inhibition of endothelial 
recovery, we further ask whether TSP-1 mediates ADAMTS-7 
promotion of VSMCs migration. As shown in Figure IV in the 
online-only Data Supplement, ADAMTS-7 silencing/overex-
pression–induced repression/enhancement of VSMC migra-
tion was not affected by TSP-1 deficiency. In contrast, reduced 
VSMC migration by ADAMTS-7 silencing was almost com-
pletely rescued by COMP deletion, which is in accordance with 
our previous study,10 indicating that TSP-1 is not involved in 
ADAMTS-7–mediated VSMCs migration.

Compelling evidence indicates that TSP-1 was relatively 
abundant in EC cells or mainly present in endothelium of the 

stenotic surface of coronary arteries,29,33 although it was identi-
fied in almost all layers of injured arteries. To address the cellular 
origin of increased TSP-1 in Adamts7–/– aorta, we have further 
isolated the aortic ECs and VSMCs from Adamts7–/– and WT 
mice, respectively. Western blot analysis revealed that TSP-1 
protein level increased in both ECs and VSMCs from Adamts7–/– 
mice in comparison with WT mice (Figure V in the online-only 
Data Supplement). By using enzyme-linked immunosorbent 
assay analysis, we revealed ≈7-fold basal amount of TSP-1 in 
the supernatant of EC in comparison with VSMCs (Figure 4A 
and 4B), indicating that ADAMTS-7 may preferentially target 
EC TSP-1. However, we cannot exclude the possibility that 
ADAMTS-7 degrades TSP-1 from both ECs and VSMCs.

Interestingly, both ADAMTS-7 and TSP-1 exhibit potent 
anti-re-endothelialization effects that cannot simply be 
explained by reduced expression or secretion of TSP-1 sec-
ondary to the cleavage by ADAMTS-7. One potential expla-
nation is that TSP-1 cleavage by enhanced ADAMTS-7 leads 

Figure 6. TSP1 is cleaved by ADAMTS-7 in vitro. Western blot of TSP-1 expression in the cell lysate (A) and conditional medium (B) of 
HUVECs infected with Ad-LacZ and Ad-ADAMTS-7, respectively. Results are means±SEM from 4 independent experiments performed. C and 
D, Western blots analysis of TSP-1. COS-7 cells were infected with Ad-ADAMTS-7 or Ad-LacZ for 24 hours. Supernatant was concentrated 
and incubated with hTSP-1 protein for 4 hours in vitro. Data represent the means±SEM of 3 independent experiments. E, Representative 
Western blot of TSP-1. Digestion of hTSP-1 by COS-7 cells infected with Ad-ADAMTS-7 was abolished by an ADAMTS-7 neutralization 
antibody (50 μg/mL). n=3. F, Catalytic domain of ADAMTS-7 (TS7-CD) digested hTSP-1. Purified hTSP-1 was incubated with the catalytic 
domain of ADAMTS-7 in vitro. Cleaved products were visualized with Coomassie dye. expo. indicates exposure; FL TSP-1, full-length TSP-1; 
HUVEC, human umbilical vein endothelial cell; MOI, multiplicity of infection; SEM, standard error of the mean; and TSP-1, thrombospondin-1.
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to the production of a bioactive TSP-1 fragment with a more 
potent inhibitory effect on EC recovery, as demonstrated by a 
previous study which showed that ADAMTS-1 mediates the 
release of antiangiogenic polypeptides from TSP-1 and TSP-
2.34 After mutating the ADAMTS-1 cleavage site in TSP-1 
(glutamic acid 311 and leonine 312) and cell transfection, 
the degradation of TSP-1 by ADAMTS-7 was still detectable, 
which indicates different cleavage sites of ADAMTS-7 and 
ADAMTS-1, and thus highlights the putative different sig-
naling pathways that involve ADAMTS-7 and TSP-1 (Figure 
VI in the online-only Data Supplement). Similarly, bioactive 
extracellular matrix (ECM) fragments generated by matrix 
metalloproteinases and cathepsins have been shown to exhibit 
various effects via novel receptors.35–37 Further studies are 
needed to clarify the cleavage site of TSP-1 by ADAMTS-7 
and the biological function of the cleaved fragment on EC 
function and vascular repair.

There is other potential possibility of TSP-1–mediated 
repression of ADAMTS-7 on EC recovery. ADAMTS-7 
may release ECM–bound TSP-1 and therefore activate the 
latent TSP-1. To address this issue, we tried to analyze the 

ECM-bound TSP-1 in primary Adamts7-deficient EC and 
VSMCs. However, just by regular Western blot analysis we 
could hardly detect the full-length TSP-1 in the ECM of 
both ECs and VSMCs (data not shown), whereas abundant 
TSP-1 was observed in the supernatant. By using a similar 
protocol, previous studies also found a few ECM-bound TSP-
1.34,38 Previous quantitative proteomics analysis has revealed 
TSP-1 in the ECM of human vessel, but as a less abundant 
protein in comparison with other matrix proteins such as 
fibronectin.39 Further quantitative ECM proteomics analysis 
in WT and Adamts7–/– aorta is needed to explore the possi-
bility that ADAMTS-7 release of ECM-bound silent TSP-1. 
Nevertheless, in comparison with the low level of TSP-1 in the 
ECM, the greater amount of TSP-1 or fragment in the super-
natant may play a more important role to EC cells.

In conclusion, ADAMTS-7–mediated TSP-1 cleavage may 
play an important role in re-endothelialization during human 
vascular injury-repair response. In addition to its COMP-
mediated effects, ADAMTS-7 might involve a second target 
mechanism for the prevention/therapy of vascular neointima 
hyperplasia.

Figure 7. ADAMTS-7 inhibits endothelial cell recovery through the degradation of TSP-1. A, Representative Western blots of siRNAscramble and 
siRNATSP-1 knockdown of TSP-1 protein in HUVECs. B and C, Silencing of TSP-1 attenuated ADAMTS-7–suppressed HUVEC proliferation. 
HUVECs were transfected with siRNA 24 hours before adenoviral infection. Twenty-four hours later, the cells were harvested for CCK-8 
or FACS analysis. (Results are means±SEM from 3 independent experiments performed in duplicate, *P<0.05.) D, Knockdown of TSP-1 
accelerated Ad-ADAMTS-7–infected HUVEC migration activity in the wound-scratch assay (magnification ×100; results are means±SEM 
from 3 independent experiments performed in duplicate, *P<0.05). E, Representative Evans blue staining of en face carotid arteries infected 
by Ad-LacZ or Ad-ADAMTS-7 5 days after wire injury in Tsp1–/– or wild-type mice (scale bar, 1 mm, re-endothelialization (%) was quantified 
by Image J, *P<0.05; n=6 per group). CCK-8 indicates cell counting via kit-8; FACS, fluorescence-activate cell sorting; HUVEC, human 
umbilical vein endothelial cell; SEM, standard error of the mean; siRNA, small interfering RNA; and TSP-1, thrombospondin-1.
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Clinical Perspective
Besides vascular smooth muscle cell proliferation and migration, the rate of luminal endothelial recovery is also a criti-
cal modulator of neointima formation after vascular injury. Here, we show that ADAMTS-7 may affect both processes. 
ADAMTS-7, a member of the disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family, was 
recently identified to be genomewide significantly associated with human coronary artery disease. We have previously 
shown that ADAMTS-7 can promote vascular smooth muscle cell migration and neointima formation after artery injury 
via the degradation of cartilage oligomeric matrix protein. In this study, we show that Adamts7–/– mice exhibited greater 
re-endothelialization and were completely resistant to neointima formation on injury. ADAMTS-7 inhibition may serve as 
new strategy to promote endothelial recovery, and, simultaneously, to inhibit vascular smooth muscle cells activation for the 
effective prevention and treatment of atherosclerosis and postinjury restenosis. Furthermore, the identification of thrombo-
spondin-1 as an ADAMTS-7 target on one hand, and as a modulator of vascular remodeling on the other, might lead to the 
elucidation of further druggable downstream targets.
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SUPPLEMENTAL MATERIAL. 

Supplemental Methods 

Materials 

Antibody against ADAMTS-7 was purchased from Abcam (Cambridge, UK). Antibodies 

against Thrombospondin-1 (TSP-1) were purchased from Neomarkers (Fremont, CA). 

Antibodies against BrdU were purchased from Sigma-Aldrich (St. Louis, MO). The antibody 

against GAPDH was purchased from Cell Signaling Technology (Boston, MA). The antibody 

against vWF was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The 

antibodies against Cyclin D1 and E1 were purchased from Bioworld (Minneapolis, MN). The 

neutralizing antibody of ADAMTS-7 (Antigen: LEDEEKDLKITH-KLH) was purchased 

from Biosynthesis Biotechnology Co., Ltd. (Beijing, China). Recombinant human TSP-1 was 

purchased from R&D Systems (Minneapolis, MN). 

 

Generation of Adamts7-/- mice 

The Adamts7 knockout embryonic stem cell (Adamts7-KO-ESC) line (EPD0209) was 

purchased from the European Conditional Mouse Mutagenesis Program (EUCOMM)1. 

Microinjection of Adamts7-KO-ESC into C57BL/6N blastocysts was achieved at the Knock 

Out Mouse Project (KOMP) repository at the University of California, Davis, USA2. The 

Adamts7 targeting vector includes the insertion of a neomycin selection cassette and two loxP 

sites flanking exon 5 and exon 6 in the Adamts7 genomic sequence. The Adamts7 gene was 

interrupted by introducing an internal ribosome entry site followed by the beta-galactosidase 

sequence between exons 4 and 5. Male chimeras were obtained and backcrossed to C57BL/6 
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females in our animal facility to generate founders, which were then selected and genotyped 

using polymerase chain reaction (PCR) on genomic DNA isolated from ear punch biopsies. 

Heterozygous mice were intercrossed to generate knockout (Adamts7-/-), heterozygous 

(Adamts7+/-) and wildtype (WT) littermates. Genomic DNA was isolated from ear punches 

using standard methods. Tissue sections from mice were explanted, snap-frozen in liquid 

nitrogen and stored at -80°C until use. Homogenization and RNA-isolation were performed 

using TRIzol (Life Technologies) according to the manufacturer’s recommendations. RNA 

was stored at -80°C until use. cDNA was generated using M-MLV Reverse Transcriptase 

(Life Technologies) and pdN6-Primers. Amplification of DNA and cDNA was performed 

using rTaq (GE Healthcare) with the recommended supplements. PCR-products were 

visualized on agarose-gels. 

 

X-gal staining of cryosections  

Organs were excised and embedded in Tissue Tek (Sakura), snap frozen in liquid nitrogen, 

and stored at -20°C until use. The tissues were sectioned into 8-10 µm cryosections. For 

X-gal staining, the cryosections were air dried, incubated in PBS that contained 0.5% 

glutaraldehyde at 4°C for 10 min, washed in PBS and incubated with X-gal 

(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) solution at 37°C overnight. Afterwards, 

the cryosections were washed in PBS, dehydrated and mounted using cover slips (Fisher). 

 

Large-Scale phenotyping of Adamts7-/- mice  

All animal studies followed the guidelines of the Animal Care and Use Committees of 
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Peking University, People's Republic of China, Schleswig-Holstein and Bavaria, Germany. 

Fifty-four mice, i.e., 29 females (15 WT, 14 Adamts7-/-) and 25 males (10 WT, 15 Adamts7-/-), 

were generated by intercrossing heterozygous Adamts7+/--mice and transferred to the German 

Mouse Clinic (GMC). At the GMC mice were maintained in IVC cages (Ventirack, Biozone, 

UK) with water and standard mouse chow (Altromin no. 1324) according to the GMC 

housing conditions and German laws.The mice were processed by standardized screening 

procedures as described previously3, 4. Briefly, the mice were characterized regarding 

morphology, behavior, neurology, eye morphology and function, nociception, energy 

metabolism, clinical chemistry/ hematology, immunology, allergies, steroid metabolism, 

cardiovascular function, lung function, and pathology. 

 

Wire-injury of mouse carotid artery 

Wire-injury of the mouse carotid artery was performed in 12-week-old mice as described 

by Lindner et al5. Through a middle line neck incision on the ventral side, the left common 

carotid artery (LCCA), including bifurcation, was exposed and cleaned from the surrounding 

tissue. Bulldog clamps were placed around the LCCA proximal to the aortic arch and the left 

internal carotid artery (LICA) for temporary control of blood flow; a 6-0 suture was placed 

around the left external carotid artery (LECA). An incision hole was made in the LECA, then 

a flexible wire (0.38 mm) was introduced into the LCCA by approximately 5 mm and passed 

3 times toward and forth with rotation. The wire was removed, and the LECA was then tied 

off proximally. The skin incision was closed with surgical sutures. The area of remaining 

denudation at 3, 5 and 7 days after injury was determined by left ventricle injection of Evans 
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blue dye; quantification of the dye-stained area by blinded image analysis was performed as 

described previously6. Fourteen and 28 days after injury, the mouse arteries were harvested 

and embedded in Tissue Tek OCT (Sakura Finetek, Staufen, Germany); 6 μm serial cryostat 

sections were obtained from the bifurcation point and analyzed by matoxylin/eosin staining 

and Spot Image software (Diagnostic Instruments, Australia). All surgical studies followed the 

guidelines of the Animal Care and Use Committee of Peking University. 

 

BrdU incorporation 

BrdU incorporation was performed 3 days after injury as described previously7. Briefly, 

BrdU was administered to mice via an intraperitoneal injection at 48, 24, and 2 hours prior to 

sacrifice. The carotid arteries were then harvested and incubated with anti-BrdU and 

anti-vWF antibodies to perform dual immunofluorescence staining. 

 

Femoral artery injury in mice 

Thrombospondin-1 deficient (Tsp1-/-) mice were purchased from Jackson Lab. A 

wire-mediated vascular injury was induced in the femoral arteries of Tsp1-/- or WT mice by an 

angioplasty guide wire as described previously8. Briefly, the femoral arteries were exposed by 

a longitudinal groin incision and monitored under a surgical microscope. The femoral artery 

was temporarily clamped at the level of the inguinal ligament, and an incision hole was 

created distal to the deep femoral branch. After release of the clamp, a 0.38-mm guide wire 

was advanced once by approximately 5 mm and was left in place for 1 minute to denude and 

dilate the artery. The wire was then removed, and the arteriotomy site was ligated with an 8-0 
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suture. For in vivo overexpression, a single exposure of 5×108 plaque forming units (pfus) of 

Ad-ADAMTS7 or Ad-LacZ adenovirus were delivered to the wire-injured femoral artery 

segments. The skin incision was closed with a 6-0 silk suture. The animals were monitored as 

per usual after surgery. ADAMTS-7 overexpression in vivo was confirmed by 

immunohistochemistry 3 days after adenovirus delivery (data not shown). 

Re-endothelialization of the femoral artery was determined by Evans blue staining 5 days 

after wire injury in mice. 

 

Immunohistochemistry and Dual Immunofluorescence 

To confirm ADAMTS-7 overexpression in femoral arteries, frozen sections of carotid 

arteries were incubated with rabbit primary anti-ADAMTS-7 antibody (Abcam, Cambridge, 

UK), horseradish peroxidase-conjugated goat anti-rabbit IgG and 3, 3-diaminobenzidine, 

successively. The sections were then counterstained with hematoxylin. For dual 

immunofluorescence, the frozen sections were first incubated with the antibodies mouse 

anti-BrdU (1:200) and rabbit anti-vWF (1:50) and then the secondary TRITC-conjugated goat 

anti-rabbit IgG (1:300) and FITC-conjugated goat anti-mouse IgG (1:300) (Rockland Inc. 

Gilbertsville, PA), respectively. Fluorescence was detected by confocal laser scanning 

microscopy (Leica, Germany). 

 

Cell culture 

HUVECs were isolated from human umbilical veins by type I collagenase (100 IU/ml) 

and by the differential attachment rate from other cells9. Human umbilical cords were 
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obtained from Peking University Third Hospital. The experiment was approved by the Ethics 

Committee of the Peking University Health Science Center, and it was conducted after 

informed consent was provided by the infants' parents. Cells were cultured in medium 199 

(Gibco) that contained 10% fetal bovine serum (FBS, Hyclone), 4.17 mg/L recombinant 

human endothelial cell growth factor (Sigma), 1.4 IU/ml heparin sodium (Sigma), 3.0 mg/L 

thymidine (Sigma), 5.96 g/L HEPES, 2.2 g/L NaHCO3, 200 U/mL penicillin, and 100 U /mL 

streptomycin and passaged by 0.05% trypsin digestion. HUVECs of passage 5–6 were used 

for experiments.  

 

Real-Time Quantitative PCR and Western Blot Analysis 

Real-time PCR amplification involved the use of an Mx3000 Multiplex Quantitative 

PCR System (Stratagene Corp, La Jolla, CA) and SYBR Green I reagent normalized to that of 

the internal control β-actin. The specific primers for human ADAMTS-7 were sense, 

5’-GTGGAGACCCTGGTAGTAGC-3’, and antisense, 

5’-TCTGCGTGGTGCGTGATCTTTA-3’. The primers for human Thrombospondin-1 were 

sense, 5’-GACTCCTAGAACGTGCGACCT-3’, and antisense, 

5’-CATACAATCGTCTCGGGTATGC-3’, and the primers for human β -actin were sense, 

5’-ATCTGGCACCACACCTTC-3’, and antisense, 5’-AGCCAGGTCCAGACGCA-3’. All 

amplification reactions were conducted over 40 cycles (an initial stage of 7 min at 94°C, then 

a three-step program of 30 s at 94°C, 30 s at 58°C and 30 s at 72°C) and were performed in 

duplicate.  

Extracts that contained equal amounts of total protein were resolved by 10% or 6-20% 
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gradient SDS-PAGE. The membranes were incubated with primary antibody and IRDye 

700DX-conjugated secondary antibodies (Rockland Inc., Gilbertsville, Pa). The 

immunofluorescence signal was detected by the Odyssey infrared imaging system (LI-COR 

Biosciences, Lincoln, NE). 

 

Cell proliferation assay 

After infected with Ad-LacZ or ADAMTS-7 for 48h, HUVECs were trypsinized to 

single-cell suspension, and 3000 cells in M199 that contained 10% FBS were transferred to 

each well of a 96-well plate.  Cell Counting Kit-8(CCK-8) reagent was added 24 hours after 

synchronization and incubated at 37°C for 2 to 4 hours according to the color change. The OD 

(optical density) value at 450 nm was read by a microplate reader (Varioskan Flash, Thermo 

Fisher). For cell cycle analyses, HUVECs were fixed with 70% ethanol and then stained with 

20 μg/mL propidium iodide (PI) and 500 mg/mL RNase A (Sigma), followed by FACS 

analysis. Each experiment was performed a minimum of 3 times independently. 

 

Cell migration assay 

HUVECs were infected with Ad-LacZ or ADAMTS-7 for 48h before sratching assay 

and the modified Boyden Chamber analysis. For the scratching assay, HUVECs (3 × 105 cells) 

were seeded in 6-well plates. The medium was changed to serum-free OPTI-MEM for 

synchronization after adenoviral infection. Six hours later, scratching was made, and fresh 

medium that contained 10% FBS was added. Four fields were randomly selected in each well 
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to record gap distances immediately following scratching at 12, 18 and 24 hours to calculate 

cell migration. 

A modified Boyden Chamber (Chemicon International, MA) coated with an 8-μm barrier 

of collagen type I was used to test the HUVECs migration ability. For this, 200 μl of 

suspended HUVECs (2 × 105/ml in M199 that contained 10% FBS) were placed in the upper 

chamber. The lower chamber contained PDGF-BB (20 ng/ml) as a chemoattractant. After 6, 9 

or 12 hours, cells on the upper surface were removed by gentle abrasion with the use of a 

cotton bud, and cells on the underside (invaded cells) were fixed and stained with crystal 

violet. The mean number of cells on the lower surface was counted from 4 randomly chosen 

high-power fields (×100) under light microscopy in 3 independent experiments. 

 

Gel-LC-MS analysis of secretome 

Analysis of the secretome was performed as described10. Rat VSMCs were infected with 

adenovirus that contained GFP or ADAMTS-7. Conditioned media were precipitated with 

acetone and denatured with 2× SDS sample buffer (Invitrogen) at 97°C for 5 min. Proteins 

were separated on 4%-12% NuPAGE Bis-Tris gels (Invitrogen). After silver staining, each 

lane was cut into 16 gel bands without gaps and digested with trypsin (Promega) using a 

robotic digestor (ProGest, Digilab) overnight. Peptides were separated by nano-flow HPLC 

on a reverse-phase column (C18 PepMap 100, 3 μm, 100 Å, 25 cm; Thermo Fisher Scientific) 

and identified by a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific). Spectra 

were acquired with the full MS scan range of m/z 450-2000 followed by six dependent MS2 
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scans using dynamic exclusion. The results were blasted against the UniProt/SwissProt 

database (SwissProt 57.15, 515203 entries) using Mascot server 2.3.01 (Matrix Science). The 

following parameters were used: peptide tolerance = 10 ppm, fragment tolerance = 0.8 Da, 

carbamidomethylation of cysteine as fixed modification, oxidation of methionine as variable 

modification, and 2 missed cleavages were allowed. Scaffold (version 3.6.2, Proteome 

Software) was used to validate MS/MS-based peptide and protein identification with the 

following filters: peptide probability > 95%, protein probability > 99%, and minimum no. 

peptides per protein ≥ 2. 

 

Co-Immunoprecipitation 

Cells or rat aorta artery lysates were incubated with anti-ADAMTS-7 or anti-TSP-1 

antibodies prior to immunoprecipitation with protein P/A agarose beads (Santa Cruz, CA). 

The precipitated proteins were resolved by 10% SDS-PAGE and immunoblotted with 

anti-TSP-1 or anti-ADAMTS-7 antibodies, respectively. Rabbit or mouse IgG antibodies 

served as a negative control. 

In another site of study, Eahy 926 cells were co-transfected with Flag-CMV vectors that 

encoded various ADAMTS-7 fragments (Flag-TS7(26-246), Flag-TS7(238-711), 

Flag-TS7(703-1007), and Flag-TS7(999-1595) and full length TSP-1 for 48 hours 

respectively. Cell lysates were incubated with anti-Flag antibody and then immunoblotted 

with anti-TSP-1 antibodies. 

 

TSP1 siRNA Transfection 
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Small interfering RNA (siRNA) against human TSP-1 was purchased from GenePharma 

Co., Ltd (Shanghai). Sequences corresponding to the siRNA of TSP-1 were sense, 

5’-GCGUGUUUGACAUCUUUGATT-3’, and antisense, 

5’-UCAAAGAUGUCAAACACGCTT-3’. Transfection of HUVECs with siRNA (20 nmol/L) 

in vitro was performed using RNAi MAX (Invitrogen). A scramble stealth RNAi duplex 

served as a negative control. 

 

Subcloning TSP-1 plasmid 

The cDNA fragment encoding the full-length human TSP1 (NCBI Reference sequence: 

NM_003246.2) was cloned into the SalI/XbaI sites of pDNR-CMV and pFlag-CMV plasmid. 

The primer sequences were sense, 5’- 

TGCTCTAGAACAGGATCCCTGCTGGGCACCAACA-3’, and antisense, 5’- 

CGGGGTACCTCCAGAAGGTGCAATACCAGCATTGG-3’. 

 

Mammalian two-hybrid assay  

The fragments that encoded the 4 functional domains of rat ADAMTS-7 (i.e., the 

prodomain [TS7(26-246); aa 26-246], the metalloproteinase plus disintegrin-like and 

cysteine-rich domain [TS7(238-711); aa 238-711], the spacer-1 plus three TSP repeats 

[TS7(703-1007); aa 703-1007], and the spacer-2 plus four C-terminal TSP repeats 

[TS7(999-1595); aa 999-1595]) were amplified by PCR and subcloned in-frame into the 

SalI/XbaI or EcorV/XbaI sites of pACT (pACT-TS7(26-246), pACT-TS7(238-711), 

pACT-TS7(703-1007), and pACT-TS7(999-1595), respectively. cDNA inserts that encoded 
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human TSP-1 were subcloned in-frame into the pBIND vector to generate the indicated 

plasmids (pBIND-TSP-1). Eahy 926 cells were cotransfected with the target and bait 

constructs, together with the reporter plasmid pG5luc-luciferase at a ratio of 1:1:1. After 48 h, 

the transfected cells were harvested, and the cell lysates were used for a luciferase assay with 

the Dual-Luciferase Reporter Assay System (Promega). The fragment primer sequences are 

listed in Supplemental Table 6. 

 

Mutagenesis of TSP-1 

The ADAMTS-1 cleavage site in TSP-1 (glutamic acid 311 and leonine 312)11 were mutated to 

Isoleucine and Asparagine respectively. Site-mutation was mediated by 

DpnI-Restriktionsendonuklease (Takara). 

 

In vitro digestion of TSP1  

The digestion assay was performed as described previously11. Briefly, COS-7 cells were 

infected with adenovirus that expressed LacZ (control) or ADAMTS-7 for 48 hours. The 

medium was then changed to serum-free DMEM. The culture medium (CM) was collected 

after 24 h of incubation and concentrated by centrifugal filter devices (Amicon Ultra-0.5, 

Millipore). Purified hTSP-1 (R&D) was incubated with CM from adenoviral infected cells at 

37°C for 4 hours. 

 

Cleavage of TSP-1 by recombinant catalytic domain of ADAMTS-7 in vitro 

The bacterial expression vector pGEX-6p-1 was used to produce recombinant 
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glutathione S-transferase (GST) fusion proteins in Escherichia coli. The cDNA fragments that 

encoded a catalytic domain-containing segment of rADAMTS-7 (aa 217-427) were subcloned 

into the BamHI/XhoI site. The primer sequences were sense: 5’- 

CGCGGATCCTCAATCAGCAAAGAGAAGTG-3’, and antisense: 5’- 

CCGCTCGAGGGACGGTCATCTAAGCACAG-3’. Purified hTSP-1 was incubated with the 

bacteria-expressed catalytic domain of ADAMTS-7 in a digestion buffer (50 mM Tris-HCl, 

100 mM NaCl, 5 mM CaCl2, 2 mM ZnCl2, and 0.05% Brij-35, pH 7.5) at 37°C for 4 h12. 

 

Isolation of the mouse aortic ECs and VSMCs.  

After PBS perfusion, the mouse arteries were harvested and dissected longitudinally. 

Endothelium was carefully scraped in PBS and collected from 7 mice by centrifugation. The 

precipitate was resuspended with 60 μl lysis buffer. For VSMC isolation, media of the aorta 

were tore up and grinded in lysis buffer. Expression of TSP-1 was analyzed with Western 

blot. 

 

Statistical Analysis 

All results were expressed as the mean ± standard error of the mean (SEM). Statistical 

analysis involved the use of Mann-Whitney U test for comparison of two groups to evaluate 

the effects of ADAMTS-7 on the BrdU incorporation, cell proliferation, and TSP-1 

concentration by ELISA analysis in cell condition medium, to analyze the role of COMP on 

HUVEC proliferation, to assess the postinjury neointima area in WT and comp-/- mice. 

Comparisons among more than 2 groups involved non-parametric Kruskal-Wallis test with a 
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Dunn’s post-hoc test to evaluate the effects of ADAMTS-7 neutralization antibody on cell 

proliferation and migration. Comparison of more than 2 groups involved two-way ANOVA 

followed by the Bonferroni test for post-hoc comparison as appropriate to evaluate the effects 

of ADAMTS-7 on re-endothelialization, neointima formation, the cell cycle and cell 

migration, as well as the effect of TSP-1 on ADAMTS-7 mediated cell proliferation, 

migration and re-endothelialization. Statistical analyses involved the use of GraphPad Prism 

6.0 (GraphPad Software Inc, La Jolla, CA). All P -values were two-sided and a P<0.05 was 

considered statistically significant. 
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Supplemental Figures and Figure Legends 

 

Supplemental Figure 1. Characterization of ADAMTS-7 neutralization antibody. 

(A) Representative Western Blot analysis of COMP cleavage. COMP-stable transfected 293A 

cell were infected by Ad-ADAMTS-7, followed by increasing amount of ADAMTS-7 

20



 

neutralization antibody. Full-length COMP band (110 KD under reducing condition) and a 

COMP fragment (≈55 KD) were detected. (B) Representative images of HA VSMC migration 

after scratch would injury in the presence or absence of ADAMTS-7 neutralization antibody. 

The mean distance migrated by VSMCs was quantified. Results are means±SEM from 3 

independent experiments, *P<0.05. Magnification is ×100.  
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Supplemental Figure 2. Effects of COMP on HUVEC proliferation and migration. 

(A) Proliferation of HUVECs with COMP supplement in culture medium via cell counting 

kit-8. Results are means±SEM from 3 independent experiments performed in duplicate.  (B) 
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HUVECs were cultured on a plate coated with or without COMP protein (30 μg/ml). Cell 

proliferation was analyzed 24 hours after synchronization. Results are means±SEM from 3 

independent experiments. (C) Representative images of cell migration after scratch in 

COMP-treated HUVECs. The mean distance was quantified. Results are means±SEM from 3 

independent experiments. Magnification was ×100. (D&E) Proliferation and migration of 

HUVECs with COMP under 1% FBS. 10% FBS was a positive control. Results were 

means±SEM from 3 independent experiments, *P<0.05. (F) Representative pictures of Evans 

blue stained carotid arteries 3 or 5 days after vascular injury. Scar bar, 1 mm. n=6-8 for each 

group. (G) Neointima formation was determined on hematoxylin and eosin–stained cross 

sections of carotid arteries 0 day and 28 days after vascular wire injury in wild type and 

Comp-/- mice (n=6 each group). Scar bar, 100 μm. *P<0.05.  
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Supplemental Figure 3. mRNA level of TSP-1 in Ad-ADAMTS-7-infected or Ad-LacZ- 

infected HUVECs. Results are means±SEM from 5 independent experiments. 
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Supplemental Figure 4. ADAMTS-7 mediates VSMCs migration via COMP but not 

TSP-1. (A) Representative images of cell migration 12 hours after scratch in specific 

siRNA-treated rat VSMCs. Magnification was ×100. (B&C) Effect of ADAMTS-7 

overexpression/silencing on cell migration in TSP-1 siRNA-treated rat VSMCs. 
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Magnification was ×100. The mean distance was quantified. Results are means±SEM from 3 

independent experiments, *P<0.05. 
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Supplemental Figure 5. Protein expression of TSP-1 in EC and VSMC from wildtype 

(WT) and Adamts7-/- aorta respectively. 
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Supplemental Figure 6. Western blot of TSP-1 cleaved by ADAMTS-7, mutant 

ADAMTS-7 L312I and E311D. 
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