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PTPN14 aggravates neointimal hyperplasia
via boosting PDGFRβ signaling in smooth
muscle cells

Qiannan Ma 1,2,5, Xue He1,5, Xue Wang1, Guobing Zhao1, Yanhong Zhang1,
Chao Su3, Minxin Wei3, Kai Zhang4, Ming Liu 2 , Yi Zhu 1,2 &
Jinlong He 1

Smooth muscle cell (SMC) phenotypic modulation, primarily driven by
PDGFRβ signaling, is implicated in occlusive cardiovascular diseases. However,
the promotive and restrictive regulationmechanismof PDGFRβ and the role of
protein tyrosine phosphatase non-receptor type 14 (PTPN14) in neointimal
hyperplasia remain unclear. Our study observes a marked upregulation of
PTPN14 in SMCs during neointimal hyperplasia. PTPN14 overexpression
exacerbates neointimal hyperplasia in a phosphatase activity-dependent
manner, while SMC-specific deficiency of PTPN14 mitigates this process in
mice. RNA-seq indicates that PTPN14 deficiency inhibits PDGFRβ signaling-
induced SMC phenotypic modulation. Moreover, PTPN14 interacts with
intracellular region of PDGFRβ and mediates its dephosphorylation on Y692
site. Phosphorylation of PDGFRβY692 negatively regulates PDGFRβ signaling
activation. The levels of both PTPN14 and phospho-PDGFRβY692 are correlated
with the degree of stenosis in human coronary arteries. Our findings suggest
that PTPN14 serves as a critical modulator of SMCs, promoting neointimal
hyperplasia. PDGFRβY692, dephosphorylatedby PTPN14, acts as a self-inhibitory
site for controlling PDGFRβ activation.

Vascular smooth muscle cells (VSMCs) are the predominant con-
stituents of arteries and play a fundamental role in maintaining the
normal physiological functions of blood vessels. In response to
pathological stimuli or vascular injury, VSMCs migrate to the sub-
intimaandundergopathological proliferation, inducing stenosis in the
vascular lumen and then causing vascular restenosis, thereby con-
tributing to the development of atherosclerosis and restenosis1,2.
Growth factors, such as platelet-derived growth factor (PDGF), basic
fibroblast growth factor (bFGF), and transforming growth factor-β
(TGF-β), are key mediators to induce VSMC phenotype modulation3,4.

During neointima formation, PDGF is locally produced and initiates a
multitude of biological effects through the activation of its receptor
PDGFRβ and subsequent intracellular signaling that contribute to
VSMC proliferation, migration, and dedifferentiation5. Although
numerous studies have demonstrated the central role of PDGFRβ and
elucidated the downstream signaling of PDGFRβ, the precise reg-
ulatory mechanisms governing PDGFRβ signaling, both in terms of its
promotion and inhibition, remain largely unknown.

Protein tyrosine phosphorylation, which is balanced by tyrosine
kinases and protein tyrosine phosphatases (PTPs), is intimately
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associated with various processes, including proliferation, migration,
and differentiation. PTP non-receptor type 14 (PTPN14), also known as
Pez, PTP36, or PTPD2, belongs to the classical phosphotyrosine-
specific phosphatase family6. PTPN14 was first detected in normal
human breast tissue in 1995 and is widely expressed in various tissues,
including the skeletal muscle, kidney, lung, and placenta7. It is char-
acterized by an N-terminal FERM domain (band 4.1, ezrin, radixin, and
moesin) that is related to the cell cytoskeleton, a middle linker region
that contains a PPxY domain that interacts with other proteins con-
taining the WW domain, and a C-terminal-conserved PTP domain that
is involved in catalytic phosphorylation8. Previous studies have
reported that PTPN14 is involved in the occurrence and development
of various cancers by regulating cell migration, metastasis, adhesion,
and turnover9–11. Moreover, we have recently reported that PTPN14
inhibited the disturbed flow-induced athero-prone phenotype of
endothelial cells (ECs)12. Despite these findings, the role of PTPN14 in
VSMCs and neointimal hyperplasia remains unclear.

Herein, we observed unexpectedly high PTPN14 expression dur-
ing VSMC phenotypic modulation and demonstrated the critical role
of PTPN14 in promoting VSMCdedifferentiationwith gain- and loss-of-
function in vitro and in vivo experiments. We also revealed that
PTPN14 could dephosphorylate PDGFRβ at Y692 site, a previously
unidentified self-inhibitory site of PDGFRβ, resulting in boosting PDGF-
BB/PDGFRβ signaling in VSMCs and exacerbating neointimal
hyperplasia.

Results
PTPN14 expression was induced in VSMCs during neointimal
hyperplasia
We have previously reported that PTPN14 negatively regulates dis-
turbed flow-induced endothelial activation12. We constructed a mouse
model of disturbed flow-related atherosclerosis by partially ligating
the carotid arteries. Unexpectedly, we found that PTPN14 expression
was markedly induced in the neointima of the hyperplastic part of the
vessel compared to that in the non-hyperplastic part (Fig. 1A). To
determine whether PTPN14 expression is elevated during VSMC phe-
notypic modulation, human aortic SMCs (HA-VSMCs) were stimulated
with PDGF-BB at different times and doses. Results revealed that
PTPN14 expressionwere both time- and dose-dependently elevated by
PDGF-BB in parallel with the expression of the proliferative VSMC
marker PCNA, whereas the expression of contractile VSMC markers,
including CNN1, α-SMA, and SM22, was significantly reduced (Sup-
plementary Fig. 1A–D). Additionally, we found that PDGF-BB treatment
did not affect the mRNA level of PTPN14 in VSMCs (Supplementary
Fig. 1E), indicating that PDGF-BBmay induce the expression of PTPN14
through a post-transcriptional mechanism. Consistently, we observed
that the presence of PDGF-BB enhanced the stability of PTPN14 protein
in VSMCs (Supplementary Fig. 1F, G).

To further confirm the regulation of PTPN14 in vivo, we con-
structed twomousemodels of neointimal hyperplasia and determined
the expression of PTPN14 in VSMCs. Consistently, in both wire-
mediated carotid artery injury and carotid artery ligation models,
PTPN14 expression was strongly induced in the neointima on days 14
and 21 after surgery (Fig. 1B, C and Supplementary Fig. 2A, B). More-
over, western blot analysis with left carotid arteries (LCAs) demon-
strated an elevation in PTPN14 expression on both days 14 and 21 after
wire injury in parallel with upregulation ofOPN and downregulation of
contractile VSMC markers including CNN1, α-SMA, and SM22
(Fig. 1D, E). Additionally, the mRNA levels of PTPN14 were not affected
in injured arteries (Supplementary Fig. 2C).

Next, we examined the expression of PTPN14 in human coronary
arteries. Coronary artery sections were divided into three groups
according to the degree of stenosis: non-hyperplastic, moderately
hyperplastic, and severely hyperplastic vessels (Fig. 1F). We found that
PTPN14 was abundant in the neointima of vessels and was positively

correlated with the development of hyperplasia. PTPN14 expression in
the neointima was higher in the moderate and severe hyperplasia
groups than that in the non-hyperplasia group (Fig. 1G, H). Together,
these in vitro and in vivo data demonstrate that PTPN14 expression is
induced in proliferative VSMCs and provide a critical clue to the link
between PTPN14 and neointimal hyperplasia.

PTPN14 aggravated neointimal hyperplasia in a phosphatase
activity-dependent manner
Next, we examinedwhether PTPN14 promoted neointima formation in
mice. Mice were subjected to wire injury in the LCAs and simulta-
neously infected with PTPN14 (AdPTPN14) or scrambled (AdNC) ade-
novirus, as previously described13. Immunofluorescence staining of the
LCAs and right carotid arteries (RCAs) confirmed their overexpression
in VSMCs (Supplementary Fig. 3A–C). Compared to RCAs, forced
expression of PTPN14 promoted neointima formation with increased
ratio of intima to lumen in LCAs 14 d after injury, whereas it had
minimal effects on the circumference of the external elastic lamina
(Fig. 2A, B). Although PTPN14 overexpression did not alter the number
of proliferating PCNA-positive cells in the RCAs, it increased the
number in the wire-injured LCAs (Fig. 2C, D). Moreover, western blot
analysis with the lysate of LCAs further confirmed that PTPN14 over-
expression upregulated the expression of PCNA, OPN, VIM and
downregulated that of contractile VSMC markers, including α-SMA
and SM22 (Fig. 2E, F).

As amember of the classical tyrosine phosphatase family, PTPN14
carries out its catalytic function by dephosphorylating its substrate14,15.
To investigate whether the impact of PTPN14 on neointimal hyper-
plasia relies on its phosphatase activity, we mutated the cysteine of
PTPN14 at site 1121 to serine (PTPN14C1121S) to inactivate its phosphatase
activity, as previously reported8,16. In contrast to the effects of wild-
type PTPN14, PTPN14C1121S overexpression attenuated neointima for-
mation in the LCAs 14 d after injury, resulting in a lower ratio of intima
to lumen compared with that in the control group (Fig. 2A, B).
PTPN14C1121S overexpression barely affected the morphology of RCAs
or circumference of the external elastic lamina in LCAs (Fig. 2A, B).
Besides, PTPN14C1121S overexpression decreased the number of pro-
liferating PCNA-positive cells in LCAs, while had no obvious effect on
RCAs (Fig. 2C, D). Moreover, PTPN14C1121S overexpression reduced the
PCNA, OPN, VIM and increased the expression of α-SMA and SM22 in
injured LCAs compared to those in the control group (Fig. 2E, F). In
addition,weobserved that PTPN14C1121S overexpression led to a notable
reduction in the phosphatase activity of PTPN14 in the injured LCAs
when compared to the AdNC groups (Supplementary Fig. 3D). Thus,
our results suggest that PTPN14 exacerbates neointimal hyperplasia in
a phosphatase activity-dependent manner.

PTPN14 promoted PDGF-BB-induced VSMC migration, pro-
liferation, and dedifferentiation
SMCs display considerable plasticity that upon stimulation by ded-
ifferentiation factors, such as PDGF-BB, and they undergo phenotype
transformation froma stable fully differentiated contractilephenotype
to a dedifferentiated synthetic phenotype, which is manifested as a
loss of differentiation markers, accompanied by increased migration
and proliferation ability17. We further examined the potential role of
PTPN14 in PDGF-BB-induced cell migration, proliferation, and ded-
ifferentiation. PTPN14 or PTPN14C1121S was forcibly overexpressed in
VSMCsusing adenoviruses (Supplementary Fig. 4A, B). Consistentwith
our in vivo results, we observed that PTPN14C1121S overexpression sig-
nificantly diminished the phosphatase activity of PTPN14 in VSMCs
compared to that in the AdNC groups (Supplementary Fig. 4C). To
evaluate the effect of PTPN14 on VSMC migration, we performed
scratch and Transwell assays. Under baseline conditions, PTPN14
overexpression promoted VSMC migration, whereas PTPN14C1121S

overexpression did not have any significant effect (Fig. 3A, D).
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However, PTPN14 overexpression potentiated the effect of PDGF-BB
and promoted PDGF-BB-induced VSMC migration, whereas
PTPN14C1121S blunted PDGF-BB-induced VSMC migration, as demon-
strated in both scratch and Transwell assays (Fig. 3A, D). Furthermore,
neither PTPN14 nor PTPN14C1121S overexpression significantly affected
VSMC proliferation under basal conditions (Fig. 3E, F). However,

overexpression of wild-type PTPN14 increased PDGF-BB-induced
VSMC proliferation, as evidenced by an increased number of Ki67-
positive cells, while PTPN14C1121S exerted the opposite effect (Fig. 3E, F).
Moreover, PTPN14 overexpression promoted PDGF-BB-induced VSMC
dedifferentiation, leading to a decrease expression in contractile
markers, includingα-SMA and SM22, and an increase expression of the
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proliferative marker PCNA and synthetic markers OPN and VIM in HA-
VSMCs (Fig. 3G, H). In contrast, PTPN14C1121S overexpression inhibited
PDGF-BB-induced VSMC dedifferentiation (Fig. 3G, H), indicating the
critical role of PTPN14’s phosphatase activity in these processes. In
addition, we found that while PTPN14 overexpression did not affect
these markers under basal levels, PTPN14C1121S overexpression sig-
nificantly upregulated the expression of α-SMA and SM22 (Fig. 3G, H).
Collectively, these results suggest that PTPN14 promotes PDGF-BB-
induced VSMC migration, proliferation, and dedifferentiation, which
largely depends on its phosphatase activity.

VSMC-specific PTPN14 deficiency inhibited wire injury-induced
neointimal hyperplasia
To elucidate the specific contribution of VSMC-derived PTPN14 to
neointimal hyperplasia, we constructed VSMC-specific PTPN14-
knockout mice (PTPN14SMC−/−) by crossing floxed PTPN14 mice
(PTPN14flox) with Tagln-Cre mice (Supplementary Fig. 5A). Immuno-
fluorescence staining of aortas confirmed that the PTPN14 expression
was specifically deleted in the VSMCs but not in ECs of vessel in
PTPN14SMC−/− mice compared to their littermate controls (PTPN14flox)
(Fig. 4A, B). Global PTPN14 knockout in mice has been reported to be
associated with lymphatic edema, which occurs in the forelimb, hind
limbs, or periorbital area. Additionally, PTPN14 variants cause defects
in organand tissue development in zebrafish embryos18,19. However, no
obvious phenotypic abnormalities in PTPN14SMC−/− micewere observed
until 15 weeks of age, with monitoring discontinued thereafter. Fur-
thermore, there were no morphological differences in the carotid
arteries of PTPN14flox and PTPN14SMC−/− mice, as indicated by the com-
parablemeanmedial thickness, ratioofmedial thickness to lumen size,
and ratio of medial thickness to vessel diameter (Supplementary
Fig. 5B), suggesting a dispensable role of SMC PTPN14 in vessel
development. In addition, VSMC-specific PTPN14 deficiency did not
alter the body weight, systolic blood pressure, diastolic blood pres-
sure, mean arterial pressure, or heart rate of mice (Supplemen-
tary Fig. 5C).

We subjected both PTPN14flox and PTPN14SMC−/− mice to wire injury
to the LCAs for 21 d and found that VSMC-specific PTPN14 deficiency
reduced in neointima formation within injured LCAs compared to that
in PTPN14flox mice (Fig. 4C). The ratio of intima thickness to lumen size
in LCAs at 21 d post-injury, was notably diminished in PTPN14SMC−/−

mice compared to that in their PTPN14flox counterparts, while the cir-
cumference of the external elastic laminawas comparable between the
groups (Fig. 4D). Furthermore, the number of PCNA-positive cells in
the intima of the injured LCA was significantly diminished in response
to PTPN14 knockout (Fig. 4E, F). To explore the potential sex-related
differences in the impact of PTPN14 deficiency on neointima forma-
tion, we extended our study to include female PTPN14SMC−/− mice.
Consistently, we observed that VSMC-specific PTPN14 deficiency in
female mice led to a reduction in neointima formation within injured
LCAs compared to that in PTPN14flox mice, as evidenced by a decrease
in the ratio of intima thickness to lumen size in the LCAs (Supple-
mentary Fig. 6A, B). In addition, the number of PCNA-positive cells in

the intima of injured LCAs was reduced in female PTPN14SMC−/− mice
(Supplementary Fig. 6C, D).

Additionally, VSMC-specific PTPN14 deficiency led to a decrease
in the expression of the proliferative VSMC marker PCNA, while ele-
vating the levels of contractile VSMCmarkers, including CNN1, α-SMA,
and SM22, in injured LCAs compared to that in littermate PTPN14flox

mice (Fig. 4G, H). These results demonstrate that PTPN14 specific
deficiency inhibits the loss of the contractile phenotype of VSMCs and
wire injury-induced neointimal hyperplasia.

PTPN14 controlled the output of PDGF-BB signaling in VSMCs
We next explored the underlying mechanisms of PTPN14 in pheno-
typic modulation of VSMCs. HA-VSMCs were transfected with PTPN14
or control siRNA followed by treatment with or without PDGF-BB for
24 h. Subsequently, we performed whole transcriptome analysis using
RNA-sequencing of HA-VSMCs (Fig. 5A). As shown in the volcanicmap,
PTPN14 deficiency resulted in a significant down-regulation of 113
genes and up-regulation of 48 genes in HA-VSMCs, with a threshold of
two-fold change and a P value of <0.05 (Fig. 5B). Gene Ontology (GO)
analysis followed by network visualization of enriched GO terms using
BiNGO indicated that the genes differentially expressed due to PTPN14
deficiency were linked to cell adhesion, growth, differentiation, and
migration (Fig. 5C). As the heat map showed that PTPN14 deficiency
group displayed a contrasting pattern in the regulation of gene
expression when compared with the PDGF-BB-treated group. This led
us to speculate that PTPN14 plays a crucial role in PDGF-BB signaling in
VSMCs. Next, weperformedgene set enrichment analysis (GSEA) using
differentially expressed genes after PDGF-BB treatment (563 genes
were upregulated and 671 genes were downregulated, compared to
PBS treatment). Remarkably, we found that genes that were upregu-
lated upon PDGF-BB stimulation were significantly enriched in the
gene sets that were decreased by PTPN14 silencing, while genes that
were downregulated upon PDGF-BB stimulation were significantly
enriched in the gene sets that were increased by PTPN14 silencing
(Fig. 5D), indicating the pivotal role of PTPN14 in the expression of
PDGF-BB-induced genes.

We next examined the effects of PTPN14 silencing on the classical
downstream signaling initiated by PDGF-BB in VSMCs. We knocked
down the expression of PTPN14 in HA-VSMCs using siRNA, and then
treated the cells with or without PDGF-BB for up to 30min. Notably,
PTPN14 silencing led to a substantial reduction in the phosphorylation
levels of phospholipase C gamma (PLCγ), AKT, and, ERK1/2, all of
whichare typically inducedby PDGF-BB (Fig. 5E, F). Similar resultswere
obtained using another PTPN14 siRNA (Supplementary Fig. 7A, B). To
further confirm the necessity of PTPN14 in PDGF-BB-induced SMC
migration, proliferation, and differentiation, we conducted prolonged
PDGF-BB treatments. Under basal conditions, PTPN14 silencing did not
induce any significant alterations in VSMC migration in Transwell
assays; however, it impaired VSMCmigration in scratch assays at 24 h.
Notably, PTPN14 silencing significantly inhibited PDGF-BB-induced
VSMCmigration, in both scratch and Transwell assays (Supplementary
Fig. 8A–D). Furthermore, although PTPN14 silencing did not

Fig. 1 | PTPN14 expression is induced in VSMCs during neointimal hyperplasia.
AApoE−/− micewere subjected to partial ligation of the left carotid artery (LCA) and
fed a Western diet for 4 weeks. Representative images of HE, Oil-red O, and
immunofluorescence staining of PTPN14 (red) and α-SMA (green) in LCAs. n = 3.
Nuclei was counterstained with DAPI (blue). Scale bar, 500 μm (HE, Oil-red O), and
50 μm (immunofluorescence). L: Lumen, M: Media, I: Intima. B Representative
images ofHEand immunofluorescence staining fromLCAsof C57BL/6mice at 0, 14,
and 21 d after wire injury surgery. PTPN14, red;α-SMA, green; DAPI, blue. Scale bar,
50μm.CQuantification of PTPN14 in theα-SMA-positive area of the LCAs. The data
were presented as the means ± SEM, n = 10 (one-way ANOVA with Bonferroni
multiple comparison post-hoc test). D, E Western blots and quantification of the

expression of PTPN14, OPN, CNN1, α-SMA, and SM22 in LCAs of C57BL/6mice at 0,
14, and 21dpost-injury. Theproteinextracts from2micewerepooled into 1 sample.
The data were presented as the means ± SEM, n = 6 (one-way ANOVA with Bonfer-
roni multiple comparison post-hoc test). F Representative images of HE and
immunofluorescence staining of the human coronary artery. PTPN14, red; α-SMA,
green; DAPI, blue. Scale bar, 50μm.GQuantification of the expressionof PTPN14 in
α-SMA-positive area of human coronary artery. The data were presented as the
means ± SEM, n = 15, 11, 19, respectively (one-way ANOVA with Bonferroni multiple
comparison post-hoc test).H The correlation analysis between PTPN14 expression
and intima-to-media ratio of human coronary arteries, n = 30 (two-tailed non-
parametric Spearman correlation). L: Lumen, M: Media, I: Intima.
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Fig. 2 | PTPN14 aggravates neointimal hyperplasia in a phosphatase activity-
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A Representative HE staining images of cross-sections from injured LCAs and
contralateral uninjured right carotid arteries (RCAs) of mice 14 d after injury. Scale
bar, 50μm. B Quantification analysis of the ratios of intima to lumen, and the
circumference of external elastic lamina (EEL) in the cross-sections from the LCAs
at 14 d post-injury. The data were presented as the means ± SEM, n = 10 (one-way

ANOVA with Bonferroni multiple comparison post-hoc test). C, D Representative
immunofluorescence staining and quantification of the percentage of PCNA-
positive cells in cross-sections of LCAs. PCNA, red; α-SMA, green; DAPI, blue. Scale
bar, 50 μm. The data were presented as the means ± SEM, n = 10 (one-way ANOVA
with Bonferroni multiple comparison post-hoc test). E, F Western blots and quan-
tification of PCNA, OPN, VIM, α-SMA, and SM22 in LCAs. Protein extracts from 2
micewere pooled into 1 sample. The data were presented as themeans ± SEM, n = 6
(one-way ANOVA with Bonferroni multiple comparison post-hoc test).
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significantly affect the number of Ki67-positive cells under basal con-
ditions, it counteracted the effects of PDGF-BB, resulting in a reduction
in the number of Ki67-positive cells (Supplementary Fig. 8E, F). Addi-
tionally, while PTPN14 silencing did not significantly impact the
expression of themarkers including SM22, PCNA,OPN, andVIM, under
basal conditions, it significantly upregulated the expression of α-SMA

(Fig. 5G, H). Finally, we found that PTPN14 silencing suppressed PDGF-
BB-induced VSMC dedifferentiation, as evidenced by an increase in
contractile markers, including α-SMA and SM22, along with a decrease
in the expression of the proliferative marker PCNA in HA-VSMCs and
synthetic markers OPN and VIM (Fig. 5G, H). A similar effect of
PTPN14 silencing on VSMC dedifferentiation was observed using
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another PTPN14 siRNA (Supplementary Fig. 8G, H). These findings
suggested that PTPN14 silencing counteracted the effects of PDGF-BB
on VSMCs.

PTPN14 interacted with PDGFRβ and mediated its tyrosine
dephosphorylation at Y692 site
PDGF-BB served as a ligand of PDGF receptor (PDGFR) isoforms
(PDGFRα and PDGFRβ) and its binding with PDGFR results in the
activation of multiple downstream signaling pathways20. Given the
critical role of PTPN14 in mediating PDGF-BB signaling in SMCs, we
speculated whether PTPN14 directly interacted with PDGFRα or
PDGFRβ. Immunoprecipitation assay indicated that PTPN14 couldbind
with PDGFRβ but not PDGFRα in HA-VSMCs (Fig. 6A). Besides, we
found that PTPN14 and PDGFRβ could interactwith each other and the
binding was not influenced by PDGF-BB stimulation for 10min
(Fig. 6B). In parallel, we transfected Flag-tagged PTPN14 and HA-
tagged PDGFRβ plasmids in HEK293T cells and confirmed the inter-
action between PTPN14 and PDGFRβ (Fig. 6C, D). Consistently,
immunofluorescence staining of PTPN14 and PDGFRβ revealed colo-
calization signaling (Supplementary Fig. 9A). PDGFRβ comprises a
glycosylated immunoglobulin-like extracellular domain, transmem-
brane region that contributes to membrane localization, and intra-
cellular regions, including juxtamembrane regions and conserved
kinase regions that undertake phosphorylation activation functions21.
To identify which region(s) of PDGFRβ interacts with PTPN14, we
expressed multiple HA-tagged PDGFRβ fragments together with full-
length Flag-tagged PTPN14 in HEK293T cells. Our findings revealed
that the C-terminal region of PDGFRβ (aa 553–1106) but not N-terminal
region (aa 1–532) interacted with PTPN14 (Fig. 6E, F). Moreover,
PDGFRβ with the deletion of C-terminal (aa 553–1106), but not the
deletion of N-terminal (aa 1–532), was incapable of interacting with
PTPN14 (Fig. 6E, F). These results suggest that the C-terminal region of
PDGFRβ bridge its interaction with PTPN14.

PDGFRβ undergoes receptor dimerization upon PDGF-BB bind-
ing, which induces autophosphorylation at the intracellular kinase
domain and triggers intracellular Ras-MAPK, phosphoinositide
3-kinase (PI3K)-AKT, Janus kinase, and PLCγ cascade signaling to reg-
ulate cell responses21,22. As the phosphatase activity of PTPN14 was
required for PDGF-BB-induced migration, proliferation, and dediffer-
entiationof SMCs,wehypothesized thatPTPN14maydephosphorylate
PDGFRβ at specific site(s). We overexpressed Myc-tagged PDGFRβ
with adenovirus in HA-VSMCs and transfected the cells with PTPN14 or
control siRNA. Following the stimulation of PDGF-BB for 10min, cells
from two groups were harvested and the phosphorylation levels of
tyrosine sites in PDGFRβwere analyzed using LC-MS/MS (Fig. 6G). Two
high-confidence tyrosine phosphorylated sites of PDGFRβdetected via
LC-MS/MS showed difference levels in the groups. Of the two sites,
only Y692, a tyrosine phosphorylation site of PDGFRβ, exhibited an
upregulated phosphorylation level in response to PTPN14 knockdown
(Supplementary Table 1). We next confirmed these results using cul-
tured HA-VSMCs. Consistently, we found that PDGF-BB could induce
PDGFRβY692 phosphorylation, which was further enhanced by PTPN14
silencing in HA-VSMCs (Fig. 6H, I). Consistently, similar results were
observed using another PTPN14 siRNA (Supplementary Fig. 10A, B).

Together, these results demonstrate that PTPN14 interacts with
PDGFRβ and promotes the latter’s dephosphorylation at Y692 site.

Y692 served as a self-inhibitory phosphorylation site of PDGFRβ
To clarify the role of PDGFRβY692 phosphorylation on PDGF-BB/
PDGFRβ signaling, we constructed phosphomimetic mutant
(PDGFRβY692D) and phospho-null mutant (PDGFRβY692F) of PDGFRβ. We
found that neither the mutation impacted the interaction between
PDGFRβ and PTPN14 (Supplementary Fig. 11A). However, we found
that PDGFRβY692F promoted the activation of PDGFRβ downstream
targets including AKT and ERK1/2, evidenced by the upregulation of
the PDGF-BB-induced phosphorylation (Fig. 7A, B). Conversely, the
PDGFRβY692D exerted contrasting effects and inhibited PDGF-BB-
induced phosphorylation of AKT and ERK1/2 in HA-VSMCs
(Fig. 7A, B). Moreover, PTPN14 overexpression upregulated the phos-
phorylation levels of AKT and ERK1/2 induced by PDGF-BB under
PDGFRβ overexpression. However, PTPN14 overexpression had a
minimal impact on the phosphorylation levels of AKT and ERK1/2
inducedby PDGF-BB followingoverexpressionof either PDGFRβY692F or
PDGFRβY692D in HA-VSMCs (Fig. 7C, D), indicating that the phosphor-
ylation status of PDGFRβY692 mediates the regulatory effects of PTPN14
on PDGF-BB/PDGFRβ signaling. Consistently, we found that phos-
phorylation level of PDGFRβY692 was significantly upregulated in
neointima of carotid arteries induced by wire injury in PTPN14SMC−/−

mice compared to that in PTPN14flox mice (Fig. 7E, F).
The conformational changes and dimerization of PDGFRβ are

required for controlling PDGF-BB-induced PDGFRβ activation23. To
further investigate the molecular basis of Y692 as an inhibitory phos-
phorylation site of PDGFRβ, we conducted surface plasmon resonance
assay to detect the effects of Y692 phos-mutant on the binding affinity
of PDGF-BB and PDGFRβ. We found that compared to wild-type
PDGFRβ, phosphomimetic mutant of PDGFRβ displayed an upregula-
tion in KD value of interaction with PDGF-BB compared to that in wild-
type PDGFRβ (Fig. 7G). However, this PDGFRβ mutation had minimal
effects on its interaction with PDGF-DD, as the binding affinity
remained unaltered (Supplementary Fig. 12A). Furthermore, in situ
proximity ligation assay staining of PDGF-BB and PDGFRβ in LCAs 21 d
post-wire injury indicated that the interaction was compromised by
PTPN14deficiency (Fig. 7H, I).Moreover, we observed thatPDGFRβY692F

promoted, while PDGFRβY692D attenuated PDGF-BB-induced PDGFRβ
dimerization inHA-VSMCs (Fig. 7J). Together, the results indicated that
Y692 served as a self-inhibitory phosphorylation site of PDGFRβ via
controlling its binding with PDGF-BB and dimerization.

PTPN14 aggravated neointimal hyperplasia by depho-
sphorylating PDGFRβY692

We next investigated the effects of PDGFRβY692 on PDGF-BB-induced
migration, proliferation, and dedifferentiation of VSMCs. We found
that PDGFRβY692F had minimal effects on VSMC migration and pro-
liferation in basal level, while it markedly enhanced these processes
under PDGF-BB treatment (Fig. 8A–C and Supplementary Fig. 13A–C).
Conversely, PDGFRβY692D inhibited the migration and proliferation of
VSMCs regardless of the presence of PDGF-BB (Fig. 8A–C and Sup-
plementary Fig. 13A–C). To further elucidate the role of PDGFRβY692

Fig. 3 | PTPN14 promotes PDGF-BB-induced SMCmigration, proliferation, and
dedifferentiation.Human aortic smoothmuscle cells (HA-VSMCs) that underwent
FBS-free starvation were transfected with AdNC, AdPTPN14, or AdPTPN14C1121S for
48h.A, B Scratch assays were performed on cells with PDGF-BB (20 ng/mL) for the
indicated time points. Representative images and quantification were shown. Scale
bar, 20 μm. Data were presented as the means ± SEM, n = 6 (two-way ANOVA with
Bonferroni multiple comparison post-hoc test).C,DHA-VSMCs treatedwith PDGF-
BB (20 ng/mL) for 6 h were subjected to Transwell assays. Representative images
and quantitative analyses were presented. Scale bar, 100μm. Data were presented
as the means ± SEM, n = 6 (two-way ANOVA with Bonferroni multiple comparison

post-hoc test). E, F HA-VSMCs were treated with PDGF-BB (20 ng/mL) for 24h.
Representative immunofluorescence staining and quantification of Ki67-positive
cells were shown. F-actin, red; Ki67, green; DAPI, blue. Scale bar, 10μm. Data were
presented as the means ± SEM, n = 6 (two-way ANOVA with Bonferroni multiple
comparison post-hoc test).G,H Representativewestern blots and quantification of
the protein levels of Flag-tagged PTPN14, PCNA, OPN, VIM, α-SMA, SM22, and
GAPDH in the absence or presence of PDGF-BB (20 ng/mL) treatment. The data
were presented as the means ± SEM, n = 6 (two-way ANOVA with Bonferroni mul-
tiple comparison post-hoc test).
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phosphorylation in wire injure-induced neointimal hyperplasia and its
correlation with PTPN14, we constructed adenovirus carrying
PDGFRβY692F (AdPDGFRβY692F) and PDGFRβY692D (AdPDGFRβY692D), and
further overexpressed the mutants in wire-injured carotid arteries of
PTPN14SMC−/− and PTPN14flox mice (Supplementary Fig. 13D). Consistent
with the in vitro results, we found that forced expression of

PDGFRβY692F promoted neointima formation and increased the num-
ber of proliferating PCNA-positive cells in LCAs 14 d post-injury in
PTPN14flox mice (Fig. 8D–G). Notably, PDGFRβY692F overexpression lar-
gely antagonized the effects of PTPN14 deficiency on wire injury-
induced neointima formation in LCAs (Fig. 8D–G).Moreover, we found
that PDGFRβY692D overexpression recapitulated the effects of PTPN14
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deficiency with alleviating wire injure-induced neointimal hyperplasia
and reducing PCNA-positive cells in LCAs of PTPN14flox mice
(Fig. 8D–G). No synergetic effects between PTPN14 deficiency and
PDGFRβY692D overexpression was observed (Fig. 8D–G). In addition,
either PDGFRβY692F or PDGFRβY692D barely affected the circumference
of the external elastic lamina (Fig. 8D, E). We further confirmed the
potential link between PDGFRβY692 phosphorylation and neointimal
hyperplasia in human coronary arteries. Indeed, we found that phos-
phorylation levels of PDGFRβY692 were lower in neointima of moderate
and severe hyperplasia group compared to that of non-hyperplasia
group (Fig. 8H, I). Besides, the levels of phosphorylated PDGFRβY692

were negatively correlated to the ratios of intima to media (Fig. 8J).
Therefore, these results suggest that PDGFRβY692 phosphorylation in
VSMCs alleviates wire injury-induced neointimal hyperplasia and
mediates the effects of PTPN14 deficiency on neointima formation.

Discussion
Despite decades of research and numerous clinical trials, neointimal
hyperplasia and the subsequent restenosis remain challenging clinical
problems. Herein, we demonstrated that PTPN14, which is enriched in
VSMCswithin neointimal hyperplasia and induced by PDGF-BB, plays a
role in migration, proliferation, and dedifferentiation of VSMCs and
aggravates wire injury-induced neointimal hyperplasia in mice, pre-
senting a positive-feedback loop in boosting PDGF-BB/PDGFRβ sig-
naling. Previous studies have highlighted the vital role of PDGF-BB/
PDGFRβ signaling in facilitating dedifferentiation of VSMCs and sub-
sequent neointima formation. We revealed that phosphorylation of
PDGFRβY692, which can be dephosphorylated by PTPN14, acts as a
restrictive element governing intracellular outputs of PDGFRβ activa-
tion, including PLCγ, AKT, and ERK1/2, and serves as an endogenous
self-inhibitory signaling of PDGFRβ (Fig. 9). Hence, the present study
suggests a potential role for the PTPN14/PDGFRβY692 signaling axis in
neointimal hyperplasia, which might shed light on the therapeutic
strategy for atherosclerosis and restenosis.

Tyrosine phosphorylation regulates many cellular functions,
including cell proliferation, survival, adhesion, and migration24,25.
Members of the protein tyrosine phosphatase (PTP) family orchestrate
the state of tyrosine phosphorylation through removing phosphate
from the substrates. According to the subcellular location, classical
PTPs (38 members), which show specificity for phosphotyrosine, can
be divided into non-receptor PTPs (PTPNs, 17 members) and trans-
membrane receptor PTPs (RPTPs, 21members)26. In contrast to RPTPs,
which usually contain two catalytic domains27, PTPNs encode a single
PTP domain that executes nucleophilic attacks on their phosphosub-
strates. Multiple PTPNs are involved in VSMC phenotypic modulation
and neointimal hyperplasia. Similar to the expression pattern of
PTPN14, PTPN1 (also known as PTP1B) expression can be induced in
VSMCs by PDGF-BB, both in vitro and in rat carotid arteries after
injury28. However, PTPN1 dephosphorylates several receptor tyrosine
kinases (RTKs), including EGFR and PDGFR, and inhibits PDGF-BB-
induced proliferation and motility of VSMCs29. PTPN6 (also known as
SHP-1) overexpression inhibits the proliferation, cell cycle progression,
andmigration of VSMCs and reduces neointima formation induced by

wire injury in the femoral arteries of high-fat diet-fed mice30. PTPN11
expression can be transiently induced in neointima of rat carotid
arteries after injury, and growth factors, including PDGF and bFGF, are
sufficient to induce its expression in VSMCs28. Inducible VSMC-specific
deletion of PTPN11 in adult mice suppresses carotid artery ligation-
induced neointima formation by attenuating VSMC proliferation and
decreasing ECM31. Despite these findings, PTPN14 is uncharacterized
and its role in VSMCs remains elusive. In the present study, we
observed that PTPN14 expression in VSMCs robustly induced during
phenotypic modulation in the carotid arteries from three distinct
mouse models and in human coronary arteries. In addition, we
demonstrated that PTPN14 expression positively correlated with the
degree of hyperplasia in human samples, indicating its potential role as
a biomarker of restenosis. Furthermore, we found that VSMC-specific
PTPN14deficiencywas suppressed,whereasoverexpression of PTPN14
promotedneointima formation in themouse carotid artery inducedby
wire injury. The distinct structures of PTPNs may contribute to their
differential appearance in VSMCs. Although the core catalytic
sequences of the PTP domain in the C-terminus are relatively con-
served in PTPNs, PTPN14 contains the N-terminal conserved FERM
domain32. FERM domain is responsible for targeting cytoskeletal pro-
teins to the membrane-cytoskeleton interface and is lacking in PTPN1,
PTPN6, and PTPN11. Of note, as PTPN14 exerted its pro-proliferative
effects by enhancing PDGF-BB/PDGFRβ signaling pathway and PTPN14
protein levels were induced during VSMC phenotypic modulation or
by prolonged exposure to PDGF-BB in VSMCs, we demonstrated a
positive-feedback mechanism for neointima formation.

Although the role of PTPN14 in vascular biology is largely
unknown, it has been shown to be critical in regulating proliferation
and apoptosis in tumor cells and to function as a tumor suppressor.We
previously found that endothelial PTPN14 deletion resulted in inflam-
matory effects and promoted disturbed flow-induced atherosclerosis
in the LCAs of mice12. In contrast, mice with a specific deletion of
PTPN14 in VSMCs showed suppressed neointima formation, which
might potentially ameliorate atherosclerosis, indicating that PTPN14 in
ECs and VSMCs exerts divergent effects on atherosclerosis. Several
factors may have contributed to this observation, including the rela-
tively low baseline expression of PTPN14 in quiescent VSMCs, as illu-
strated in Fig. 1A, where we observed markedly lower PTPN14
expression in VSMCs than in ECs. Furthermore PTPN14 has shown
promising effects on inhibiting the activation of YAP, a critical down-
stream transcriptional co-activator of the Hippo signaling pathway
that regulates cell survival, proliferation, organ development33,34.
PTPN14 binds to the WW domain of YAP via its PPxY domain and
promotes YAP retention in the cytoplasm to suppress tumor cell
proliferation and turnover35–37. In addition, PTPN14 canbind toKibra to
activate LAST1, resulting in reduced YAP/TAZ localization in the
nucleus38,39. YAP expressionwas enhanced by PDGF-BB in vitro andwas
markedly upregulated in injured vessels40. Nuclear localization of YAP
is increased in balloon-injured carotid arteries, indicating that YAP is
activated during VSMC phenotypic modulation41. YAP also promotes
the proliferation, migration, and dedifferentiation of VSMCs and
aggravates neointima formation40–42.We previously demonstrated that

Fig. 4 | VSMC-specific PTPN14 deficiency inhibits wire injury-induced neointi-
mal hyperplasia.ARepresentative immunofluorescence staining of PTPN14 andα-
SMA in the right carotid arteries (RCAs) from PTPN14 SMC−/− and PTPN14flox mice.
PTPN14, red; α-SMA, green; DAPI, blue. Scale bar, 50μm. The white dashed line
signifies the internal elastic lamina.BQuantification of PTPN14 in RCAs showed the
efficiency on knock out PTPN14. The datawerepresented as themeans ± SEM, n = 6
(two-tailed unpaired Student’s t test). C–H VSMC-specific PTPN14 deficiency mice
(PTPN14SMC−/−) and the littermate control mice (PTPN14flox) were subjected to wire
injury of left carotid arteries (LCAs) for 21 d.CRepresentative HE staining images of
cross-sections of LCAs and contralateral uninjured RCAs in PTPN14SMC−/− and
PTPN14floxmice. Scale bar, 50μm.DQuantification analysis of the ratios of intima to

lumen, and the circumference of external elastic lamina (EEL) of the cross-sections
of LCAs. The data were presented as the means ± SEM, n = 10 (two-tailed unpaired
Student’s t test). E, F Representative immunofluorescence staining of PCNA and α-
SMA in the cross-sections of LCAs and RCAs. Quantification of PCNA-positive cells
in the LCAs. PCNA, red; α-SMA, green; DAPI, blue. Scale bar, 50μm. The data were
presented as the means ± SEM, n = 10 (two-tailed unpaired Student’s t test).
G,HRepresentativewesternblots andquantificationof the protein level of PTPN14,
PCNA, CNN1, α-SMA, SM22, and GAPDH in LCAs. Protein extracts from 2mice were
pooled into 1 sample. The data were presented as themean ± SEM, n = 6 (two-tailed
unpaired Student’s t test).
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endothelial PTPN14 overexpression reduces disturbed flow-induced
YAP phosphorylation at Y357 and exerts its effect in a YAP-dependent
manner12. In this study, we used an inactivating mutant of PTPN14,
PTPN14C1121S, in a series of in vitro and in vivo experiments to demon-
strate that the proliferative effects of PTPN14 depend on its phos-
phatase activity. Nevertheless, given that our previous findings

indicated significantly lower YAPY357 phosphorylation in VSMCs than in
ECs, it is plausible that PTPN14 may preferentially target alternative
substrates in VSMCs. Therefore, the involvement of YAP and fine-
tuning of substrate selection of PTPN14 warrant further investigation.

Previous studies have identified several PTPN14 substrates
including p130Cas, RIN1, PKC-δ, β-catenin, Roquin2, Caveolin-1, and
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VE-cadherin9,14,15,43–45. P130Cas is a direct substrate of PTPN14, which
specifically regulates the phosphorylation of p130Cas at Y128 in col-
orectal cancer cells44. PTPN14 reduces the phosphorylation of RIN1 at
Y36 and of PRKCD at Y374 to regulate cellmetastasis by restricting the
transport of membrane-bound proteins9,46. Dephosphorylation of β-
catenin by PTPN14 can reduce the cell-cell adhesion to inhibit the cell
migration43. PTPN14 mediates the dephosphorylation of Roquin2 at
Y691 and promotes the degradation of Roquin2 protein in a KLHL6-
dependent manner45. PTPN14 dephosphorylates caveolin-1 at Y14,
which weakens cell metastasis15. In addition, PLD2 promotes PTPN14-
mediated dephosphorylation of VE-cadherin to restore the endothelial
barrier14. In the present study, we observed an interaction between
PTPN14 and PDGFRβ in VSMCs. Both mass spectrometry analysis and
western blot assays demonstrated that PTPN14 silencing increased the
phosphorylation level of PDGFRβ at Y692 site. Moreover, VSMC-
specific PTPN14 deletion upregulates the phosphorylation level of
PDGFRβY692 in neointima of injured carotid arteries. Hence, our results
suggest that PDGFRβ represents a substrate of PTPN14, with PTPN14
acting to dephosphorylate PDGFRβY692 inVSMCs. It’s important to note
that the crystal structure of PTPN14 protein remains elusive, and fur-
ther structural investigations will provide more insights into the
interaction between PTPN14 and PDGFRβ. The PDGFR family,
belonging to class III subtype of RTKs, comprises PDGFRα and
PDGFRβ. Two PDGFRs dimerize upon binding to ligands, resulting in
the formation of PDGFRα homodimers, PDGFRα/β heterodimers, or
PDGFRβ homodimers. We found that PTPN14 could not bind to
PDGFRα in VSMCs, indicating that PDGFRβmight be the predominant
targetedmitogen receptor of PTPN14 in VSMCs. Additionally, PDGFRα
and PDGFRβ have an amino acid similarity of 31%, 85%, and 75% in the
extracellular, the N-terminal kinase, and C-terminal kinase domains,
respectively47. Our results indicate that the intracellular kinase domain
of PDGFRβbridges its interactionwith PTPN14. Thedistinct amino acid
sequence compositions of the receptors may have contributed to the
differences in the interaction patterns. Additionally, we found that
PTPN14 overexpression enhanced, whereas PTPN14 silencing inhibited
VSMC migration in the absence of PDGF-BB. Besides, PTPN14C1121S

overexpression upregulated the expression of α-SMA and SM22, while
PTPN14 silencing reduced the expression of α-SMA, under basal con-
ditions. Hence, our results indicate that PTPN14 may also exert
PDGFRβ-independent roles in regulating VSMC migration and
dedifferentiation.

After PDGF binding and dimerization, autophosphorylation
occurs on multiple tyrosine residues within the intracellular domains
of PDGFRβ due to the close proximity of the two kinase domains fol-
lowing dimerization and/or its conformational change22,23. For
instance, phosphorylation of PDGFRβ at Y857 is the primary autop-
hosphorylation site and initiates extensive autophosphorylation of
other tyrosine residues. These phosphorylated tyrosine residues fur-
ther provide docking sites for the downstream signal transduction
molecules48,49. Specifically, Y751 and Y740 of PDGFRβ act as docking
sites for PI3K; Y771 serves as a docking site for GAP, while Y1009 and
Y1021 act as docking sites for PLCγ50–53. Our LC-MS/MS analysis iden-
tified two phosphorylation sites of PDGFRβ, Y751 and Y692, which are
regulated by PTPN14 deficiency. Although we demonstrated that

PTPN14-mediated dephosphorylation of PDGFRβ at Y692 contributed
to VSMC phenotypic modulation and neointima formation, the
potential involvement and regulatory mechanism of Y751 of PDGFRβ
by PTPN14 remain unknown. Furthermore, we found that the phos-
phorylation of PDGFRβ at Y692 site was under detectable level in
quiescent HA-VSMCs, while it could be detected with a relative low
level in non-hyperplasia vessels. Additionally, the phosphorylation of
PDGFRβY692 could be induced by PDGF-BB treatment in VSMCs and
further elevatedby PTPN14 silencing.However, theprecisemechanism
underlying the PDGF-BB-induced phosphorylation of PDGFRβY692

remains elusive. Further investigations are warranted to determine
whether this site represents a novel autophosphorylation site or
whether alternative phosphorylation mechanisms are involved.
PDGFRβ also displays other self-inhibition mechanisms. A glutamic
acid/proline repeat motif in the C-terminal tail and a valine in the
cytoplasmic juxtamembrane domain of PDGFRβ display self-inhibitory
roles for the receptor in the absence of ligand binding54,55. Here, we
present evidence that PDGFRβY692 may represent another self-
inhibitory mechanism for the activation of the PDGF-BB-induced
PDGFRβ signaling pathway. Through gain- and loss-of-function
experiments, we demonstrated that the constitutive activation of
PDGFRβY692 significantly attenuated PDGF-BB-induced PDGFRβ sig-
naling pathway activation, while the dominant negative mutant of
PDGFRβY692 exerted the opposite effects. Importantly, PDGFRβY692

constitutive activation markedly ameliorates wire injury-induced
neointima formation, whereas the PDGFRβY692 dominant negative
mutant blunts the effects of PTPN14 deficiency on neointima forma-
tion, indicating that targeting PDGFRβY692 might be a therapeutic
strategy for neointimal hyperplasia. Moreover, we observed that
PDGFRβY692 constitutive activation reduced its binding affinity to
PDGF-BB and inhibited PDGF-BB-induced PDGFRβ dimerization, indi-
cating that the inhibitory effects might depend on the conformational
change of PDGFRβ.

In conclusion, our results demonstrate that PTPN14 is a critical
mediator of neointima formation.We elucidated that PTPN14 interacts
with PDGFRβ andmediates the dephosphorylation of PDGFRβ at Y692
in VSMCs, thereby enhancing the activation of PDGF-BB/PDGFRβ sig-
naling and aggravating neointimal hyperplasia. Moreover, we identi-
fied PDGFRβY692 as a self-inhibitory site of PDGFRβ signaling cascade,
presenting an appealing target for neointimal hyperplasia.

Methods
Animals
The investigation conformed to the Guide for the Care and Use of
Laboratory Animals by the US National Institutes of Health (NIH Pub-
lication No. 85-23, revised in 2011). Study protocols and the use of
animals involved were approved by Institutional Animal Care and Use
Committee of TianjinMedical University. The 8-week-oldmale ApoE−/−

mice and 8- to 12-week-old male wild-type C57BL/6 were purchased
from the Experimental Animal Centre of Military Medical Science
Academy (Beijing, China). The PTPN14flox mice (Strain NO. T020775)
were generated fromGemPharmatech (Nanjing, China). The Tagln-Cre
mice (Strain NO. 017491) were obtained from MODEL ORGANISMS
(Shanghai, China). Tagln-Cre-mediated PTPN14 knockout mice

Fig. 5 | PTPN14 controls the output of PDGF-BB signaling in VSMCs. Human
aortic smooth muscle cells (HA-VSMCs) were transfected with control (siNC) or
PTPN14 (siPTPN14) small interfering RNA for 48h, following the treatment of PDGF-
BB (20 ng/mL) or PBS control for 24 h. A Heatmap comparison of differentially
expression genes among the indicated treatment groups. B The volcano map
showed upregulated or downregulated differentially expresses genes induced by
PTPN14 knockdown. C The cytoscape visualization of GO molecular function was
performed for differentially expressed genes regulated by PTPN14 knockdown.
D The GSEA enrichment profile showed the enrichment of differentially expressed

genes stimulated by PDGF-BB (20 ng/mL) in siPTPN14 vs. siNC (two-tailed permu-
tation test). E, F HA-VSMCs were harvested after stimulation with PDGF-BB (10 ng/
mL) for 0, 10, and 30min. Western blots and quantification of the indicated pro-
teins were performed. The data were presented as themeans ± SEM, n = 6 (two-way
ANOVA with Bonferroni multiple comparison post-hoc test). G, H Representative
western blots and quantification of the indicated protein levels in the presence or
absence of PDGF-BB (20 ng/mL) treatment for 24h. The data were presented as the
means ± SEM, n = 6 (two-way ANOVA with Bonferroni multiple comparison post-
hoc test).
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(PTPN14SMC−/−) were generated by crossbreeding PTPN14flox mice with
Tagln-Cre mice. All mice were fed a standard chow diet, except for
ApoE−/− mice, which were fed a Western diet (Research Diets, Cat NO.
D12109C) containing 40 kcal% fat, 1.25% cholesterol, and 0.5% cholic

acid after partial ligation for 4 weeks. The mice were bred at 20–26 °C
temperature with a 12 h light and12 h dark cycle. Male mice were used
in most of the experiments, and some experiments were validated
using female mice.
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Fig. 6 | PTPN14 interactedwithPDGFRβ andmediated its dephosphorylation at
Y692 site. A Representative western blots of PDGFRs immunoprecipitated using
PTPN14 antibody in human aortic smooth muscle cells (HA-VSMCs). n = 3. B HA-
VSMCs were treated with PDGF-BB (20 ng/mL) or the PBS control for 10min.
Confirmation of the interaction between PDGFRβ and PTPN14 via western blot
analysis. n = 3. C, D The co-immunoprecipitation assay to confirm the interaction
with co-transfected Flag-tagged PTPN14 (Flag-PTPN14) and HA-tagged PDGFRβ
(HA-PDGFRβ) in HEK293T. n = 3. E Schematic diagram of plasmid truncations
construction of PDGFRβ. The positions of the amino acid residues of each struc-
tural domain were labeled. F The immunoprecipitation assay was performed to
detect the interaction among PTPN14 and various domain fragments of PDGFRβ

with Flag-PTPN14 and HA-PDGFRβ domains in HEK293T. n = 3. G HA-VSMCs were
transfected with control (siNC) or PTPN14 (siPTPN14) small interfering RNA, then
treated with adenovirus to overexpress PDGFRβ for 48h. After stimulation with
PDGF-BB (10 ng/mL) for 10min, cells were harvested for phosphorylation site
detection. Mass spectrometry analysis profile of PDGFRβ dephosphorylated by
PTPN14 at Y692. n = 3.H–IHA-VSMCswere transfected with siNCor siPTPN14, then
treated with PDGF-BB (10 ng/mL) for indicated time. Representative western blots
and quantification of PDGFRβ phosphorylation level at Y692. The data were pre-
sented as the means ± SEM, n = 6 (two-way ANOVA with Bonferroni multiple com-
parison post-hoc test).
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Mouse carotid artery wire injury
After anesthesia, a median incision in the neck ofmicewas performed.
The connective tissue and adipose tissue were bluntly separated to
locate LCA and its bifurcation. The clamp temporarily clamped the
common carotid artery and the internal carotid artery to stop blood
flow. The distal end of the external carotid artery was ligated with a

suture to block blood return. Then, LCA was injured by inserting the
guidewirebelow the ligation point. After the guidewire (0.38mm)was
moved back and forth for 5 times, the guide wire was removed and
ligation was performed at the proximal end of the external carotid
artery. Normal arterial flow was observed and the neck incision was
sutured. 14 or 21 d after injury, the arteries were harvested. The arteries
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were embedded in Tissue Tek OCT compound (Sakura Finetek, Stau-
fen, Germany) for immunofluorescence and morphological staining;
the arteries were frozen for western blot and real-time quantitative
PCR. The right carotid arteries (RCAs) were used as sham operation
group. For adenovirus overexpression experiments, a single dose of
5 ×109 plaque-forming units (pfu) of adenovirus dissolved in 30%
pluronic gel solution (Pluronic® F-127, Sigma-Aldrich, St. Louis, MO,
USA) wasperivascularly delivered to LCAs and RCAs before closing the
incision.

Mouse carotid artery ligation
Mice were anesthetized and LCAs were exposed as described above.
The LCAs were completely ligated at the proximal end of the carotid
bifurcation with a 6-0 silk suture. The arteries were harvested at 14 or
21 d after surgery. The RCAs were used as sham operation group. The
morphological changes were confirmed by HE staining and immuno-
fluorescence staining.

Blood pressure measurement
Blood pressure of mice was monitored with a noninvasive tail-cuff
system (Softron BP-98A; Softron, Tokyo, Japan). Mice were trained for
1 week to be acquainted with the measurement. Blood pressure values
were averaged from at least three consecutive measurements for
each mouse.

Immunofluorescence and morphological staining
Sections embedded in OCT and cells grown on the chamber (Cat NO.
154534, ThermoFisher Scientific, Grand Island, NY, USA) were fixed
with paraformaldehyde after washed with PBS for three times. Immu-
nofluorescent staining for α-SMA (Cell Signaling Technology, Cat NO.
19245, Rabbit), α-SMA (Sigma, Cat NO. A2547, Mouse), PCNA (Pro-
teintech, Cat NO. 10205-2-AP), PTPN14 (Santa Cruz Biotechnology, Cat
NO. sc-373766), and p-PDGFRβY692 (GeneScript, Cat. NO. SC2039-PF)
was performed as described33. The nuclei was stained with DAPI (ZLI-
9557, ZSGB-BIO, Beijing, China). Confocal immunofluorescence ima-
ges were captured by Zeiss confocal laser scanning microscopy. For
morphological staining, sections from tissues were stained with
hematoxylin and eosin (HE) and the images were analyzed with Image
Pro Plus (Media Cybernetics, Rockville, MD, USA).

Cell culture
The human aortic smooth muscle cell line T/G HA-VSMCs (Cat NO.
CRL-1999) was from ATCC (Manassas, VA, USA). HA-VSMCs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/
F12 supplemented with 10% fetal bovine serum in a humidified incu-
bator at 37 °C with 5% CO2. Cells at passages 4–7 were used in
experiments. Before the stimulation with PDGF-BB, the VSMCs
underwent starvation with serum-free DMEM for 48 h. HEK293T (Cat

NO. CRL-11268, ATCC) cells were cultured in DMEMmedium with 10%
fetal bovine serum.

Recombinant adenovirus construction and transfection
The adenovirus expressing Flag-tagged human PTPN14 (NM_005401,
AdPTPN14), Flag-tagged PTPN14C1121S, Flag-tagged human PDGFRβ
(NM_002609, AdPDGFRβ), Flag-tagged PDGFRβ mutants
(AdPDGFRβY692F, AdPDGFRβY692D), and control empty vector (AdNC)
were constructed in GeneChem (Shanghai, China). HA-VSMCs were
infected with adenovirus at multiplicity of infection (MOI) 10 for 48 h.

Small interfering RNAs (siRNAs) and plasmids transfection
SiRNA targeting PTPN14 (CatNO. sc-62777) and siRNA control (CatNO.
sc-37007) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The siRNA targeting PTPN14 used in Supplementary Figs. 7A, B, 8G, H,
and 10A, Bwereobtained fromSangonBiotech (Shanghai, China). The
sequences of siRNA were listed in Supplementary Table 2. HA-VSMCs
were pre-incubated in the transfection medium (Opti-MEM, Cat NO.
31985070, Thermo Fisher Scientific) and then transiently transfected
with siRNAs by Lipofectamine™ RNAiMAX (Cat NO. 13778150, Thermo
Fisher Scientific).

The plasmids of full-length PTPN14, full-length PDGFRβ, and
PDGFRβ mutants were constructed by GENEWIZ (Suzhou, China). The
PDGFRβdomain truncationswere constructedbyGeneChem (Shanghai,
China). These plasmids were transfected into HEKT293T cells by using
Lipofectamine3000 (Cat NO. L3000-015, Thermo Fisher Scientific)
for 48h.

Western blots analysis
HA-VSMCs and aortic tissues were lysed in ice-cold RIPA buffer (Cat
NO. P0013B, Beyotime Biotechnology, Beijing, China) containing 1%
PMSF (Cat NO. P0100, Solarbio Life Sciences, Beijing, China), 1×pro-
tease inhibitor cocktail (Cat NO. 04693132001, Roche, Indianapolis, IN,
USA) and phosphatase inhibitor (Cat NO. 04906845001, Roche). After
sonication and centrifugation, the concentration of supernatants was
measured with BCA protein assay (Cat NO. 23227, Thermo Fisher Sci-
entific). Protein extracts were subjected to SDS–PAGE, transferred to
polyvinylidene difluoride membranes (Roche). Analysis involved the
primary antibodies for PDGFRβ (Cat NO. 3169, Cell Signaling Tech-
nology), α-SMA (Cat NO. 19245, Cell Signaling Technology), SM22 (Cat
NO. 40471, Cell Signaling Technology), Flag (Cat NO. 14793, Cell Sig-
naling Technology), Myc (Cat NO. 2276, Cell Signaling Technology),
HA (Cat NO. 3724, Cell Signaling Technology), PDGFRα (Cat NO. 3174,
Cell Signaling Technology), actin (Cat NO. 3700, Cell Signaling Tech-
nology), p-PDGFRβY692 (Cat. NO. SC2039-PF, GeneScript), AKT (Cat NO.
4691, Cell Signaling Technology), p-AKT (Cat NO. 4060, Cell Signaling
Technology), α-Tubulin (Cat NO. 3873, Cell Signaling Technology),
PTPN14 (Cat NO. sc-373766, Santa Cruz Biotechnology), ERK1/2

Fig. 7 | Y692 served as a self-inhibitory phosphorylation site of PDGFRβ.
A, B Human aortic smooth muscle cells (HA-VSMCs) were transfected with indi-
cated adenovirus for 48 h, followed by PDGF-BB (10 ng/mL) stimulation for 0, 10,
and 30min. Representative western blots and quantifications of the expression
level of indicatedproteins. The datawerepresented as themeans ± SEM,n = 6 (two-
way ANOVA with Bonferroni multiple comparison post-hoc test). C, D HA-VSMCs
were transfected with indicated adenovirus for 48 h, followed by stimulation with
PDGF-BB (10 ng/mL) for 10min. Representative western blots and quantification of
the expression level of indicated proteins. The data were presented as the
means ± SEM, n = 6 (two-way ANOVA with Bonferroni multiple comparison post-
hoc test). E, F PTPN14SMC−/− and the littermate PTPN14flox mice were subjected to
wire injury of the left carotid arteries (LCAs) for 21 d. Representative immuno-
fluorescence staining of phosphor-PDGFRβY692 and α-SMA in cross-sections of the
LCAs.Quantificationof the levels ofphosphor-PDGFRβY692. PDGFRβY692, red;α-SMA,

green; DAPI, blue. Scale bar, 50μm. The data were presented as the means ± SEM,
n = 6 (two-tailed unpaired Student’s t test). G The binding affinity of PDGF-BB to
recombinant protein PDGFRβ and PDGFRβY692D weremeasured via surface plasmon
resonance. H, I Representative immunofluorescence staining of in situ proximity
ligation assay for visualization on the interaction between PDGF-BB and PDGFRβ in
right carotid arteries (RCAs) and LCAsof PTPN14SMC−/− and PTPN14floxmice 21d post-
injury, respectively. Positive signal of PDGF-BB and PDGFRβ, red; SM22, green;
DAPI, blue. Scale bar, 20μm. Quantification of the positive signal (red) in cross-
sections of the RCAs and LCAs. The data were presented as the means ± SEM, n = 6
(two-way ANOVAwith Bonferroni multiple comparison post-hoc test). JHA-VSMCs
were transfected with the indicated adenoviruses for 48h, followed by stimulation
with PDGF-BB (50 ng/mL) for 30min. Cellswere then incubatedwith disuccinimidyl
suberate (100μM) at room temperature for 30min. Representative western blots
images of PDGFRβ dimerization were presented, n = 3.
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(Cat NO. sc-135900, Santa Cruz Biotechnology), p-ERK1/2 (Cat NO. Sc-
7383, Santa Cruz Biotechnology), CNN1 (Cat NO. 24855-1-AP, Pro-
teintech), PCNA (Cat NO. 10205-2-AP, Proteintech), OPN (Cat NO.
22952-1-AP, Proteintech), VIM (Cat NO. 10366-1-AP, Proteintech) and
GAPDH (Cat NO. 60004-1-Ig, Proteintech). The dilution ratio used for

all primary antibodies was 1.1000. Proteins were visualized with HRP-
conjugated anti-rabbit or anti-mouse IgG (1:2000 or 1:8000; Cell Sig-
naling Technology), followed by use of the ECL chemiluminescence
system (Cell Signaling Technology). The images were analyzed by
using Image J v1.52.
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Total RNA extraction and quantitative real-time PCR (qRT-PCR)
analysis
Total RNA of cells and tissues was extracted by using kit (Cat NO.
15596018, Thermo Fisher Scientific) according to the manufacturer’s
instructions. RNA samples were reverse-transcribed with SuperScript
III and random primers (Cat NO. 12574035, Thermo Fisher Scientific).
qRT-PCR was performed with SYBR Green PCR master mix (Cat NO.
AQ131-01, TransGen Biotech, Beijing) and the ABI 7900HT Real-Time
PCR System (Life Technologies, CA, USA). Primers sequences were
listed in Supplementary Table 3.

Immunoprecipitation assay
Cells were collected with ice-cold IP lysis (50mM Tris-HCl, 150mM
NaCl, 1% Nonidet-P40) containing 1% PMSF, 1×protease inhibitor
cocktail (Cat NO. 04693132001, Roche), and phosphatase inhibitor
(Cat NO. 04906845001, Roche). For endogenous immunoprecipita-
tion with HA-VSMCs, the cell lysates were incubated with primary

antibodies at 4 °C overnight. The lysates incubated with IgG antibody
were served as negative controls. After washing and centrifugation
with IP buffer for three times, Protein A/G PLUS-Agarose beads (Cat
NO. 20423, Thermo Fisher Scientific) was added in the lysates for
reaction at room temperature for 2 h. After a final wash, the super-
natant was discarded, and the precipitated proteins were eluted from
the beads by resuspending in 1× SDS-PAGE loading buffer. For immu-
noprecipitation with HEK293T cells, the cells lysates were immuno-
precipitated with anti-Flag (Cat NO. B26101, Bimake, Shanghai) or anti-
Myc (Cat NO. B26301, Bimake) affinity beads at 4 °C overnight. The
dilution ratio used for all antibodies was 1:100. The resultant materials
from immunoprecipitation or cell lysates underwent western blot
analysis.

Phosphatase assay
The phosphatase activity of PTPN14 was assessed with RediPlate 96
EnzChek Tyrosine Phosphatase Assay kit (Cat NO. R22067, Thermo

Fig. 8 | Y692 phosphorylation of PDGFRβ alleviated wire injury-induced
neointimal hyperplasia.A–CHumanaortic smoothmuscle cells (HA-VSMCs)were
transfectedwithAdPDGFRβ, AdPDGFRβY692F, andAdPDGFRβY692D for 48h, following
PDGF-BB (20 ng/mL) stimulation for the indicated time. Cell migration was eval-
uated with scratch assay (A) and Transwell assay (B), and cell proliferation was
assessed with Ki67 staining (C). Quantification analysis was presented respectively.
The data were presented as the means ± SEM, n = 6 (two-way ANOVA with Bonfer-
roni multiple comparison post-hoc test). D–G PTPN14SMC−/− and PTPN14flox mice
subjected to wire injury in left carotid arteries (LCAs) were transfected with AdNC,
AdPDGFRβY692F, or AdPDGFRβY692D for 14 d.D, ERepresentative HE staining of cross-
sections of LCAs of mice. Scale bar, 50μm. Quantification analysis of the ratios of
intima to lumen, and the circumference of external elastic lamina (EEL) in the cross-
sections from the LCAs at 14 d post-injury. The data were presented as the

means ± SEM, n = 10 (one-way ANOVA with Bonferroni multiple comparison post-
hoc test). F, G Representative immunofluorescence staining and quantification of
the percentage of PCNA-positive cells in cross-sections of LCAs. PCNA, red; α-SMA,
green; DAPI, blue. Scale bar, 50μm. The data were presented as the means ± SEM,
n = 10 (one-way ANOVA with Bonferroni multiple comparison post-hoc test).
H Representative HE and immunofluorescence staining of phosphor-PDGFRβY692 in
the human coronary arteries. PDGFRβY692, red; α-SMA, green; DAPI, blue. Scale bar,
50μm. I Quantification of the expression levels of phosphor-PDGFRβY692. The data
were presented as the means ± SEM. n = 14, 13, 11, respectively. (one-way ANOVA
with Bonferroni multiple comparison post-hoc test). J The Correlation Analysis
between the levelsof phosphor-PDGFRβY692 and thedegreeof intimalhyperplasia in
human coronary arteries, n = 24 (two-tailed nonparametric Spearman correlation).
L: Lumen, M: Media, I: Intima.

Fig. 9 | Schematic illustration of the PTPN14/PDGFRβY692 cascade in VSMC
phenotypic modulation and neointima formation. After vessel injury, PDGF-BB
induces the expression of PTPN14, which dephosphorylates the inhibitory phos-
phorylation site of PDGFRβ atY692, inVSMCs. Subsequently, dephosphorylation of

PDGFRβY692 leads to augmentation of PDGF-BB-induced PDGFRβ signaling activa-
tion, which finally promotes VSMC phenotypic modulation and aggravates neoin-
timal hyperplasia.
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Fisher Scientific)56. Briefly, PTPN14 was immunoprecipitated from tis-
sue or HA-VSMCs lysates by incubating with PTPN14 antibody, which
was bounding to Protein A/G PLUS-Agarose beads. The protein com-
plex was collected with tyrosine phosphatase reaction buffer after
washing beads three times with IP buffer. The complex and tyrosine
phosphatase reaction buffer were added into RediPlate wells and
incubated for 30min at 37 °C. A fluorescence microplate reader
equipped with appropriate filters (excitation = 355 nm, emission =
460 nm) was employed to detect the fluorescence.

RNA-sequencing analysis
The total RNA was collected from HA-VSMCs followed by knockout of
PTPN14 and PDGF-BB treatment. TRIzol reagent was used to isolate
RNA. The RNA sequencing database was conducted by BGI (Shenzhen,
China). Heatmap of differentially expressed genes was generated by
MetaboAnalyst (http://www.metaboanalyst.ca). Cytoscape software
(version 3.8.0) was used to construct a visual network to show the
functions enriched by differential genes.

Mass spectrometry analysis
Mass spectrometry was used to identify the potential phosphorylation
sites in PDGFRβ. Briefly, HA-VSMCs were transfected with
PTPN14 siRNA and AdPDGFRβ for 48 h. After the stimulation with
PDGF-BB (10 ng/mL) for 10min, the cells were isolatedwith IP lysis and
purified with tagged-Myc affinity beads. With the SDS-PAGE western
blot assay and Coomassie Blue staining, the specific bands enriched
intensive signals were cut out. The gels were subjected to in-gel tryptic
digestion and further analyzed by reverse-phase nano-LC-MS/MS (Q-
Exactive mass spectrometer, Thermo Fisher Scientific). Proteome
Discoverer engine (v 1.3, Thermo Fisher Scientific) was used to analyze
the results and to identify the phosphorylation sites.

Proximity ligation assay (PLA)
Sections from tissueswere embeddedwithOCT andwashedwithwash
buffer for three times. After fixed with paraformaldehyde, the sections
were permeabilized with 0.1 % Triton X-100 for 30min, then blocked
with goat serum for 30min following by washing with wash buffer.
Incubation with primary antibodies against SM22 (Cat NO. ab150129,
Abcam), PDGFRβ (Cat NO. MB64422, Bioworld), or PDGF-B (Cat NO.
AF0240, Affinity) at 4 °C overnight. The dilution ratio used for all
antibodies was 1:200. Subsequently, the staining was performed by
using the Rabbit PLUS and Mouse MINUS Duolink in situ PLA kits (Cat
NO. DUO92101, Sigma-Aldrich) according to the manufacturer’s pro-
tocol. The nuclei were counterstained with DAPI. Immunofluorescent
signals were captured by Zeiss confocal laser scanning microscopy.

Proliferation assay
The proliferation ability of the HA-VSMCs was demonstrated by
Ki67 staining. After knockdown or overexpression performance, HA-
VSMCs were seeded into chamber until they grew to approximately
70% confluence, then underwent serum-free overnight starvation and
stimulated with PDGF-BB (20 ng/mL) for 24 h. With fixation, permea-
bilization, and blocking, the cells were incubated with Ki67 antibody
(Cat NO. 11882, Cell Signaling Technology) at 4 °C overnight. After
washing with PBS, F-actin filaments were labeled with DyLight™ 594
Phalloidin (Cat NO. 12877, Cell Signaling Technology) for 30min. The
dilution ratio used for antibodies was 1:200. The nuclei were stained
with DAPI. The immunofluorescent images were scanning with Zeiss
confocal laser scanning microscopy.

Migration assay
Scratchwound healing assays and Transwell assays were performed to
evaluate migration ability of HA-VSMCs. For Scratch wound healing
assays, HA-VSMCs were grown in 6-well plates with DMEM/

F12 supplemented with 10% fetal bovine serum. HA-VSMCs were pre-
treated with serum-free DMEM for 48 h. A blank area with a 200μL
pipette tip was artificially framed on the cell plate and the floating cell
debris was removed. Then the cells were cultured in serum-free DMEM
with or without PDGF-BB (20 ng/mL). The images were captured at 0,
6, 12, 24h in a fixed position.

In Transwell assays, HA-VSMCs were seeded in 8.0 µm Transwells
(Cat NO. 353097, BD Falcon) with treatment of PDGF-BB (20 ng/mL).
After 6 h migration, the upper insert was washed with PBS and fixed
with paraformaldehyde. The cells were counterstained with DAPI fol-
lowing by removing the cells on the upper surface. The images were
randomly selected with fluorescence microscope and analyzed with
Image Pro Plus software.

Protein purification and surface plasmon resonance assay
Recombinant PDGFRβ (1-702aa) and PDGFRβY692D (1-702aa with a
mutation of Y692D) proteins were from GenScript (Piscataway, NJ,
United States). Briefly, target DNA sequence of human PDGFRβ was
synthesized and then subcloned into target vector for insect cell
expression. DH10Bac strain was used for the recombinant bacmid
(rbacmid) generation. The positive rbacmid containing PDGFRβ
sequence gene was confirmed by PCR. The Sf9 cells were infectedwith
P2 virus at 3 MOIs (0.5, 3, 10) at 22/27 °C and harvested at three time
point (48 h, 72 h, 96 h) to obtain the maximum expression level.
Western blot was used to monitor the expression. After solubilization
screening of detergent, 1 L Sf9 cell culture were infected by P2 virus at
MOI 10. Cells were incubated in Sf-900II SFM (1×) for 48 h at 22 °C
before harvest. Cell pellets were harvested, washed, and lysed with
20mM Chaps, rotated for 3 h at 4 °C at a gentle rpm, and then cen-
trifuged at 15,000 rpm for 10min at 4 °C. The supernatant was incu-
bated with Ni-NTA Resin to capture the target protein. Higher purity
fractions were pooled and dialyzed in 50mM Tris-HCl, 500mM NaCl,
5% Glycerol, 2mM CHAPS, pH 8.0, then followed by 0.22 μm filter
sterilization.

The binding affinity of PDGF/PDGFRβ was performed using BIA-
core T200 system (GE Healthcare, Uppsala, Sweden). Briefly, recom-
binant PDGFRβ protein was covalently immobilized on CM5 sensor
chip with the amine coupling kit provided by the manufacture until
achieved approximately 1000RUs. Analytes (PDGF-BB/PDGF-DD)were
run using HBS buffer solution and flowed through the chip. The
measuring parameters including association (ka), dissociation (kd)
rate constants and binding affinities (KD) were calculated using the
Biacore evaluation software (T200 version 3.0).

Cross-linking of PDGFRβ dimers
For analyzing the PDGFRβ dimerization, cells were starved in serum-
free medium overnight, followed by stimulation with PDGF-BB
(50ng∕mL) for 30min. Cross-link reaction was performed by the
addition of 100μM disuccinimidyl suberate (DSS) and the incubation
at room temperature for 30min. The cell lysates were collected with
lysis and analyzed by SDS-PAGE and western blot.

Human samples
Studies using human coronary arteries samples57,58 were approved by
the Ethics Committee of Tianjin Medical University and family mem-
bers of subjects provided written informed consent for autopsy. The
arterial samples were divided into non-hyperplastic and hyperplastic
arteries based on their morphology. HE and immunofluorescence
staining were performed as described above.

Statistical analysis
The statistical data was presented as means ± SEM. The data were
tested for normality before parametric statistics using the Shapiro-
Wilk normality test (n ≥ 6). For normally distributed data, we
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conducted comparisons between two groups using the unpaired Stu-
dent’s t test, whereas three or more groups were analyzed using the
one-way ANOVA followed by the Bonferroni’s multiple comparisons
test. For non-normal data or a small sample size (n < 6), we utilized the
Mann–WhitneyU test or the Kruskal-Wallis test followed by theDunn’s
multiple comparison test. Furthermore, for data with two or more
subcategories, we employed a two-way ANOVA followed by the Bon-
ferroni’s multiple comparison test. The correlations between PTPN14/
restenosis and PDGFRβY692/restenosis in human atherosclerotic pla-
ques was determined by Spearman’s rank test. All the statistical ana-
lysis was performed with Graphpad Prism 9.0 software. P value < 0.05
was considered statistically significant. The sample size for each
experiment was indicated in the figure legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting thefindings of this study are available in the article, its
Supplementary information, the source data file and from the corre-
sponding author upon request. The RNA-sequencing data has been
submitted to GEO datasets (GSE267140). Source data are provided
with this paper.
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