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® ADAM22, a novel regulator of VSMCs, is dramatically upregulated during the development of neointima formation.
® ADAM22 enhances neointima formation by promoting VSMC proliferation, migration and phenotypic switching.
® The exacerbating function of ADAM22 in vascular remodeling is largely dependent on activating ERK signaling.
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ABSTRACT

Background and aims: Despite the advantage of arterial expansion for life-threatening vascular pathologies, the
occurrence of neointima formation remains a prominent complication, with the underlying mechanisms largely
unknown. A disintegrin and metalloprotease 22 (ADAM22) belongs to the family of ADAMs that possesses
various biological capacities regulating vascular physiopathology. However, little is known about ADAM22 in
vascular smooth muscle cell (VSMC)-mediated neointima formation. Here, we aimed to evaluate the potential
functional regulation of ADAM22 in neointima formation and to further explore the underlying mechanisms.
Methods: In our study, platelet-derived growth factor-BB (PDGF-BB)-induced VSMC proliferation was examined
using a 5-bromo-2’-deoxyuridine (BrdU) incorporation assay and a cell counting kit-8 (CCK8) assay, while VSMC
migration was detected using a modified Boyden chamber method and a scratch-wound assay. The functional
role of ADAM22 in neointima formation was evaluated based on a left carotid artery wire injury model in mice at
14 and 28 days.

Results: ADAM22 was significantly up-regulated in both PDGF-BB-challenged VSMCs and restenotic arteries of
mice. When ADAM22 was overexpressed in VSMCs, cell proliferation, migration and phenotypic switching were
simultaneously aggravated, whereas the opposite was observed when ADAM22 was knocked down in vitro. In
ADAM22 heterozygote mice, wire-injury induced neointima formation was significantly ameliorated compared
to wild-type control mice. Mechanistically, significantly up-regulated ERK phosphorylation is closely involved in
the regulatory effects of ADAM22 in neointima formation. Interestingly, an ERK inhibitor largely reversed the
aggravated VSMCs migration, proliferation and phenotypic switching induced by ADAM22 overexpression.
Conclusions: Our results indicate that ADAM22 accelerates neointima formation by enhancing VSMC migration,
proliferation and phenotypic switching via promoting ERK phosphorylation. Suppressing ADAM22 expression
may be an effective strategy for ameliorating neointima formation.

1. Introduction

arteriosclerotic cardiovascular disease in the clinic, re-narrowing after
surgery may appear due to the neointima formation [2]. Several pro-

As a common vascular disease, coronary atherosclerosis is a leading cesses, particularly vascular smooth muscle cell (VSMC) proliferation,
cause of mortality and morbidity in modern society [1]. Although migration and phenotypic switching, play pivotal roles in the devel-
stenting and bypass surgery have been widely used for the treatment of opment of neointima formation [2]. Under physiological conditions,
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Fig. 1. Vascular injury alters ADAM22 expression.
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(A and B) Representative Western blots of ADAM22 protein levels in MOVASs (A) and VSMCs (B) stimulated with PDGF-BB (20 ng/mL) for 48 h. (C)
Immunofluorescence staining of ADAM22 (red) and a-SMA (green) in the carotid artery sections of WT mice. The arterial smooth muscle cells are indicated by a-SMA
staining (n = 3 in each group). Scale bar, 50 um. (D) The levels of ADAM22 proteins in the left carotid arteries of WT mice were determined by Western blotting. The
arteries were harvested from sham-operated mice and injured mice at 28 days post-injury. In panels A, B, and D, the protein levels were quantified, GAPDH served as

the loading control and blots are representative of three independent experiments. All values are presented as means =+

SD, and the statistical significance is

indicated. (A and B) *p < 0.05 versus the PBS control. (D) *p < 0.05 versus the sham-operated group.

VSMCs generate and maintain vascular tone by replicating at a slow
rate, and inactive VSMCs maintain a contractile phenotype [3]. How-
ever, when the environmental conditions change, such as suffering from
mechanical or stretch injury, the VSMCs can be activated and change
from a contractile phenotype to a non-contractile phenotype [4]. Then,
the activated VSMCs highly proliferate and migrate towards the sti-
mulation point, leading to neointima formation [5]. It has been de-
monstrated that growth factors, such as platelet-derived growth factor
(PDGF), secreted by inflammatory or endothelial cells, may accelerate
the change of VSMCs from a contractile phenotype to a non-contractile
phenotype [6]. Cell migration mainly depends on the combined action
between the extracellular matrix and cytoskeleton [7]. Activated
VSMCs alter extracellular matrix adhesion receptors and modulate cy-
toskeletal reorganization, both of which are essential for VSMCs’ sur-
vival, contractility, migration and proliferation [5,8]. Unfortunately,
the therapy for inhibiting neointima formation is limited, and in-depth
investigations on the underlying mechanisms of neointima formation
are, therefore, urgently required.

Disintegrin and metalloprotease (ADAM) family members are
transmembrane proteins that belong to the zinc proteases superfamily,
which are characterized by the existence of metalloproteases with in-
tegrin receptor-binding activities and the binding sites of several signal
transducing proteins [9]. Previous studies have demonstrated the cri-
tical role of ADAMs in several physiological and pathological processes,
including cell fate determination, muscle development, inflammation
response and cancer [9]. In terms of cardiovascular diseases, ADAM15
was found to participate in promoting neovascularization in retino-
pathy of prematurity [10], while embryonic death with malformed
vessels in yolk sacs was found in ADAM10~/~ mice [11]. ADAM17~/~
and ADAMI19~/~ mice exhibited similar imperfections in heart
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development [12,13]. Importantly, ADAMs family proteins have been
reported to be directly implicated in cell proliferation and migration by
regulating the shedding of epidermal growth factor receptors (EGFRs)
ligands and the subsequent activation of G protein-coupled receptors
(GPCRs) [9,14]. All of these studies strongly indicated the effects of
ADAMs family proteins on vascular diseases.

A disintegrin and metalloprotease 22 (ADAM22) is a member of the
ADAM family that is mainly implicated in cell adhesion [15]. Up to
now, most studies have focused on the effects of ADAM22 on synapse,
encephalopathy, cancer and heart pathology [16-19], whereas little is
known about ADAM22 in vascular diseases. Based on prior reports
about ADAMs family proteins, we hypothesize that ADAM22 plays a
critical role in VSMC-mediated neointima formation. To test our hy-
pothesis, mouse aortic smooth muscle cells (MOVASs) and ADAM22
heterozygote (ADAM22*/~) mice were employed to investigate the
effects of ADAM22 on VSMC proliferation, migration and phenotypic
switching in response to vascular injury. Meanwhile, signaling assays
indicated that ADAM22 facilitated VSMC-mediated neointima forma-
tion, at least in part, through enhanced ERK signaling pathway. Our
results demonstrated that ADAM22 plays a crucial role in accelerating
vascular injury-induced neointima formation.

2. Materials and methods

All animal experiments were performed in compliance with the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication, 8th Edition, 2011) and
were approved by the Animal Care and Use Committee of Capital
Medical University, Beijing, China. ADAM22 heterozygote (ADAM22*/
~) mice were purchased from the RIKEN BioResource Research Centre
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(RBRC04187). Male wild-type (WT) mice and ADAMZ22*/~ mice
(10-12 weeks old, weighing between 24 and 27 g) were maintained
with free access to food and water in a temperature- and humidity-
controlled room with a 12/12-h light/dark cycle. Wire injury of the
mouse carotid artery was performed as described previously [20-22].
An expanded and detailed Materials and Methods is available in the
Supplemental Data.

3. Results
3.1. Vascular injury increases ADAM22 expression in VSMCs

To investigate the role of ADAM22 in neointima formation,
MOVASs and primary mouse aortic smooth muscle cells were stimu-
lated with PDGF-BB, which is widely accepted as a stimulus for
neointima formation by accelerating VSMC proliferation and migration
[23,24]. Our results demonstrate that the protein level of ADAM22 was
significantly elevated at 48 h after treatment with 20 ng/mL PDGF-BB
(Fig. 1A and B). Then, immunofluorescence staining was used to in-
vestigate the localization of ADAM22. Accordingly, up-regulated
ADAM22 was mainly expressed in VSMCs, as indicated by a-smooth
muscle actin (a-SMA), a specific marker for VSMCs (Fig. 1C). Con-
sistently, ADAM22 protein expression levels were also markedly en-
hanced in the carotid arteries of mice of wire-injury induced neointima
formation model (Fig. 1D). However, no evidence of ADAM22 mRNA
expression change was observed in sham-operated arteries and at day
28 post-injury (Supplementary Fig. 1). These data suggest the in-
volvement of ADAM22 in vascular injury-induced neointima formation.

3.2. ADAM22 enhances PDGF-BB-induced VSMC proliferation in vitro

Given the possible role of ADAM22 in the pathogenesis of neointima
formation, MOVASs were infected with lenti-ADAM22. Gene and pro-
tein expressions were measured and compared with the control, in
which complementary DNA (cDNA) of PP6 was cloned into VSMCs. As
shown in Fig. 2A and B, both gene and protein expressions were
markedly up-regulated in the Flag-tagged ADAM22 VSMCs, which
confirmed the successful overexpression of ADAM22 in MOVASs. Next,
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cell proliferation was tested using CCK8 and BrdU methods. We ob-
served no significant difference between Flag-tagged ADAM22 and the
control in cell proliferation under normal conditions. However, when
VSMCs were stimulated with PDGF-BB, the Flag-tagged ADAM22 cells
exhibited significantly higher proliferation levels compared with PDGF-
BB-treated control cells (Fig. 2C and D). Additionally, ADAM22 over-
expression suppressed mRNA expressions of cyclin-dependent kinase
inhibitor 1C (P21) and cyclin-dependent kinase inhibitor 1B (P27)
protein levels, both of which are negative regulators of cell prolifera-
tion. Conversely, we observed increased cell proliferation markers
proliferating cell nuclear antigen (PCNA) and CyclinD1 expressions in
mRNA and protein levels when cells were challenged with PDGF-BB
(Fig. 2E and F). Next, two lines of ADAM22 knock down MOVASs were
successfully generated. MOVASs from line 2 exhibited a obvious de-
crease in ADAM22 expression level, and were therefore used in the
subsequent phenotypic evaluations (Supplementary Fig. 2A). MOVASs
were infected with lenti-shADAM22 or treated with pLKO.1 vector
containing scrambled shRNA target GFP as a negative control (shGFP).
In line with these observations, PDGF-BB treatment enhanced VSMC
proliferation, whereas this effect was largely inhibited by knocking
down expression of ADAM22 using shRNA (Supplementary Figs. 2B and
C). These data suggest that ADAM22 may contribute to the process of
neointima formation, at least in part, through accelerating cell pro-
liferation in VSMCs.

3.3. ADAM22 accelerates PDGF-BB-induced VSMC migration and
phenotypic switching in vitro

In addition to cell proliferation, the role of ADAM22 in cell migra-
tion was also measured in vitro. Using a modified Boyden chamber
migration assay, we showed that the migration of MOVASs in PP6
control groups was induced by PDGFBB (20 ng/mL) treatment, which
were significantly aggravated by ADAM22 overexpression (Fig. 3A).
Consistently, the healing and VSMCs migration rates increased with the
challenge of PDGF-BB, which was more significant in the PDGF-BB-
treated Flag-ADAM22 cells than in the PDGF-BB-treated PP6 cells
(Fig. 3B). Additionally, given that phenotypic switching mainly refers
to the process of transformation from contractile smooth muscle cells to
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Fig. 2. ADAM22 increased PDGF-BB-induced VSMCs proliferation in vitro.

P27

PCNA CyclinD1

(A) Real-time PCR analysis of ADAM22 in MOVASs. (B) Immunoblot analysis of ADAM22 in MOVASs. (C-D) Cell proliferation was measured with the Cell Counting
Kit-8 (CCK8) (C) and 5-Bromo-2’-Deoxyuridine (BrdU) (D) methods. (E) Real-time PCR analysis of p21, PCNA and CyclinD1. (F) Inmunoblot analysis of p27, PCNA
and CyclinD1. The protein levels were quantified. In panels B and F, p-actin (B) and GAPDH (F) served as the loading control. All values are presented as
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SD for three independent experiments, and the statistical significance is indicated. (A-F) *p < 0.05 versus lenti-PP6 control group.
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Fig. 3. ADAM22 enhanced PDGF-BB-induced VSMCs migration and phenotypic switching in vitro.

(A) Representative images of the transwell assays and the number of migrated VSMCs were counted in each group (n = 10 samples per group). Scale bar, 50 um. (B)
Representative images of cell scratch-wound assay and the statistical results on cell mobility (n = 6 samples per group). Scale bar, 50 um. (C) Real-time PCR analysis
of a-SMA, SM22a, smoothelin and calponin. (D) Immunoblot analysis of SM22a and smoothelin. GAPDH served as the loading control. In panels C and D are
representative of three independent experiments. All values are presented as means = SD, and the statistical significance is indicated. (A-B) #p < 0.05 versus PBS

control group. (A-D) *p < 0.05 versus lenti-PP6 control.

synthetic smooth muscle cells, our results demonstrated that ADAM22
overexpression significantly decreased the gene expression of VSMC
markers, such as a-SMA, SM22a, smoothelin and calponin. Meanwhile,
ADAM22 overexpression suppressed the protein levels of SM22a and
smoothelin (Fig. 3C and D). PDGF-BB promoted VSMC migration and
suppressed the expression of smooth muscle genes in MOVASs. These
effects were also inhibited by knocking down expression of ADAM22
using shRNA (Supplementary Figs. 2D and E). All these data demon-
strated promotion effects of ADAM22 on VSMCs migration and phe-
notypic switching.

3.4. Heterozygous ADAMZ22 ablation inhibits neointima formation in mice

To further validate the pathophysiological role of ADAM22 in vivo, a
wire-injury induced neointima formation model was established in both
WT mice and ADAM22*%/~ mice, as ADAM22~/~ mice died before
weaning [25]. Histological assay demonstrated that the ADAM22*/~
mice and WT mice led to comparable neointima in sham operation,
while ADAM22"/~ mice displayed markedly thinner neointima com-
pared with WT mice at 14 and 28 days post-injury (Fig. 4A). No sig-
nificant difference was observed in terms of the medial layer and ex-
ternal elastic lamina areas of the carotid arteries between WT and
ADAM22%/~ groups.

After confirming the pivotal regulation of ADAM22 in promoting
neointima formation in mice, we further depicted its participation in
VSMC proliferation and phenotypic switching in vivo. As shown in
Fig. 4B, CyclinD1 and PCNA expressions were significantly decreased in
ADAM22*%/~ mice at 14 and 28 days post-injury compared with WT
controls (Fig. 4B). The Real-time PCR analysis showed that even though
the P21 gene levels were obviously enhanced, CyclinD1 and PCNA gene
expression was significantly suppressed in ADAM22*/~ mice at 28
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days post-injury (Fig. 4C). In line with these data, immunoblot analysis
illustrated that vascular injury led to the up-regulation of P27 protein
expression, as well as the down-regulation of CyclinD1 and PCNA
protein expression (Fig. 4D).

The phenotypic switching of VSMCs was first measured by im-
munofluorescence staining. The results showed that ADAM22*/~ mice
exhibited markedly elevated a-SMA and SM22a following vascular
injury, indicating the promotion effects of ADAM22 on VSMCs pheno-
typic switching (Fig. 4E). Additionally, the acceleration effects of
ADAM22 on cell phenotypic switching were demonstrated by the en-
hanced gene expression of a-SMA, SM22a and calponin with an in-
crease in the protein expression of SM22a and smoothelin in
ADAM22*/~ mice at 28 days post-injury (Fig. 4F and G). Therefore,
these data indicate that ADAM22 plays a critical role in facilitating
neointima formation in vivo.

3.5. ADAM22 activates ERK signaling to accelerate neointima formation

To further investigate the underlying mechanism of ADAM22 in
neointima formation, we tested the AKT and MAPK signaling pathway,
which is involved in neointima formation dependent on its potent ca-
pacity to mediate cell proliferation, migration and phenotypic
switching [26-28]. As shown in Fig. 5A and Supplementary Fig. 3A,
AKT, MAPK subunits, as well as ASK1 were largely activated by PDGF-
BB treatment in VSMCs, as indicated by significantly increased phos-
phorylation. Intriguingly, ADAM22 overexpression in VSMCs only re-
sulted in elevated phosphorylation levels of ERK and its upstream
protein MEK when challenged with PDGF-BB. The regulatory role of
ADAM22 was further evaluated in all the above signal molecules in vivo.
According to the results, ADAM22"/~ mice specifically blocked wire-
injury induced phosphorylation of ERK, whereas the activation of AKT,
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Fig. 4. ADAM22 promotes neointima formation in vivo.

(A) Haematoxylin and eosin staining was performed on sections derived from WT and ADAM22*/~ mice at the indicated time points before and after injury.
Quantitative analysis of the intima area, media area, ratio of intima to media, and external elastic lamina areas in the carotid artery sections of WT and ADAM22*/~
mice (n = 5-8 per group at each time point). Scale bar = 50 pm. (B) Immunofluorescence staining of PCNA and CyclinD1 at the indicated time points before and after
injury. The ratio of PCNA positive cells and the integral optical density (IOD) values for Cyclin D1 were calculated (n = 4-6 per group at each time point). Scale bar,
50 um. (C) Real-time PCR analysis of p21, PCNA and Cyclin D1 at 28 days post-injury (n = 4-7 per group). (D) Immunoblot analysis of p27, PCNA and Cyclin D1 at
28 days post-injury. The blots represent three independent experiments. (E) Inmunofluorescence staining of a-SMA and SM22a at the indicated time points before
and after injury. The IOD values of a-SMA and SM22a were also provided (n = 4-7 per group at each time point). Scale bar, 50 um. (F) Real-time PCR analysis of a-
SMA, SM22a and calponin (n = 3 per group) and (G) immunoblot analysis of SM22a and smoothelin at 28 days post-injury. Blots are representative of three
independent experiments. In panels D and G, GAPDH served as the loading control. All values are presented as means *= SD, and the statistical significance is
indicated. (A-G) *p < 0.05 versus the WT group.
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Fig. 5. ADAM22 accelerated neointima formation via activation of ERK signaling.
(A) Immunoblot analysis of p-AKT, AKT, p-MEK, MEK, p-ERK and ERK in MOVASs treated with PDGF-BB. (B) Western blot analysis of p-ASK1, ASK1, p-ERK, ERK, p-
JNK, JNK, p-P38 and P38 in WT and ADAM22*/~ mice at 28 days post-injury. (C-E) Flag-tagged ADAM22 and PP6 controls were used to infect MOVASs before
treated with ERKI or DMSO. Western blot analysis(C) of p27, PCNA and CyclinD1 and a transwell assay (D) was used to test the migration ability of VSMCs as well as
immunoblot analysis (E) of SM22a and smoothelin. In panels A, B, C and E, GAPDH served as the loading control. These blots are representative of three independent
experiments. In panels D, Scale bar, 50 um; n = 6 samples per group. All values are presented as the means + SD, and statistical significance is indicated. (A)
*p < 0.05 versus lenti-PP6 infected control group. (B) *p < 0.05 versus the WT group. (C-E) *p < 0.05 versus the DMSO-treated group.
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ASK1, JNK and p38 were negligibly influenced in ADAM22*/~ mice
compared to the WT controls (Fig. 5B and Supplementary Fig. 3B).
These data demonstrated that the accelerating effect of ADAM22 on
neointima formation is independent of ASK1 and AKT signaling path-
ways, but at least in part, by activating the ERK signaling pathway.

Given that ADAM22 overexpression promoted ERK activation and
exacerbated the process of VSMCs proliferation, migration and pheno-
typic switching, we evaluated whether inhibition of ERK activity could
mitigate PDGF-BB-induced VSMC dysfunction. Flag-tagged ADAM22
and PP6 controls were used to infect MOVASs before treated with a
suspension of ERK inhibitor (ERKI; MCE, U0126) or DMSO. Western
blot analyses showed that ERKI greatly inhibited and largely abolished
PDGF-BB-induced VSMC dysfunction, as evidenced by dramatic up-
regulation of P27 protein expression and down-regulation of CyclinD1
and PCNA protein expression, as well as increased expression of SMC
markers (Fig. 5C and E). More importantly, the VSMC migration assay
indicated that ERKI treatment efficiently alleviated PDGF-BB-induced
migration (Fig. 5D).

4. Discussion

VSMC proliferation, migration, and phenotypic switching have been
recognized as key events in neointima formation. In this study, through
both PDGF-BB in vitro and arterial injury in vivo experiments, we de-
monstrate that ADAM22 exerts a profound role in VSMC proliferation,
migration and phenotypic switching, leading to accelerated VSMCs-
mediated neointima formation via enhancing ERK phosphorylation.
Based on data from the present study, we propose that inhibiting
ADAM22 expression is a promising target for blocking or preventing
neointima formation in clinic.

As a result of serious threat to patient's life expectancy, neointima
formation has attracted increasing attention, and tremendous efforts
have been made to search for an effective treatment approach in recent
decades [20]. To well determine the role of ADAM22 in neointima
formation, we first measured its expression levels in PDGF-BB-treated
VSMCs and carotid artery wire injury model in mice, which implicate a
potential role of ADAM22 in neointima formation. Interestingly,
ADAM22 mRNA expressions showed no changed (Supplementary
Fig. 1). Thus, the increased protein expression of ADAM22 upon vas-
cular injury might be regulated by post-transcriptional modifications,
which requires further investigation. While previous reports mainly
focused on the role of ADAM22 in synaptic transmission, progressive
encephalopathy and endocrine-resistant breast cancer [16,18,29], our
present study is the first report on the involvement of ADAM22 in
neointima formation. Regarding the cellular mechanism, it was found
that ADAM22 might function in the development of the nervous system
by regulating the maturation of postnatal synapses. Here, for the first
time, we demonstrated that ADAM22 also acts as a critical player in
cellular proliferation, migration and differentiation of VSMCs in the
pathogenesis of neointima formation both in vitro and in vivo.

It is well known that PDGF is a key regulator for stimulating the
proliferation and migration of VSMCs [30,31]. As a subtype of PDGF,
PDGF-BB binds to its receptor and inducts the related pathways of Src
homology 2 domain-containing signaling molecules, including phos-
pholipase Cg and phosphatidylinositol 3-kinase [32,33], which subse-
quently activate downstream MAPK signaling and lead to corre-
sponding cellular responses [34]. Several cellular physiological or
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pathological events, including cell proliferation and migration, have
been demonstrated to be associated with MAPK activation [27,28].
Indeed, ERK and p38 have been well recognized as the main protein
molecules that are responsible for initiating the cascade reaction in
regulating VSMC proliferation and migration when cells are challenged
with PDGF [30,31]. Bessard et al. reported that ERK knocked down had
distinct functions in suppressing the growth of tumour cells both in vitro
and in vivo [35]. Additionally, Jung et al. demonstrated that the ERK1
signaling pathway was involved in the inhibition of cordycepin-induced
VSMC proliferation inhibition [36]. Consistent with previous studies,
we showed significantly enhanced ERK activation after the cells were
challenged with PDGF-BB. Interestingly, we observed a specific down-
regulation of ERK phosphorylation, instead of JNK or p38, in
ADAM22*%/~ mice as compared to their WT littermates. More im-
portantly, inhibition of ERK activity also attenuated PDGF-BB-induced
VSMCs proliferation, migration and phenotypic switching. Although
the direct mechanisms and molecular linkers between ADAM22 and
ERK remain to be further demonstrated, our present study indicate that
the function of ADAM22 in regulating VSMCs proliferation and mi-
gration is mainly dependent on the ERK signaling pathway.

ADAM22 lacks a zinc-binding motif in metalloproteinase-like do-
main, which suggests of the absence of metalloproteinase activity and
that ADAM22 functions as an integrin ligand [37,38]. Previous studies
have demonstrated that some integrins, including integrin (31, integrin
B3, integrin a6, integrin a9, integrin alB8 and integrin avB3 were
identified to interact with ADAM22 [39]. Since integrins play a critical
role in the pathogenic progress of neointima hyperplasia [5,40,41], it is
reasonable to hypothesize that the involvement of ADAM22 in the pa-
thogenic process of neointima formation is mainly through the disin-
tegrin activity.

In conclusion, this study provided the first evidence that ADAM22
accelerates PDGF-BB-induced proliferation, migration and phenotypic
switching in VSMCs and strengthens the carotid artery wire-injury in-
duced neointima formation in mice. ADAM22 significantly up-regulates
the ERK signaling pathway, which may contribute to the acceleration
effects of neointima formation following vascular injury. Therefore, our
findings provide new insight and broaden our knowledge on the effects
of ADAM22 in neointima formation, suggesting that ADAM22 may be a
potent therapeutic target for the treatment of neointima formation
following vascular injury.

Conflicts of interest

The authors declared they do not have anything to disclose re-
garding conflict of interest with respect to this manuscript.

Author contributions

In this study, Shu-Min Zhang designed and performed the experi-
ments, analyzed the data and wrote the manuscript; Le Jiang and Jian-
Feng Liu and Xin Zhao performed the experiments; Bin Liang and Chang
Liu analyzed the data; Chang-sheng Ma and Nian Liu provide useful
advices and helping the revision of manuscript.

Financial support

This study was supported by grants from the National Natural



S.-M. Zhang, et al.

Science

Foundation of China NO.81500384; NO.81600262;

NO.81530016; NO.81670291; and NO.81770318), National Key
Research and Development Program of China (2016YFC0900901),
Beijing Postdoctoral Science Foundation (2017-ZZ-125), and China
Postdoctoral Science Foundation (2016M601069).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.atherosclerosis.2019.02.002.

References

[1]
(2]

[3]
[4]

[5]

[6]

[71
[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

N. Torres, M. Guevara-Cruz, L.A. Veldzquez-Villegas, A.R. Tovar, Nutrition and
atherosclerosis, Arch. Med. Res. 46 (2015) 408-426.

V.J. Dzau, R.C. Braun-Dullaeus, D.G. Sedding, Vascular proliferation and athero-
sclerosis: new perspectives and therapeutic strategies, Nat. Med. 8 (2002)
1249-1256.

G.K. Owens, Regulation of differentiation of vascular smooth muscle cells, Physiol.
Rev. 75 (1995) 487-517.

J. Thyberg, Phenotypic modulation of smooth muscle cells during formation of
neointimal thickenings following vascular injury, Histol. Histopathol. 13 (1998)
871-891.

R. Zargham, G. Thibault, alpha8betal Integrin expression in the rat carotid artery:
involvement in smooth muscle cell migration and neointima formation, Cardiovasc.
Res. 65 (2005) 813-822.

K. Kawai-Kowase, G.K. Owens, Multiple repressor pathways contribute to pheno-
typic switching of vascular smooth muscle cells, Am. J. Physiol. Cell Physiol. 292
(2007) C59-C69.

B. Wehrle-Haller, B.A. Imhof, Actin, microtubules and focal adhesion dynamics
during cell migration, Int. J. Biochem. Cell Biol. 35 (2003) 39-50.

E.P. Moiseeva, Adhesion receptors of vascular smooth muscle cells and their
functions, Cardiovasc. Res. 52 (2001) 372-386.

D.F. Seals, S.A. Courtneidge, The ADAMs family of metalloproteases: multidomain
proteins with multiple functions, Genes Dev. 17 (2003) 7-30.

K. Horiuchi, G. Weskamp, L. Lum, H.P. Hammes, H. Cai, T.A. Brodie, T. Ludwig,
R. Chiusaroli, R. Baron, K.T. Preissner, K. Manova, C.P. Blobel, Potential role for
ADAM1S5 in pathological neovascularization in mice, Mol. Cell Biol. 23 (2003)
5614-5624.

D. Hartmann, B. de Strooper, L. Serneels, K. Craessaerts, A. Herreman, W. Annaert,
L. Umans, T. Liibke, I.A. Lena, F.K. von, P. Saftig, The disintegrin/metalloprotease
ADAM 10 is essential for Notch signalling but not for alpha-secretase activity in
fibroblasts, Hum. Mol. Genet. 11 (2002) 2615-2624.

K. Kurohara, K. Komatsu, T. Kurisaki, A. Masuda, N. Irie, M. Asano, K. Sudo,

Y. Nabeshima, Y. Iwakura, A. Sehara-Fujisawa, Essential roles of Meltrin beta
(ADAM19) in heart development, Dev. Biol. 267 (2004) 14-28.

H.M. Zhou, G. Weskamp, V. Chesneau, U. Sahin, A. Vortkamp, K. Horiuchi,

R. Chiusaroli, R. Hahn, D. Wilkes, P. Fisher, R. Baron, K. Manova, C.T. Basson,

B. Hempstead, C.P. Blobel, Essential role for ADAM19 in cardiovascular morpho-
genesis, Mol. Cell Biol. 24 (2004) 96-104.

H. Ohtsu, P.J. Dempsey, S. Eguchi, ADAMs as mediators of EGF receptor transac-
tivation by G protein-coupled receptors, Am. J. Physiol. Cell Physiol. 291 (2006)
C1-C10.

M.J. Duffy, M. Mullooly, N. O'Donovan, S. Sukor, J. Crown, A. Pierce,

P.M. McGowan, The ADAMs family of proteases: new biomarkers and therapeutic
targets for cancer, Clin. Proteonomics 8 (2011) 9.

M. Muona, Y. Fukata, A.K. Anttonen, A. Laari, A. Palotie, H. Pihko, T. Lonngvist,
L. Valanne, M. Somer, M. Fukata, A.E. Lehesjoki, Dysfunctional ADAM22 im-
plicated in progressive encephalopathy with cortical atrophy and epilepsy, Neurol.
Genet. 2 (2016) e46.

K.L. Lovero, Y. Fukata, A.J. Granger, M. Fukata, R.A. Nicoll, The LGI1-ADAM22
protein complex directs synapse maturation through regulation of PSD-95 function,
Proc. Natl. Acad. Sci. U.S.A. 112 (2015) E4129-E4137.

D. McCartan, J.C. Bolger, A. Fagan, C. Byrne, Y. Hao, L. Qin, M. Mcllroy, J. Xu,
A.D. Hill, P.O. Gaora, L.S. Young, Global characterization of the SRC-1 tran-
scriptome identifies ADAM22 as an ER-independent mediator of endocrine-resistant
breast cancer, Cancer Res. 72 (2012) 220-229.

L. Ren, C. Wu, K. Yang, S. Chen, P. Ye, J. Wu, A. Zhang, X. Huang, K. Wang, P. Deng,
X. Ding, M. Chen, J. Xia, A disintegrin and metalloprotease-22 attenuates hyper-
trophic remodeling in mice through inhibition of the protein kinase B signaling

99

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Atherosclerosis 283 (2019) 92-99

pathway, J. Am. Heart Assoc. 7 (2018).

S.M. Zhang, L.H. Zhu, H.Z. Chen, R. Zhang, P. Zhang, D.S. Jiang, L. Gao, S. Tian,
L. Wang, Y. Zhang, P.X. Wang, X.F. Zhang, X.D. Zhang, D.P. Liu, H. Li, Interferon
regulatory factor 9 is critical for neointima formation following vascular injury,
Nat. Commun. 5 (2014) 5160.

S.M. Zhang, L.H. Zhu, Z.Z. Li, P.X. Wang, H.Z. Chen, H.J. Guan, D.S. Jiang, K. Chen,
X.F. Zhang, S. Tian, D. Yang, X.D. Zhang, H. Li, Interferon regulatory factor 3
protects against adverse neo-intima formation, Cardiovasc. Res. 102 (2014)
469-479.

W.L. Cheng, Z.G. She, J.J. Qin, J.H. Guo, F.H. Gong, P. Zhang, C. Fang, S. Tian,
X.Y. Zhu, J. Gong, Z.H. Wang, Z. Huang, H. Li, Interferon regulatory factor 4 in-
hibits neointima formation by engaging Kriippel-like factor 4 signaling, Circulation
136 (2017) 1412-1433.

R.S. Blank, G.K. Owens, Platelet-derived growth factor regulates actin isoform ex-
pression and growth state in cultured rat aortic smooth muscle cells, J. Cell. Physiol.
142 (1990) 635-642.

A. Jawien, D.F. Bowen-Pope, V. Lindner, S.M. Schwartz, A.W. Clowes, Platelet-
derived growth factor promotes smooth muscle migration and intimal thickening in
a rat model of balloon angioplasty, J. Clin. Invest. 89 (1992) 507-511.

K. Sagane, K. Hayakawa, J. Kai, T. Hirohashi, E. Takahashi, N. Miyamoto, M. Ino,
T. Oki, K. Yamazaki, T. Nagasu, Ataxia and peripheral nerve hypomyelination in
ADAM22-deficient mice, BMC Neurosci. 6 (2005) 33.

P.M. Mourani, P.J. Garl, J.M. Wenzlau, T.C. Carpenter, K.R. Stenmark, M.C. Weiser-
Evans, Unique, highly proliferative growth phenotype expressed by embryonic and
neointimal smooth muscle cells is driven by constitutive Akt, mTOR, and p70S6K
signaling and is actively repressed by PTEN, Circulation 109 (2004) 1299-1306.
M.M. Kavurma, L.M. Khachigian, ERK, JNK, and p38 MAP kinases differentially
regulate proliferation and migration of phenotypically distinct smooth muscle cell
subtypes, J. Cell. Biochem. 89 (2003) 289-300.

W. Jiang, D. Zhang, B. Xu, Z. Wu, S. Liu, L. Zhang, Y. Tian, X. Han, D. Tian, Long
non-coding RNA BANCR promotes proliferation and migration of lung carcinoma
via MAPK pathways, Biomed. Pharmacother. 69 (2015) 90-95.

Y. Fukata, H. Adesnik, T. Iwanaga, D.S. Bredt, R.A. Nicoll, M. Fukata, Epilepsy-
related ligand/receptor complex LGI1 and ADAM22 regulate synaptic transmission,
Science 313 (2006) 1792-1795.

H.M. Lee, H.J. Kim, H.J. Park, K.J. Won, J. Kim, H.S. Shin, P.J. Park, H.J. Kim,
K.Y. Lee, S.H. Park, C.K. Lee, B. Kim, Spleen tyrosine kinase participates in Src-
mediated migration and proliferation by PDGF-BB in rat aortic smooth muscle cells,
Arch Pharm. Res. (Seoul) 30 (2007) 761-769.

K.J. Won, H.M. Lee, C.K. Lee, H.Y. Lin, H. Na, K.W. Lim, H.Y. Roh, S. Sim, H. Song,
W.S. Choi, S.H. Lee, B. Kim, Protein tyrosine phosphatase SHP-2 is positively in-
volved in platelet-derived growth factor-signaling in vascular neointima formation
via the reactive oxygen species-related pathway, J. Pharmacol. Sci. 115 (2011)
164-175.

A.C. Newby, A.B. Zaltsman, Molecular mechanisms in intimal hyperplasia, J.
Pathol. 190 (2000) 300-309.

L. Ronnstrand, C.H. Heldin, Mechanisms of platelet-derived growth factor-induced
chemotaxis, Int. J. Cancer 91 (2001) 757-762.

G. Pearson, F. Robinson, G.T. Beers, B.E. Xu, M. Karandikar, K. Berman, M.H. Cobb,
Mitogen-activated protein (MAP) kinase pathways: regulation and physiological
functions, Endocr. Rev. 22 (2001) 153-183.

A. Bessard, C. Frémin, F. Ezan, A. Fautrel, L. Gailhouste, G. Baffet, RNAi-mediated
ERK2 knockdown inhibits growth of tumor cells in vitro and in vivo, Oncogene 27
(2008) 5315-5325.

S.M. Jung, S.S. Park, W.J. Kim, S.K. Moon, Ras/ERK1 pathway regulation of
p27KIP1-mediated G1-phase cell-cycle arrest in cordycepin-induced inhibition of
the proliferation of vascular smooth muscle cells, Eur. J. Pharmacol. 681 (2012)
15-22.

K. Sagane, K. Yamazaki, Y. Mizui, I. Tanaka, Cloning and chromosomal mapping of
mouse ADAM11, ADAM22 and ADAM23, Gene 236 (1999) 79-86.

P. Zhu, Y. Sang, H. Xu, J. Zhao, R. Xu, Y. Sun, T. Xu, X. Wang, L. Chen, H. Feng,
C. Li, S. Zhao, ADAM22 plays an important role in cell adhesion and spreading with
the assistance of 14-3-3, Biochem. Biophys. Res. Commun. 331 (2005) 938-946.
G.M. D'Abaco, K. Ng, L. Paradiso, N.J. Godde, A. Kaye, U. Novak, ADAM22, ex-
pressed in normal brain but not in high-grade gliomas, inhibits cellular proliferation
via the disintegrin domain, Neurosurgery 58 (2006) 179-186 discussion 179-86.
J.V. Welser, N. Lange, C.A. Singer, M. Elorza, P. Scowen, K.D. Keef, W.T. Gerthoffer,
D.J. Burkin, Loss of the alpha7 integrin promotes extracellular signal-regulated
kinase activation and altered vascular remodeling, Circ. Res. 101 (2007) 672-681.
E.T. Choi, M.F. Khan, J.E. Leidenfrost, E.T. Collins, K.P. Boc, B.R. Villa,

D.V. Novack, W.C. Parks, D.R. Abendschein, Beta3-integrin mediates smooth
muscle cell accumulation in neointima after carotid ligation in mice, Circulation
109 (2004) 1564-1569.


https://doi.org/10.1016/j.atherosclerosis.2019.02.002
https://doi.org/10.1016/j.atherosclerosis.2019.02.002
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref1
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref1
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref2
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref2
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref2
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref3
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref3
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref4
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref4
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref4
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref5
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref5
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref5
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref6
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref6
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref6
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref7
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref7
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref8
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref8
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref9
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref9
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref10
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref10
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref10
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref10
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref11
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref11
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref11
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref11
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref12
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref12
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref12
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref13
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref13
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref13
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref13
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref14
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref14
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref14
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref15
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref15
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref15
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref16
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref16
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref16
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref16
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref17
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref17
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref17
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref18
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref18
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref18
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref18
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref19
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref19
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref19
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref19
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref20
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref20
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref20
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref20
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref21
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref21
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref21
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref21
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref22
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref22
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref22
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref22
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref23
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref23
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref23
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref24
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref24
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref24
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref25
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref25
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref25
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref26
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref26
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref26
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref26
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref27
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref27
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref27
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref28
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref28
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref28
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref29
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref29
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref29
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref30
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref30
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref30
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref30
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref31
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref31
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref31
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref31
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref31
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref32
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref32
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref33
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref33
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref34
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref34
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref34
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref35
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref35
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref35
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref36
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref36
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref36
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref36
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref37
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref37
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref38
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref38
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref38
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref39
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref39
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref39
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref40
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref40
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref40
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref41
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref41
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref41
http://refhub.elsevier.com/S0021-9150(19)30080-2/sref41

	A disintegrin and metalloprotease 22 accelerates neointima formation by activating ERK signaling
	Introduction
	Materials and methods
	Results
	Vascular injury increases ADAM22 expression in VSMCs
	ADAM22 enhances PDGF-BB-induced VSMC proliferation in vitro
	ADAM22 accelerates PDGF-BB-induced VSMC migration and phenotypic switching in vitro
	Heterozygous ADAM22 ablation inhibits neointima formation in mice
	ADAM22 activates ERK signaling to accelerate neointima formation

	Discussion
	Conflicts of interest
	Author contributions
	Financial support
	Supplementary data
	References




