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Endothelial Foxpl Regulates Neointimal
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BACKGROUND: The endothelium is essential for maintaining vascular physiological homeostasis and the endothelial injury leads
to the neointimal hyperplasia because of the excessive proliferation of vascular smooth muscle cells. Endothelial Foxp1 (fork-
head box P1) has been shown to control endothelial cell (EC) proliferation and migration in vitro. However, whether EC-Foxp
participates in neointimal formation in vivo is not clear. Our study aimed to investigate the roles and mechanisms of EC-Foxpf
in neointimal hyperplasia.

METHODS AND RESULTS: The wire injury femoral artery neointimal hyperplasia model was performed in Foxp1 EC-specific loss-
of-function and gain-of-function mice. EC-Foxp1 deletion mice displayed the increased neointimal formation through elevation
of vascular smooth muscle cell proliferation and migration, and the reduction of EC proliferation hence reendothelialization
after injury. In contrast, EC-Foxp1 overexpression inhibited the neointimal formation. EC-Foxp1 paracrine regulated vascular
smooth muscle cell proliferation and migration via targeting matrix metalloproteinase-9. Also, EC-Foxp1 deletion impaired EC
repair through reduction of EC proliferation via increasing cyclin dependent kinase inhibitor 1B expression. Delivery of cyclin
dependent kinase inhibitor 1B-siRNA to ECs using RGD (Arg-Gly-Asp)-peptide magnetic nanoparticle normalized the EC-
Foxp1 deletion-mediated impaired EC repair and attenuated the neointimal formation. EC-Foxp1 regulates matrix metallopro-
teinase-9/cyclin dependent kinase inhibitor 1B signaling pathway to control injury induced neointimal formation.

CONCLUSIONS: Our study reveals that targeting EC-Foxp1-matrix metalloproteinase-9/cyclin dependent kinase inhibitor 1B
pathway might provide future novel therapeutic interventions for restenosis.
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CLINICAL PERSPECTIVE

What Is New?

e Endothelial-specific knockout of Foxpl (fork-
head box P1) increases neointimal formation
after injury, and endothelial Foxp1 overexpres-
sion inhibits neointimal formation.

e EC (endothelial cell)-Foxp1 paracrine regulates
vascular smooth muscle cell proliferation and mi-
gration via targeting matrix metalloproteinase-9.

e EC-Foxp1 deletion impaired EC repair through
reduction of EC proliferation via increasing cyc-
lin dependent kinase inhibitor 1B expression.

What Are the Clinical Implications?

e Percutaneous coronary intervention causes
injury to the vascular endothelium leading to
incomplete reendothelialization that is usually
dysfunctional, and which stimulates the prolif-
eration and migration of smooth muscle cells,
thereby promoting neointimal hyperplasia.

e EC-Foxpl1-matrix metalloproteinase-9/cyclin
dependent kinase inhibitor 1B pathway has the
potential to provide future novel therapeutic in-
terventions for restenosis.

Nonstandard Abbreviations and Acronyms

Cdknib cyclin dependent kinase inhibitor 1B
ECs endothelial cells

Foxp1 Forkhead box P1

HUVECs human umbilical vein endothelial
cells

MMP9 matrix metalloproteinase-9

RT-qPCR real-time quantitative reverse
transcription polymerase chain
reaction

VSMCs vascular smooth muscle cells

a well-established treatment for coronary artery

disease, which is the major cause of mortality
worldwide."? However, restenosis remains a funda-
mental complication of any percutaneous intervention
and although stenting dramatically reduces restenosis,
it does not entirely eliminate it. Management of patients
with in-stent restenosis remains an important clinical
problem.

The pathophysiologic mechanism of restenosis is
heterogeneous and mainly attributed to the aggressive
neointimal proliferation from dysregulation of endothe-
lial cells (ECs) and excess vascular smooth muscle cell
(VSMC) proliferation and migration.®-® Because ECs

Percutaneous coronary intervention (PCI) is now
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play an important role in the proliferation and migration
of VSMC in the process of intimal hyperplasia, the cel-
lular and molecular pathways that regulate this process
are needed to further investigated.

The healthy endothelium communicates with the
underlying VSMCs to control the homeostasis of ma-
ture vessels.®” PCl-induced vascular injury results in
the release of growth factors, cytokines by activated
endothelium, which stimulates the aberrant prolifera-
tion and migration of smooth muscle cells (SMCs), and
then leads to the formation of neointima and resteno-
sis.*689 Qur previous study showed that endothelial
GATA zinc finger transcription factor family-6 transcrip-
tionally regulated platelet-derived growth factor-B ex-
pression to control VSMC proliferation and migration
in a paracrine manner contributing to neointimal for-
mation,'® which further corroborate the importance of
EC-VSMC communications.

PCI stent deployment damaged the vascular endo-
thelium and caused the repopulation of the denuded
regions from adjacent ECs.""? The incomplete reendo-
thelialization or the regenerated endothelium might have
impaired function promoting in-stent restenosis.”8112
The drug-eluting stents efficiently inhibit neointimal hy-
perplasia through decreasing cell proliferation, but also
restrain reendothelialization of the vessel where the
stent is deployed, hence leading to late in-stent reste-
nosis and thrombosis events. A study reported that in-
crease of endothelial proliferation or reendothelialization
after injury correlated with the diminished intimal hyper-
plasia.'® However, the molecular mechanisms regulating
reendothelialization and the function of repaired endo-
thelium are incompletely understood.

Foxps (forkhead box proteins P) are large mod-
ular transcription repressors that bind to a motif se-
quence (5-TRTTTRY-3’) on the target gene.'*'> Foxp1
is highly expressed in vascular ECs and our previous
study showed Foxp1 expression in endocardium re-
pressed Sox17 expression, which, through regulation
of b-catenin activity, controlled Fgf16/20 expression
and influenced cardiomyocyte proliferation, and fur-
ther ventricular myocardial development.'® Our recent
study reported that Foxp1 repressed endothelial trans-
forming growth factor-g signals to inhibit fibroblast
proliferation and transformation to myofibroblasts, and
further attenuated pathological cardiac remodeling
and improved cardiac function.”” Therefore, we hy-
pothesize that Foxp1 might regulate endothelial func-
tion to control VSMC phenotypic change and influence
wire injury EC denuded induced neointimal formation.
Also, Foxp1 was reported to be essential for endothe-
lial angiogenic function and silencing of Foxp1 in vitro
resulted in inhibition of proliferation, tube formation,
and migration of cultured ECs.'® Hence, we explored
the roles and mechanisms of Foxp1 in injury-induced
reendothelialization for neocintimal formation in vivo.
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Our study found that Foxp1 deletion in ECs resulted
in significant increase of VSMC proliferation/migration
and neointimal formation upon wire injury and we iden-
tified matrix metalloproteinase-9 (MMP9) as a Foxp
direct target gene, and the EC-Foxp1-MMP9 pathway
regulated VSMC proliferation and migration. Also, EC-
Foxp1 deletion mice exhibited a significant decrease
of reendothelialization following femoral artery injury,
and a cell cycle regulating gene, cyclin dependent ki-
nase inhibitor 1B (Cdkn1b), was identified as the Foxp1
target gene. Delivery of Cdknib-siRNA using RGD
(Arg-Gly-Asp)-peptide  magnetic nanoparticle with
high endothelial cell affinity reversed the EC-Foxpil
deletion-mediated impaired EC repair and attenuated
the neointimal formation. Contrary to EC-Foxp1 loss-
of-function mice, EC-Foxp1 gain-of-function mice were
protected against neointimal hyperplasia with increase
of EC proliferation and decrease of VSMC proliferation
and migration. The results of this study expand our
understanding of wire injury EC denudation induced
neointimal hyperplasia and will help to identify poten-
tial therapeutic targets of endothelial signals for future
therapeutic interventions for restenosis.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. See Data S1 for detailed Materials and
Methods.

Animals

Allanimal procedures were approved by the Institutional
Animal Care and Use Committee at Tongji University.
The conditional Foxpl loss-of-function  (Foxp1™*
flo)16 and gain-of-function mice'® were crossed with
tamoxifen-inducible Cdh5 promoter-driven Cre line
(Cdh5-CreffT2y%0 to0 generate EC-specific Foxpl loss-
and gain-of-function mice, Foxp7Ee<© and Foxp1ECTe
mice. Wire injury-induced femoral arterial neointima
formation mouse model was performed with a detailed
description in Data S1. Details of lentiviral-MMP9-
shRNA infection in vivo and delivery of Cdknib-siRNA
to endothelial cells using RGD (Arg-Gly-Asp)-pepetide
magnetic nanoparticle, hematoxylin and eosin staining,
and immunostaining, were also provided in Data S1.

Molecular Methods

The details of real-time quantitative reverse transcrip-
tion polymerase chain reaction (RT-gPCR), immuno-
blotting, expression vectors, cell culture/transfection
and proliferation/migration assay, lentiviral package,
isolation of mouse lung endothelial cells, RNA high-
throughput sequencing methods were provided in
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Data S1, as well as chromatin immunoprecipitation
assay, and luciferase reporter assay.

Statistical Analysis

Continuous variables were presented as mean+SEM,
and the statistical analysis was performed using SPSS
16.0 Statistics. Unpaired 2-tailed Student t-test was
used for comparisons between 2 groups, and 1-
way ANOVA followed by the post-hoc Tukey multiple
comparison analysis for multiple groups. Two-way
repeated-measures ANOVA was used for comparisons
between multiple groups when there were 2 experi-
mental factors. P<0.05 means statistically significant.

RESULTS

Genetic Inhibition of Foxp1 in Endothelium
Promotes Neointimal Formation Following
Injury through Increase of VSMC
Proliferation and Migration

Vascular endothelial dysfunction plays a vital role in
the pathogenesis of vascular diseases including ne-
ointimal thickening and atherosclerosis. EC activation
was reported to be associated with reduced Foxpl1-
dependent transcriptional activation.'”?-2% We found
a 54% reduction of Foxpl expression in endothelium
of injured femoral arteries by RT-gPCR (P=0.0252)
(Figure S1A). Immunostaining on injured femoral arter-
ies also confirmed the decrease of Foxpl expression
in endothelium (Figure S1B). These data indicated that
endothelial Foxp1 (EC-Foxp1) might participate in wire-
injury induced neointimal formation. To confirm the role
of EC-Foxp1 in neointimal formation after wire injury,
EC-Foxp1 deletion mice (Foxp1F°<9) were generated
and RT-gPCR demonstrated 70% reduction in Foxpi
mRNA level in ECs from Foxp15°<© mice (P=0.001),
which was further confirmed by immunostaining and
Western blot (Figure 1A).

Specific deletion of Foxpl in ECs caused signifi-
cantly increased neointimal area from 0.03+0.004 um?
in wild-type (WT) mice (mean+SEM) to 0.07+0.005 um?
in Foxp15¢<° mice (P=0.001), intima-to-media ratio
from 1.8+0.1 to 3.0+£0.2 (P=0.001) and percentage
of stenosis from 68.0+2.7% to 86.3+2.5% (P=0.001)
without change of media area from 0.02+0.002 um?
to 1.8+0.1 um? (P>0.05) at day 28 after wire injury of
femoral artery, and no sex difference was observed
in the process of neointimal formation (Figure 1B and
1C). Significantly increased proliferation was observed
in the neointima of Foxp7t°<° mice by Ki67 immu-
nostaining (Foxp15°<© versus WT: 10.9+0.7% versus
6.4+0.7%; P=0.001) (Figure 1D). Because the injury-
induced neointima is mainly composed of VSMCs,?
the result suggested that the increased neointimal
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formation in Foxp1E°<C mice after injury was attribut-
able to the increase of VSMC proliferation.

To further confirm the in vivo findings, we then
knockdown Foxp1 in cultured human umbilical vein
endothelial cells (HUVECs) and investigated the ef-
fects of EC-Foxpl on VSMC proliferation and mi-
gration. Foxp1 expression was reduced by 99% in
HUVECs treated with Foxp1 shRNA (Figure 1E). The
effect of Foxp1 knockdown in HUVECs on cell prolifer-
ation of human aortic smooth muscle cells was deter-
mined by cell counting, 3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) assay, and Ki67
staining assay (Figure 1F through Figure 1H). SMCs
incubated with scramble EC medium increased cell
number from 2.1+0.2x10* at Ohours to 3.4+0.4x10%
(P=0.0.06) at 24hours and 6.9+0.4x10* (P=0.001) at
48hours, with significant increase of cell number be-
tween 24 and 48hours (P=0.001). SMCs treated with
Foxpl shRNA EC medium also increased cell num-
ber from 1.9x10* at Ohours to 5.2x10* (P=0.002) at
24.hours and 12.7x10* (P=0.003) at 48hours, with sig-
nificant difference between 24 and 48 hours (P=0.005).
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Figure 1. Genetic deletion of endothelial cell (EC)-Foxp1 (forkhead box P1) increases neointimal formation through promoting
vascular smooth muscle cell proliferation and migration.

A, Foxp1 immunostaining (left) in femoral artery, real-time quantitative reverse transcription polymerase chain reaction (middle) and
Western blot (right) in vascular ECs of EC-Foxp1 deletion mice (Foxp15°K0, Foxp1fovflox,Cdh5CrefR™?) and wild-type mice (n=7). White
arrowheads indicating Foxp1 staining in ECs. B and C, Foxp75°X° mutant mice of both male and female sex exhibit increased neointimal
formation at 28days after femoral artery wire injury compared with wild-type littermate mice, with representative images (B) and
quantification of neointima area, intima to media ratio, percentage stenosis and media area (C) (n=7 females/7 males for each group).
D, Foxp15CK0 mutant mice exhibit significantly increased cell proliferation in the neointima by Ki67 immunostaining, with representative
images (left) and quantification data (right) (n=7 females/7 males for each group). E, Significant reduction of Foxp1 expression in
human umbilical vein ECs treated with lentiviral Foxp1-shRNA is confirmed by real-time quantitative reverse transcription (left) and
Western blot (right) compared with human umbilical vein ECs with control scramble-shRNA (n=5). F through H, Condition medium from
Foxp1 knockdown human umbilical vein ECs significantly increases human aortic smooth muscle cell proliferation assessed by cell
counting (F), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (G), and Ki67 staining with quantification of Ki67-positive
cells on the right (H) (n=5). Statistical values of cell counting and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide are
shown in Data S2. | and J, Condition medium from Foxp1 knockdown human umbilical vein endothelial cells significantly increases
human aortic smooth muscle cell migration shown by wound healing (I) and transwell assay (J) with representative images (left) and
quantification (right) (n=6). Data are means+SEM. EC indicates endothelial cell; Foxp1, forkhead box P1; OD, optical density; and WT,

wild-type. *P<0.05, **P<0.01. Scale bars: A=50 um, B, D, H, I, J=100 um.

We further found a significant increase in cell number
between scramble EC medium and Foxp1 shRNA EC
medium at 48hours (P=0.049) (Figure 1F). Similarly,
the relative MTT activity (MTT activity divided by that
at Ohours) of SMCs incubated with scramble EC me-
dium was 2.4+0.1 (P=0.001) at 24hours and 3.1+0.2
(P=0.001) at 48hours, with significant increase of cell
number between 24 and 48 hours (P=0.002). While the
relative MTT activity of SMCs after Foxp1 shRNA EC
medium treatment was 3.0+0.2 (P=0.001) at 24 hours
and 4.5+0.2 (P=0.001) at 48hours, with significant
increase of cell number between 24 and 48hours
(P=0.001). MTT activity of SMCs incubated with Foxp1
shRNA EC medium was higher than that with scram-
ble EC medium at 48hours (P=0.004) (Figure 1G). Ki67
staining assay showed an increase in the percentage
of Kie7* SMCs treated with Foxp? shRNA EC me-
dium (26.9+4.6%) compared with SMCs treated with
scramble EC medium (10.6+0.9%; £=0.009). In addi-
tion to increased VSMC proliferation, we found that
the condition medium of Foxp1 knockdown HUVECs
promoted human aortic smooth muscle cell migration
shown by wound healing (Relative blank area: Foxpl
ShRNA 20.2+2.6 versus scramble shRNA 46.2+2.5
at 24hours after wounding; P=0.017) and transwell
chemotactic assay (Foxpl shRNA 198.7+18.0 versus
scramble shRNA 100.1+8.3; P=0.001) (Figure 1l and
1J). These data suggest that EC-Foxp1 deficiency in-
creases VSMC proliferation and migration contributing
to the increase of neointimal hyperplasia in vivo.

EC-Foxp1 Regulates VSMC Proliferation
and Migration and Neointimal Formation
Via Regulating MMP9 Expression

To explore the downstream mechanisms by which
EC-Foxp1 affected injury-induced neointimal hyper-
plasia, we performed RNA sequencing with ECs from
Foxpl deletion and littermate control WT mice was
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performed as previous described.?! RT-gPCR showed
2-fold increase of matrix metalloproteinase (MMP)-9
expression in endothelium after femoral artery in-
jury (P=0.001) (Figure S1C), which was confirmed by
Immunostaining (Figure S1D). Foxp1 deletion in EC fur-
ther increased MMP9 expression shown by RNA se-
quencing (Table S1), which was confirmed by RT-gPCR
(2-fold increase; P=0.001) (Figure 2A) and Western blot
(Figure 2B). Moreover, we found an increased activity
of EC-MMP9 from 20.5+£3.4 in WT mice to 58.2+6.2 in
Foxp1F°<C mutant mice (P=0.001) (Figure 2C).

To validate the regulatory role of Foxpl on MMP9 ex-
pression, we performed chromatin immunoprecipita-
tion assays in mouse lung ECs and found that Foxp1
bound to the mouse MMP9 promoter (Figure 2D).
There are 6 Foxp1 binding sites in the promoter region
from —4.0 kb to —3.5 kb before the translational start-
ing site of the MMP9 gene (Figure S2A) and lucifer-
ase reporter assay showed that Foxp1 overexpression
repressed the luciferase activity in a dose-dependent
manner (Figure 2E and Figure S2B).

Previous studies reported that activation of MMP9
was involved in SMC proliferation and migration con-
tributing to neointimal formation.2=%" To clarify whether
the EC-Foxp1-MMP9 pathway regulates VSMC prolifer-
ation and migration, we constructed a lentiviral MMP9
ShRNA vector and applied this lenti-MMP9 shRNA to
Foxp1E¢K0 mice and the littermate WT control mice at-
tempting to rescue the EC-Foxp1 deficiency-mediated
increased neointimal hyperplasia phenotypes. 73.4%
MMP9 reduction was observed in femoral artery
treated with lenti-MMP9 shRNA by gPCR, which was
confirmed by Western blotting (Figure 2F). MMP9
knockdown by lenti-MMP9 shRNA inhibited wire injury
induced neointimal hyperplasia shown by decreased
neointima area (MMP9 shRNA 1.6+0.2um? versus
scramble shRNA 1.3+0.1 um?; P>0.05), intima-to-media
ratio (MMP9 shRNA 2.9+0.3 versus scramble shRNA
21+£0.2; P>0.05) and percent of stenosis (MMP9



Chen et al Endothelial Foxp1 in Neointimal Hyperplasia
A B C D IgG Foxp1 Input E mouse MMP9 E’
aowrt O Scramble
5 0 Foxp1e® 100, B Foxp1 shRNA MMP9 #=Foxp1 binding site
éa -— WT Foxp1®® 2 80 = "™ . _ 15
£33 MMPO W W8 92KD 5 60 %10 . 2840
%gz GAPDH "= e 37 KD o 40 = 28
e e § s 2 £%os
3! 2 3 KL
°0 0 0 700
IgG Foxpl Foxpi(ng) 0 50 150 500
F G WT Scramble MMPO shRNA Foxpll "~ Scrdmblo f*oxx)‘lk *° MMP9 ﬁthlA
o Scramble - g » .
s MMP9-shRNA &
15 . 625& B
: e"@\!‘!g

MMP9 === - == 92 KD
GAPDH e 37 KD

é o
€4 Ee ——. £, _ns DS
* WT Scramble S & 0 10 T € 1
* MMP9 ShRNA ¢ 3° 3ol I e S Sk
Ll b ° 4
X0 " 2 2 E 4 g 60 . ‘?’ gOG —x- .
s Foxp 15 Scramble g .E Z 40 s 04]
v Foxp1¥*°MMP9 shRNA Z 1 s 2 2 20 202
go 20 0 £ 00
< =
[+ 4
MMPQ ShRNA Foxp1e=o Foxp 15 MMP9 shRNA
0
S 15
™~ 10
©
¥ 5
X o

Figure 2. Foxp1 directly regulate matrix metalloproteinase-9 (MMP9) gene expression in endothelial cells (ECs) and in vivo
MMP9 inhibition reverses the enhanced neointimal formation.

A through C, Foxp15¢K° mutant mice exhibit increased expression and activity of MMP9 shown by real-time quantitative reverse
transcription polymerase chain reaction (A), Western blot (B), and MMP activity assay (C) in vascular ECs compared with wild-type
littermates (n=5). D, Chromatin immunoprecipitation assay shows that Foxp1 binds to the mouse MMP9 promoter by quantitative
polymerase chain reaction and in agarose gel (n=6). E, The promoter region of MMP9, —4.0 kb to —3.5 kb before ATG translational site
has 6 Foxp1 binding sites (left) and luciferase assay shows that Foxp1 expression vector dose-dependent suppresses the luciferase
reporter activity of this MMP9 promoter region (right) (n=5). F, Real-time quantitative reverse transcription polymerase chain reaction
and Western blot confirms the decreased expression of MMP9 in wire-injured femoral artery after application of lentiviral MMP9-
shRNA compared with lentiviral scramble-shRNA (n=6). G and H, MMP9 knockdown reverses the increased neointimal formation at
28days after femoral artery wire injury caused by EC-Foxp1 deletion, with representative images (G) and quantification of neointima
area, intima-to-media ratio, percentage stenosis and media area (H) (n=6 for each group). I, MMP9 knockdown reverses EC-Foxp1
deletion mediated increase of Ki67-positive cells in neointima at 28 days after femoral artery wire injury, with representative images
(left) and quantification data (right) (n=6 for each group). Data are means+SEM. EC indicates endothelial cell; Foxp1, forkhead box P1;
19G, immunoglobulin G; MMP9, matrix metalloproteinase-9; OD, optical density; and WT, wild-type. *P<0.05, **P<0.01. Scale bars:
G, 1=100 um.

ShRNA 79.6+3.4% versus scramble shRNA 64.8+2.5%; shRNA 4.9+0.2um?; P=0.025) and percent of stenosis

P=0.007). Immunostaining showed that MMP9 knock-
down decreased the increased Ki67-positive cells
in the neointima of mice from 6.2+0.7% to 4.4+0.5%
(P>0.05). Furthermore, MMP9 knockdown signifi-
cantly reversed the increased neointimal hyperplasia
in Foxp1FCXO mutant mice as shown by reversal of the
increased neointimal area (MMP9 shRNA 1.7+0.2 um?
versus scramble shRNA 3.4+0.1 um?; P=0.001), intima-
to-media ratio (MMP9 shRNA 2.7+0.3 versus scramble

(MMP9 shRNA 63.5+3.5% versus scramble shRNA
94.7+1.2% um?; P=0.001) in the femoral artery wire in-
jury model compared with the scramble shRNA vec-
tor control (Figure 2G and 2H). MMP9 knockdown
also reversed the increased Ki67-positive cells in the
neointima of Foxp15<C mutant mice from 12.4+0.9% to
4.920.4% (P=0.001) (Figure 2l), suggesting that the EC-
Foxp1-MMP9 signal might regulate VSMC proliferation
and control in vivo neointimal formation.
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We next used the constructed lentiviral MMP9
shRNA vector to investigate the role of MMP9 from ECs
in VSMC proliferation and migration. RT-gPCR analy-
sis demonstrated >90% MMP9 expression decrease
in lentiviral MMP9 shRNA infected HUVECs (P=0.001),
which was confirmed by Western blot (Figure 3A).
Consistent with in vivo results, MMP9 knockdown in
HUVECs decreased SMC proliferation assessed by

Endothelial Foxp1 in Neointimal Hyperplasia

48hours), MTT assay (1.5+0.06 to 1.3+0.04 at 24 hours;
P=0.015, 3.1+0.2 to 2.0+0.1 at 48hours; P=0.015) and
Ki67 staining assay (18.7+1.0% to 9.5+1.2%; P=0.001),
and migration assessed by wound healing (54.3+2.6
to 74.3£3.0; P=0.001) and transwell chemotactic
assay (100.0+£5.6 to 57.2+7.0; P=0.017). Moreover,
the condition medium from lentiviral MMP9 shRNA-
infected HUVECs significantly reversed the EC-Foxp1

cell counting (9.1+0.6x10* to 5.6+0.5x10% P=0.008 at knockdown induced increased SMC proliferation
* Scramble ® MMP9 shRNA
& 0O Scramble B » Foxp1 shRNA c
0 MMP9 shRNA » Foxp1 sShRNAMMP9 shRNA
@ 15 . \'g g .
P .
§§10 f‘p‘gqé‘\ x :_§;8 . =
£5 o 2 of .
- MMPO emme- 92KD € Oy —_— = M
=g0s GAPDH =we 37KD & 2, e n n
= -1 s —
® 00 HUVECs 3 golaman nﬂﬂﬂ 1
HUVECs Oh 24h 48 h Oh 24nh 48 h
HASMCs HASMCs
D
HASMCs NC MMP9 ShRNA Foxp1 ShRNA  Foxp1 ShRNAMMPO sShRNA 40
” " ..
230 —
Q
5% . |
<L 1) 119
® |‘Pl v
0
E
HASMCs NC MMP9 shRNA Foxpl ShRNA  Foxp1 ShRNA MMP9 shRNA

n.s

i

24h

F

HASMCs NC MMPQ shRNA Foxp1 shRNA Foxp1 shRNA MMP9 shRNA ..

4 AN T N P 200
R

T ST .
' NG "ﬂ .é mOl . ﬂ v
' f«m{».x‘ 3 K m[%l ﬁ

Figure 3. Endothelial matrix metalloproteinase-9 (MMP9) knockdown reverses Foxp1 knockdown-mediated increased
vascular smooth muscle cell proliferation and migration in a paracrine manner.

A, MMP9 expression is significantly decreased in human umbilical vein endothelial cells treated with lentiviral MMP9-shRNA
compared with lentiviral scramble-shRNA by real-time quantitative reverse transcription polymerase chain reaction (left) and Western
blot (right) (n=5). B through D, The condition medium of human umbilical vein endothelial cells treated with lentiviral MMP9-shRNA
reverses the Foxp1l knockdown-mediated increase of vascular smooth muscle cell proliferation in comparison with that of human
umbilical vein endothelial cells treated with lentiviral scramble-shRNA, shown by cell counting (B), 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide assay (C) and Ki67 staining with quantification on the right (D) (n=5). Statistical values of cell counting
and MMT are shown in Data S2. E and F, Knockdown MMP9 in human umbilical vein endothelial cells reverses the Foxp1 knockdown
mediated increase of vascular smooth muscle cell migration, shown by wound healing (E) and transwell assay (F), with representative
images (left) and quantification data (right) (n=5). Data are means+SEM. Foxp1 indicates forkhead box P1; HASMCs, human aortic
smooth muscle cells; MMP9, matrix metalloproteinase-9; and NC, negative control. *P<0.05, **P<0.01. Scale bars: D, E, F=100 um.
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(Figure 3B through 3D) by cell counting (13.5+0.8x10*
to 7.8+0.8x10* at 48hours; P=0.005), MTT assay
(6.0£0.4 to 2.8+0.2 at 48hours; P=0.008) and Ki67
staining assay (25.4+1.9% to 10.3+1.0%; P=0.001).
MMP9 knockdown in HUVECs also reversed the EC-
Foxp1l knockdown mediated increase in migration by
wound healing (42.6+2.7 to 66.1+1.9; P=0.001) and
transwell chemotactic assay (160.0£12.5 to 77.6+8.6;
P=0.001) (Figure 3E and 3F). These data suggest that
Foxp1 deletion in EC regulates MMP9 resulting in the
attenuated VSMC proliferation and migration and in
vivo neointimal formation.

Endothelial Foxp1 Deletion Impairs
Endothelial Repair and Enhances Wire
Injury Induced Neointimal Formation

The impaired endothelium results in neointimal thick-
ening following PCI treatment and the improvement
of endothelial repair was correlated with the dimin-
ished intimal hyperplasia induced by endothelial
denudation.?2® Therefore, we studied the effects of
EC-Foxp1 on reendothelialization contributing to the
injury-induced neointimal hyperplasia. We found an
impaired endothelial repair in Foxp1F°4°C mutant mice
(50.6+3.7%) at day 7 after femoral artery injury com-
pared with WT mice (63.2+3.0%; P=0.024) assessed
by Evans blue staining (Figure 4A). Consistent with the
in vivo findings, a significant decrease of cell prolif-
eration shown by cell counting (from 10.1+0.6x10* to
5.5+0.5x10* at 48hours; P=0.029), MTT assay (from
2.4+0.1 to 1.8+01 at 48hours; P=0.040), and Ki67
staining (from 16.3+1.3 to 10.8+1.1; P=0.012) (Figure 4B
through Figure 4D) and attenuation of cell migration

Endothelial Foxp1 in Neointimal Hyperplasia

P=0.049) and transwell chemotactic assay (from
100+£2.4% to 77.5+2.3%; P=0.001) (Figure S3A and
S3B) were observed in Foxp! knockdown HUVECs.
These data highlight that EC-Foxp1 deletion impairs
EC repair after wire injury by decrease of EC prolif-
eration and migration, therefore aggravates the injury-
induced neointimal formation.

EC-Foxp1 Regulates Endothelial Repair
After Injury Denudation and Control
Neointimal Formation Via Targeting
Cdkn1b Gene Expression

FOX proteins play vital roles in cell cycle progression,
proliferation, and differentiation.®® We found a 1.7-fold
increased expression of Cdknib in HUVECs upon
Foxp1 knockdown by RT-gPCR (P=0.001) (Figure 4E),
which was confirmed by Western blot (Figure 4F). We
analyzed the promoter of the Cdknlb gene and found
multiple Foxp1 binding sites (Figure S4A and S4B).
Further chromatin immunoprecipitation assays con-
firmed that Foxp1 directly bound to the Cdkn1b pro-
moter (Figure 4G). We next cloned the promoter region
from —1.4 kb to —0.2 kb before exon 1 of the Cdknib
gene into pGL3 promoter luciferase reporter vector
and luciferase reporter assay showed that Foxp1 ex-
pression dose-dependent repressed the luciferase ac-
tivity (Figure 4H).

To clarify whether the EC-Foxp1-Cdknlb pathway
regulates EC proliferation and contributes to neointimal
formation, we constructed RGD (Arg-Gly-Asp)-peptide
magnetic nanoparticles to target deliver Cdknib—siRNA
and rescue the EC-Foxp1 deletion-mediated impaired
EC repair in Foxp15°X© mice. 65% decreased Cdknlb

shown by wound healing (from 38.1+2.8 to 50.6+2.2; expression following RGD  (Arg-Gly-Asp)-peptide

Figure 4. Endothelial cell (EC)-Foxp1 (forkhead box P1) regulates cyclin dependent kinase inhibitor 1B (Cdkn1b) expression
contributing to endothelial repair after injury denudation and neointimal formation.

A, EC-Foxp1 deletion mice exhibit significant less EC coverage of whole mount femoral artery by in situ Evans blue staining at 7 days
after wire injury compared with wild-type littermate control mice, with representative images (left) and quantification (right) (n=6 for
each group). B through D, Human umbilical vein endothelial cells (HUVECSs) treated with lentiviral Foxp1-shRNA display decreased cell
proliferation in comparison with HUVECs treated with lentiviral scramble-shRNA, shown by cell counting (B), 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide assay (C) and Ki67 staining with quantification on the right (D) (n=5). Statistical values of cell
counting and MMT are shown in Data S2. E and F, HUVECs treated with lentiviral Foxp1-shRNA display increased expression of Cdkn1b
shown by real-time quantitative reverse transcription polymerase chain reaction (E) and Western blot (F) compared with HUVECs treated
with lentiviral scramble-shRNA (n=5). G, Chromatin immunoprecipitation assay shows that Foxp1 binds to the mouse Cdkn1b promoter
by quantitative polymerase chain reaction (down) with agarose gel (up) (n=5). H, The promoter region of Cdkn1b, —1.4kb before Exon 1
has 3 Foxp1-binding sites (left) and luciferase assay shows that Foxp1 expression vector dose-dependent suppresses the luciferase
reporter activity of this Cdkn1b promoter region (right) (n=5). I, The efficiency of decreased Cdkn1b expression following RGD (Arg-
Gly-Asp)-peptide magnetic nanoparticle application was confirmed by real-time quantitative reverse transcription polymerase chain
reaction in lung ECs (n=8). J, RGD (Arg-Gly-Asp)-nanoparticles target delivery of Cdkn1b-siRNA to endothelial cells (ECs) reverses the
Foxp1 deletion-mediated decreased EC repair following wire injury, shown by in situ Evans blue staining of femoral artery (n=8). K,
Decreased expression of Cdkn1b in HUVECs treated with Cdkn1b-siRNA is confirmed by real-time quantitative reverse transcription
polymerase chain reaction and Western blot (n=5). L through N, Cdkn1b-siRNA knockdown HUVECs reverses the Foxp1 knockdown-
mediated decrease of cell proliferation in comparison with HUVECs treated with scramble-siRNA, shown by cell counting (L), 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay (M) and Ki67 staining with quantification on the right (N) (n=5). Statistical
values of cell counting and MMT are shown in Data S2. Data are means+SEM. Cdkn1b indicates cyclin dependent kinase inhibitor 1B;
Foxp1, forkhead box P1; HUVECs, human umbilical vein endothelial cells; IgG, immunoglobulin G; MMP9, matrix metalloproteinase-9;
NC, negative control; OD, optical density; and WT, wild-type. *P<0.05, **P<0.01. Scale bars: A, J=1mm; D, N=100 um.

J Am Heart Assoc. 2022;11:e026378. DOI: 10.1161/JAHA.122.026378 8



Chen et al Endothelial Foxp1 in Neointimal Hyperplasia
. ‘!./I
A § 80 yu Foxp1®®
= .
WT 270 ——
5 o0f —3=— .
.
gof ° =
— o -
Foxp18© e 40 s
_ 2 - ~
B eScramble c D
_ sFoxp1 shRNA" Foxp1 shRNA
s 15 _— 24 I 2%
= - 3 s 2204 o
gt — >3 -
2 10 [a) 8 15
= o2 ~
c - ® © 10
: ol Wﬂ ﬂ Hiulull ﬂ
So @ 0 0
Oh 24h Oh 24h HUVECS
HUVECs HUVECSs
E D Sousble F G Input 1gG Foxpt  H 1.4kb mouse Cdknib I —
o Scrambie
O Foxp1 shRNA S pes
25 » Cdkn1b - v o 20 o(,dkr.l-ﬂ) WRNA
%4 - e=Foxp1 binding site S
8 WT Foxp1 shRNA 8
2Q 3 . ; g 3 2C
£ Cdkn1b ™ 27KD § 3 £
K g 2 GAPDH e e 37 KD $ 10 2 K ;
] b1 <
al HUVECs o 3 Z
14
< 0 i 0 <
HUVECs IgG Foxp1 Foxpi(ng) 0 100300 500
J WT Foxp 1% o WT Scrambie
. g = 0 Cdkn1b SiRNA
"4 et . 21 Ope® i ® Foxp1%% Scramble
Scramble m - & b Pl § %01 e == % 0 Foxp1%> Cakn1b SIRNA
E A _ A 3 ?S 40 ¥
Cdkn1b siRNA | z v, : W 3 20
— o [
0 - - - -
K L o Scramble oCdkn1b siRNA e Foxp1 shRNA M
o Scramble oFoxp1 shRNA Cakn1b siIRNA ke
© Ckn1b SIRNA & T =
o115 L Q5 = 20 - o 5 . -
= . & B = - 2 0
- & X 45 - @ 4 . —_— .
9 & & o S e > . ® —
20 10 & N 2 _— _— . E
2z C e £ 10 R 8 31 ns = = o3} z
55 . Cdknib &= - 27KD S ns = & ® 24 s ns & A
@ g 05 g . I > 5 o
$ ) S5 ns n ® 1 r™ 1.} .
8 GAPDH s e 37KD 3 A | ] = ‘lfn\ i 1 |
©00 HUVECS S olmEANME e “o N -
HUVECs ) Oh 24h 48h Oh 24h 48h
HUVEC HUVEC
N
HUVECs  Scramble Cdkn1b SiIRNA Foxp1 shRNA Foxp1 shRNA Cdkn1b SiRNA .
2
‘,«5
o
~
e
x
2

magnetic nanoparticle application was assessed by
RT-gPCR in lung ECs (P=0.009) (Figure 4l). We found
that in vivo EC-Cdkn1b knockdown significantly im-
proved the repair of the EC denuded femoral artery
from 64.6+3.2% to 78.9+4.3% by Evans blue staining
(P=0.024). Furthermore, EC-Cdknlb knockdown re-
versed the impaired EC repair of the EC denuded fem-
oral artery in Foxp?F°K© mutant mice from 51.4+3.1%

to 70.3+2.5% (P=0.002) (Figure 4J), suggesting that
the EC-Foxp1-Cdkn1b signal might regulate EC repair
contributing to in vivo neointimal formation.

To further confirm these in vivo findings, we used
siRNA to knockdown Cdkn1b and investigate the ef-
fects of Cdkn1b on EC-Foxp1 deletion-mediated de-
creased proliferation in in vitro cultured HUVECs. The
efficiency of decreased Cdkn1b expression in HUVECs
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was confirmed by RT-gPCR (88% reduction; P=0.001)
and Western blot (Figure 4K). Cdkn1b-siRNAIn HUVECs
increased cell proliferation assessed by cell counting
(5.6+£0.4x10* to 8.3+0.5x10* at 24hours; P=0.010,
8.6+0.6x10* to 12.5+0.7x10* at 48hours; P=0.016),
MTT assay (1.6+0.07 to 2.2+0.1 at 24 hours; P=0.030,
2.4+01 to 3.5+0.2, P=0.007 at 48hours), and Ki67
staining assay (22.741.9% to 30.2+2.2%; P=0.016).
We further found that Cdknib-siRNA normalized the
EC-Foxp1 knockdown-mediated decreased cell prolif-
eration compared with scramble siRNA by cell count-
ing (4.0+0.3x10* to 6.6+0.3x10* at 24 hours; P=0.002,
5.9+0.5x10* to 9.4+0.5x10* at 48hours; P=0.005),
MTT assay (1.1+0.05 to 1.9+0.1 at 24 hours; P=0.003,
1.7+0.1 to 2.6+0.2 at 48hours; P=0.018), and Ki67
staining assay (13.5+1.1% to 24.4+1.9%; P=0.005);
(Figure 4L and 4N), thus providing evidence that the
EC-Foxp1-Cdknib pathway might regulate injury de-
nuded EC repair through cell proliferation and control
in vivo neointimal formation.

EC-Foxp1 Gain-of-Function Attenuates
Wire Injury Induced Neointimal Formation
Through Decreased VSMC Proliferation
and Migration and Improved Endothelial
Repair

Contrary to EC-Foxp1 loss-of-function mice, EC-Foxp1
gain-of-function (Foxp1£¢79) mice which had elevated
Foxp1 expression in ECs (2.3-fold increase by RT-
gPCR; P=0.001) (Figure 5A), displayed decreased ne-
ointimal area from 0.04+0.002 um? to 0.02+0.002 um?
(P=0.001), intima-to-media ratio from 1.9+0.3 to
1.1+£0.1 (P=0.012) and percentage of stenosis from
66.7+3.6% to 48.6+3.9% (P=0.005), with no change

Endothelial Foxp1 in Neointimal Hyperplasia

in media area from 0.02+0.001 um? to 0.02+0.003 um?
(P>0.05) (Figure 5B and 5C). VSMC proliferation in
the neointima of Foxp15¢79 mice was decreased from
7.7£1.0% 1o 3.9+0.9% assessed by Ki67 antibody im-
munostaining compared with the littermate WT control
mice (P=0.017) (Figure 5D), and EC repair in Foxp1¢7
mice was improved evaluated by Evans blue staining
at day 7 after femoral artery injury (WT 56.5+3.7% ver-
sus Foxp1fCTe 70.5+4.1%; P=0.030) (Figure 5E). We
found reduced MMP9 (71.8% reduction; P=0.004) and
Cdkn1b (63.5% reduction; P=0.016) expression in ECs
of Foxp15¢79 mice compared with littermateWT con-
trol mice (Figure S5A). Recombinant MMP9 protein
(rMMP9) significantly reversed the reduction of neointi-
mal hyperplasia in Foxp75¢™9 mice assessed by intima-
to-media ratio (PBS 1.2+0.2 versus rMMP9 2.3+0.2;
P=0.003), percent of stenosis (PBS 57.8+2.0% ver-
sus rMMP9 80.3+2.4%; P=0.001), and reduced Ki67-
positive cells immunostaining (PBS 3.1+0.6% versus
rMMP9 11.6+1.7%; P=0.001) in the wire injury femoral
artery (Figure S5B and S5C).

We then overexpressed Foxpl in HUVECs and inves-
tigated the effects of EC-Foxpl gain-of-function on
VSMC proliferation and migration. Foxp1 overexpres-
sion was confirmed by RT-gPCR (1.4-fold increase;
P=0.002) and Western blot (Figure 5F), and Foxp1
overexpression in HUVEC significantly decreased the
cell proliferation of human aortic smooth muscle cells
as shown by cell counting (empty 3.7+0.2x10* ver-
sus Foxpl! overexpression 2.7+0.2x10* at 24 hours;
P=0.046, empty 6.8+0.4x10* versus Foxpl OE
51+0.3x10* at 48 hours; P=0.043), MTT assay (empty
3.840.2 versus Foxpl overexpression 2.5+0.2;
P=0.002), and Ki67 staining (empty 27.8+2.6% versus
20.2+1.6%; P=0.038) (Figure 5G through Figure 5I). The

Figure 5. Endothelial cell (EC)-Foxp1 (forkhead box P1) gain-of-function attenuates vascular neointimal formation through
facilitation of EC repair and reduction of vascular smooth muscle cell proliferation and migration after wire injury.

A, EC-Foxp1 gain-of-function mice (Foxp7£€™) exhibit a significant increase of Foxp1 expression in vascular ECs compared with wild-
type mice by real-time quantitative reverse transcription polymerase chain reaction (left) and Western blot (right) (n=7). B and C,
Foxp1E€™ mutant mice exhibit decreased neointimal formation at 28days after femoral artery wire injury compared with wild-type
littermates, with representative images (B) and quantification of neointima area, intima to media ratio, percentage stenosis and media
area (C) (n=7 for each group). D, Foxp75C™ mutant mice exhibit significantly decreased cell proliferation in neointima at 28 d after
femoral artery wire injury, with representative images (left) and quantification data (right) (n=7 for each group). E, Foxp75¢™ mutant mice
exhibit a significant increase of EC coverage of femoral artery by in situ Evans blue staining at 7 days following wire injury compared
with wild-type littermates, with representative images (left) and quantification (right) (=6 for each group). F, Real-time quantitative
reverse transcription polymerase chain reaction and Western blot confirm the significant increase of Foxp1 expression in human
umbilical vein endothelial cells (HUVECSs) treated with Foxp1 overexpression vector compared with empty control vector (n=5). G
through I, Condition medium from Foxp1 overexpression HUVECs significantly inhibits human aortic smooth muscle cell proliferation
compared with that from HUVECs of control vector, shown by cell counting (G), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide assay (H), and Ki67 staining with quantification of Ki67-positive cells on the right (I) (n=5). Statistical values of cell counting and
MMT are shown in Data S2. J and K, Condition medium from Foxp1 overexpression HUVECs significantly inhibits human aortic smooth
muscle cell migration compared with that from HUVECs of control vector, shown by transwell (J) and wound healing assay (K), with
representative images (left) and quantification (right) (n=5). L through N, Foxp1 overexpression in HUVECs increases cell proliferation in
comparison with that of control vector, shown by cell counting (L), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay
(M) and Ki67 staining with quantification on the right (N) (n=5). Statistical values of cell counting and MMT are shown in Data S2. Data
are means+SEM. Foxp1 indicates forkhead box P1; HASMCs, human aortic muscle cells; HUVECs, human umbilical vein endothelial
cells; MMP9, matrix metalloproteinase-9; OD, optical density; and WT, wild-type. *P<0.05, **P<0.01. Scale bars: B, D, |, J, K, N=100 um;
E=1mm.
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condition medium of Foxpl1 overexpressed HUVECs
also significantly reduced the migration of human aor-
tic smooth muscle cells shown by transwell chemo-
tactic (empty 100.0+7.1 versus Foxpl1 overexpression
66.3+4.6; P=0.003) and wound healing assay (empty
39.9+2.9 versus Foxpl overexpression 58.5+4.2;
P=0.006) (Figure 5J and 5K). Moreover, The HUVECs
of Foxp1 overexpression exhibited increase of cell pro-
liferation shown by cell counting (empty 7.0+0.6x10*
versus Foxpl overexpression 10.1+0.7x10% P=0.029),
MTT assay (empty 4.6+0.2 versus Foxpl overex-
pression 6.2+0.4; P=0.042), and Ki67 staining (empty
17.0+1.4% versus Foxpl overexpression 23.1+1.8;
P=0.026) (Figure 5L and Figure 5N) and increase of cell
migration shown by wound healing (empty 56.9+2.6
versus Foxpl overexpression 29.7+2.4; P=0.001)
and transwell chemotactic assay (empty 100.0+£5.7
versus Foxpl overexpression 204.7+10.6; P=0.001)
(Figure S6). EC-Cdknib overexpression reversed the
EC-Foxp1 gain-of-function-mediated increase of EC
proliferation compared with the control empty vector
by cell counting (empty 3.6+0.2 versus Cdkn1b overex-
pression 3.0+0.1 at 24 hours; P=0.039, empty 8.4+0.3
versus Cdknlb overexpression 6.7+0.3 at 48hours;
P=0.007) and MTT (empty 1.6+0.07 versus Cdknib
overexpression 1.3+0.05 at 24 hours; P=0.018, empty
3.6+£0.15 versus Cdknib overexpression 2.2+0.07 at
48hours; P=0.007) (Figure S5D through S5F). These

Endothelial Foxp1 in Neointimal Hyperplasia

data indicate that EC-Foxp1 overexpression restricts
VSMC proliferation and migration and improves EC
repair leadings to the attenuation of neointimal hyper-
plasia in vivo via EC-Foxp1-MMP9/Cdknib signaling
pathway.

Overall, our data reveal that EC-Foxp1 reduces
MMP9 expression to restrict VSMCs proliferation and
migration, as well as suppresses Cdknib expression to
promote EC proliferation for improvement of EC repair,
and that both work together resulted in the attenuation
of the injury induced neoinitmal hyperplasia (Figure 6).

DISCUSSION

Vascular stent placement has become a common pro-
cedure in cardiovascular disease, which can dredge
occluded vessels and restore blood flow. However,
stent deployment causes injury of vascular endothe-
lium followed by excess VSMC proliferation and migra-
tion contributing to neointimal hyperplasia and hence
restenosis, which is still a clinical problem, although
stent technology advances have incrementally im-
proved the outcomes. Foxpl was reported to be im-
portant in EC proliferation and migration,'® and our
previous study demonstrated an important role of EC-
Foxp1 in the regulation of cardiomyocyte proliferation,'®
cardiac fibroblast proliferation, and myofibroblast

Proliferation

v
ECrepair ™~
W .
injyry —— Hyperplasia

Vascular Smooth Muscle Cells

o~ Neointima

Proliferation
migration

Figure 6. Working model of how endothelial cell-Foxp1 (forkhead box P1) regulates neointimal
hyperplasia through matrix metalloproteinase-9/cyclin dependent kinase inhibitor 1B signal

pathway following femoral artery injury.

Endothelial cell-Foxp1 paracrine reduces matrix metalloproteinase-9 expression to restrict vascular
smooth muscle cells proliferation and migration and suppresses cyclin dependent kinase inhibitor 1B
expression to promote endothelial cell proliferation for improvement of endothelial cell repair, and both
work together leading to the attenuation of the injury induced neointimal hyperplasia. Cdkn1b indicates
cyclin dependent kinase inhibitor 1B; EC, endothelial cells; Foxp1, forkhead box P1; MMP9, matrix

metalloproteinase-9; and WT, wild-type.
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transformation.” The present study demonstrated
that EC-Foxp1 regulates the MMP9/Cdkn1b signaling
pathway to control VSMC proliferation/migration and
reendothelialization, thus, we uncovered a novel role
of EC-Foxp1 in neointimal hyperplasia responsible for
restenosis.

During the process of neointimal hyperplasia,
VSMCs can transform from the static contractile state
to the proliferative synthetic state in the response to
pathological stimuli. Loss of endothelium or activated
dysfunctional ECs induced excessive proliferation and
migration of synthetic SMCs until endothelium is func-
tionally recovered.*8

MMP9, one member of the MMP family, partic-
ipates in the degradation of the ECM in the physio-
logical and pathophysiological processes involving
tissue remodeling associated with cardiovascular dis-
eases.’™3* MMP9 is secreted by neutrophils, macro-
phages, and fibroblasts.?"*2 MMP9 is also detected in
vascular ECs and VSMC and it is important for early-
stage arterial remodeling and causes a rise in pres-
sure through altered vessel distensibility responsible
for hypertension.®® The 3 key target regulation genes
of myocardin-related transcription factor-A/serum re-
sponse factor, including vinculin, MMP- 9, and integrin
1, were reported to regulate VSMC migration and are
crucial for pathological vascular remodeling in mice.3*
Also, MMP9 was activated after arterial injury®® and
during preparation of vein grafts®® and it is essential
for the migration of smooth muscle cells into the intima
contributing to injury induced neointimal formation.®”
MMP9 was involved in proangiogenic EC function and
endothelial cell mediated medial disruption during the
progression of abdominal aortic aneurysm.3® However,
it was still unknown about the transcriptional regula-
tion of MMP9 expression in ECs and the roles of EC-
MMP9 in neointimal formation. Our data indicate that
EC-Foxp1 directly regulates MMP9 expression and in-
crease of MMP9 and neointimal formation caused by
loss-of Foxp1 in ECs could be rescued by local delivery
of lentiviral MMP9 shRNA to the injured artery, there-
fore providing in vivo evidence that EC-Foxp1-MMP9
pathway may be therapeutic targets for injury-induced
neointimal formation.

A healthy EC layer is the most important factor in
maintaining vascular homeostasis. PCl stent deploy-
ment causes vascular injury and damaged ECs are re-
paired by locally derived ECs."? Delayed and impaired
endothelial recovery are involved in late stent resteno-
sis and thrombosis.’®3° The biological factors and the
cellular and molecular mechanisms that govern the
reendothelialization process are not clear. Loss of en-
dothelial protein tyrosine phosphatase-1B, a negative
regulator of receptor tyrosine kinase signaling for cell
proliferation and senescence, impaired reendothelial-
ization and the failure to induce smooth muscle cell
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quiescence and resulted in neointimal hyperplasia.*°
A recent study found that activation of the transcrip-
tion factor FOXO1 (forkhead box O1) in ECs limited
cell cycle progression, metabolic activity, and vascu-
lar expansion.*’ Foxp1 was essential in the regulation
of EC proliferation and migration.”® A previous study
demonstrated that EC-MMP9 promoted angiogenesis
through activating PAR1 in apoE~~ mice,** however,
we did not find significant change of EC proliferation
and migration in the baseline unstimulated condition
(data not shown). Possibly MMPs might exert different
effects on baseline or prorestenoctic condition in com-
parison with the proinflammatory condition in apoE~"~
mice. Moreover, we found MMP9 knockdown did not
change the decreased EC proliferation upon EC-Foxp1
deletion (data not shown). Therefore, we further ex-
plored the mechanisms, and we found regulation of
EC-Foxp1 for Cdkn1b to control endothelial repair and
hence neointimal formation. Delivery of Cdknib-siRNA
using RGD (Arg-Gly-Asp)-peptide magnetic nanopar-
ticle to ECs reversed the EC-Foxp1 deletion-mediated
impaired EC repair and attenuated the neointimal for-
mation, thus providing in vivo evidence of EC-Foxpil
regulation of Cdknlb controlling reendothelialization
of endothelial injury and further influencing neointimal
hyperplasia.

Taken together, these data using both EC-Foxp1
loss- and gain-of-function mice demonstrate that EC-
Foxpl regulates injury induced neointimal formation
by paracrine modulation of MMP9 for VSMC prolifer-
ation and migration and cell autonomous modulation
of Cdkn1b of reendothelialization controlling neointimal
formation. The EC target delivery of MMP9/Cdknib
might provide future novel therapeutic interventions for
restenosis.
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Data S1. Supplemental Methods

Animals

A conditional Foxpl loss-of-function (Foxp11®/1%)16 or gain-of-function (Foxp1™T9)!* mouse line was
mated with endothelial specific promoter (Cdh5)-driven Cre recombinase line?® to generate Foxp1EKC or
Foxp1E€T¥ mice for endothelial cell (EC)-specific deletion or overexpression of Foxpl on C57BL/6 background.
Mouse Neointimal Hyperplasia Model and Quantification of Neointimal Formation

Murine femoral artery wire injury model was established in 8 to 10-week-old mice as described previously**.
Briefly, Foxp15K© or Foxp15¢T9 mutant and wild-type littermate mice were performed left femoral artery injury
using a flexible angioplasty wire (0.35-mm diameter; Cook Inc, Bloomington, IN) under 100 mg/kg
Ketamine-HCI and 10 mg/kg xylazine HCI anesthesia and aseptic conditions. The mice were euthanized 28-day
postsurgery and wire-injured femoral arteries were harvested, fixed with 4% paraformaldehyde, embedded in
paraffin wax, and sectioned at 8 pm intervals for histology analysis.

The cross-sections of the injured arteries were obtained at 500 um to 1500 um distant from the ligation at
100 pum intervals. Sections were stained with hematoxylin and eosin (Servicebio, China) stain kit and the images
were acquired with Leica DM750 microscope. Lumen circumference, the internal elastic lamina circumference,
the circumference of the external elastic lamina were measured and then quantified using software Image J
(Media Cybernetics, Bethesda, MD) as previously*. Measurements were performed with the observer blinded to
experimental group.

Quantification of EC recovery following wire femoral artery injury

Endothelial repair was observed with Evans blue infiltration assay 7 days following femoral artery wire
injury. Evans blue assay was performed as described previously**. The injured femoral arteries were obtained 10
minutes after 50 pl of 5% Evans blue injection via tail vein and opened longitudinally and the area of denudation
stained by Evans blue was quantified under light microscopy with software Image J (n=6 for each group).
Endothelial repair was calculated as ratio of the un-stained area to the total area.

RGD-Peptide magnetic nanoparticle delivery of Cdkn1b—siRNA to endothelial cells

Delivery of Cdkn1b—siRNA by RGD (Arg-Gly-Asp)—peptide magnetic nanoparticles to ECs was performed
as previously45. In brief, mouse Cdkn1b-siRNA (Table S2) or scramble-siRNA control was synthesized and
formulated with RGD-peptide containing core Fe;O4 magnetic nanoparticles at the ratio of 10 pg siRNA:50 ug
nanoparticles in total 100 pl normal saline at room temperature for 1 hour. The RGD-peptide magnetic
nanoparticles containing Cdkn1b-siRNA at the dose of 2 mg/kg were administrated by tail vein injection with a
magnet on top of the injured legs following wire injury every four days.

Delivery of MMP9 in vivo to wire-injured femoral arteries

Briefly, 0.5 pg recombinant human MMP9 (Novoprotein C171) dissolved in 100 pl 30% pluronic gel was
administrated perivascularly to the wire-injured femoral artery as described previously*®. The femoral arteries
were harvested 28 days post-surgery for histological analysis.

Histology

The arteries sections were heat retrieved in sodium citrate buffer (10 mM, pH 6.0) for 20 minutes in 100°C
water bath to perform antigen retrieval. The slices were permeabilized and blocked in PBS-T (0.02% triton X-100)
with 1% goat serum for 1 hr. Immunostaining was performed using the following antibodies diluted in PBS-T at
4°C over-night: Rabbit anti-Foxp1*’, Rabbit anti-Ki67 (Abcam, ab16667), Rabbit anti-MMP9 (Proteintech,
10375-2-AP). After washing with PBS, sections were incubated with secondary antibodies (488 nm-conjugated



anti-rabbit secondary antibody) diluted in PBS-T for 1 hour at room temperature. Following wash with PBS for
three times, slides were mounted with vectashield mounting medium containing DAPI (Vector Laboratories,
Burlingame, CA, USA) and imaged using fluorescent microscope.

Cell culture and siRNA infection

Human umbilical vein endothelial cells (HUVECs, ATCC®PCS-100-010™) were cultured in EC growth
medium 2 (EGM, Promocell C22010). Human aortic SMCs (HASMC) were obtained commercially (ATCC
PCS-100-012) and maintained in Smooth Muscle Growth Medium (ATCC PCS-100-042) as manufacturer
protocol. Cdknlb siRNA was transfected to HUVECs with 1ipo2000 and the efficiency was assessed by
RT-gPCR and western blot. The sequences of siRNA were listed in Table S2.

Subclone

The mouse and human full-length open reading frames of Foxpl and Cdknlb was constructed and
subcloned into expressing vector as previously described*®. ShRNA of Foxpl and MMP9 was inserted into
pLKD vector. The sequences of gene-shRNA were listed in Table S2.

Cell proliferation assay

Cell proliferation assays includes cell counting, MTT assay and Ki67 staining assay. The cells were cultured
in normal culture medium or endothelial cells condition medium during the process of cell proliferation assays.
In cell counting assay, cells were seeded at an initial density of 2x10* per well in a 12-well plate and harvested
and counted the cells at the designated time-points. In MTT assay, cells were seeded at 5x10° cells per well in a
flat-bottom 96-well cell culture plate in culture medium or EC condition medium, 10 pl of MTT (5 mg/ml)
solution (Sigma) were added to each well at the designated time-points. Cell growth was determined by
measuring the absorbance at 570 nm.

For Ki67 staining assay, serum-free starved cells were grown for 12 hours and stained with Ki67 antibody
overnight at 4°C. After incubation with Alexa Fluor-conjugated secondary antibodies (1:1000; Invitrogen,
Carlsbad, CA), the samples were mounted with vectashield mounting medium containing DAPI (Vector
Laboratories, Burlingame, CA, USA) and were visualized using an inverted fluorescent microscope (Carl Zeiss,
Oberkochen, Germany). Cell growth was determined by counting Ki67 positive cells in total cells.

Cell Migration assay

Migration assays were performed using scratch wound healing and transwell chemotactic assay. For scratch
wound healing, confluent cells were serum starved overnight and scratched with a P200 Gilson pipette tip. The
cells were kept in the presence of culture medium without FBS, or endothelial cells condition medium after
scratching. Six fields at fixed location were visualized at indicated time-points after scratching and assessed the
wound closure rate using software Image J.

For transwell chemotactic assay, cells were placed on the upper layer of polycarbonate membrane filters
with 8-pum pores (Corning Inc, Corning, NY or Falcon 353097) and culture medium or EC condition medium
was placed in the lower chamber below the cell permeable membrane. The number of cells that have migrated
through the membrane were stained by crystal violet staining solution and counted following 8-hour incubation.
Each experiment was duplicated, six randomly selected fields of migrated cells were photographed and counted.

RNA Extraction and Real-Time qPCR for gene expression

The femoral artery was flushed with Trizol by a 29-gauge insulin syringe to isolate EC RNA. Lung ECs
were isolated by magnetic separator following incubation with anti-CD31 antibody conjugated Dynabeads
(Invitrogen, Carlsbad, CA). Total RNA from femoral artery or lung ECs and cultured cell line were extracted by



Trizol (Invitrogen, San Diego, CA, USA). Reversed transcription was performed by SuperScript First Strand
Synthesis System (Invitrogen). Quantitative real-time polymerase chain reaction (qPCR) was performed using
SYBR Green Supermix. Expression of genes was quantified with primers listed in Table S3.

EC RNAs from arch and thoracic aorta, lung, and from culture cell lines were extracted by TRIzol and
cDNA was synthesized by SuperScript First Strand Synthesis System (Invitrogen). Real time qPCR was
performed using AceQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co. Ltd) in an ABI 7500 Real-Time
PCR System (Applied Biosystems) with housekeeping gene [-actin or GAPDH as a control. Primers used for
quantitative real-time PCR were included in Table S3.

Western blot

Proteins were extracted and separated on SDS-PAGE gels, transferred to PVDF membranes and blocked
with 5% milk following incubation with primary antibodies against Foxp1%’, MMP9 (Proteintech, 10375-2-AP),
Cdknlb (Servicebio, GB11154), GAPDH (CST, 2118). Bound antibodies were detected by a
peroxidase-conjugated secondary antibody, and the signals were visualized using a chemiluminescence kit (Cell
Signaling Technology).

Chromatin immunoprecipitation (ChIP) assay

The chromatin DNA was made from lung ECs for investigating the association of Foxpl with MMP9 and
Cdknlb gene using a commercially available kit (Millipore, Catalog No. 17-295) as manufacturer instructions.
Briefly, the lung ECs were fixed with 1% formaldehyde, neutralized with acid glycine. Nuclear lysate was
sonicated to 200 to 500 DNA base-pair fragement size and immuoprecipitated with the Foxp1 antibody as well as
control rabbit IgG. Samples were cross-links reversed via incubation with NaCl and digested with Proteinase K
and RNAse for DNA isolation, DNA was subjected to PCR using the primers listed in Table S4.

Luciferase Reporter Assay

Cells were transfected with pGL3-promoter of the firefly luciferase reporter vector containing Foxpl
binding sequence of the promoter of MMP9 and Cdknlb gene. Luciferase activity was determined and
normalized to the corresponding renilla-luciferase activity in cell lysates using Dual-Luciferase assay kits
(Promega, Madison, WI, USA)*°.

MMP activity assay

The MMP activity was determined using an assay kit from Abcam according to the manufacturer's protocol.
Briefly, 5x10° cells were seeded into 6-well plates and allowed to attach overnight, then starved with serum-free
media for another 12 h. Cells were stimulated with 10% FBS and 50 pl of medium was collected at 1 hour
following FBS stimulation. The medium was mixed with 50 pl of 2 mM APMA working solution and incubated
for 15 min at 20°C followed by addition of 100 ul of the fluorogenic peptide substrate solution in the kit. The
MMP activity assay was measured by microplate reader at the Ex/Em = 490/525 nm.

Lentiviral package

Lentiviral package was performed using lentiviral packaging vector pPCMV.DRS and pMD2.G (Addgene,
Plasmid #12259) in human embryonic kidney (HEK) 293T cells (ATCC, CRL-1573). The viral supernatants
were collected 48 and 72 hours after plasmid transfection, and the viral titer was determined by RT-qPCR.

For knockdown of MMP9 expression in vivo, viral supernatant was concentrated by ultra-filtration (100 000
MWCO, Centricon Plus-70, Millipore) and 10° IU (integration units) of lentiviral-MMP9 shRNA per mouse was
applied to the injured segment in the presence of 10 g/mL DEAE-dextran for 20 minutes after wire injury. The



infection efficiency was assessed by immunoblotting using a MMP9-antibody (Proteintech, 10375-2-AP). For
knockdown of Foxpl and MMP9 expression in vitro, the viral supernatant was applied to HUVECs in the
presence of 8ug/ml polybrene (Santa Cruz Biotechnology) and the infection efficiency was confirmed by

RT-qPCR and western blot.



Data S2. Two-way repeated-measures ANOVA for cell number and MTT activity



Table S1. RNA high-throughput sequencing results of Foxpl5CK® mutant and littermate wild-type
fluorescent reporter mice.

Symbol | GeneID | WT Foxpl1EX0 | Log2Fold | Full Name
Change
Mmpll 17385 1.31 1.47 0.17 matrix metallopeptidase 11
Mmpl2 17381 0.36 20.16 5.80 matrix metallopeptidase 12
Mmpl3 17386 0.27 5.10 4.26 matrix metallopeptidase 13
Mmpl4 17387 20.46 54.48 1.41 matrix metallopeptidase 14
(membrane-inserted)
Mmpl5 17388 12.58 10.91 -0.21 matrix metallopeptidase 15
Mmpl7 23948 1.16 0.45 -1.38 matrix metallopeptidase 17
Mmp19 58223 2.92 14.94 2.36 matrix metallopeptidase 19
Mmp2 17390 13.18 8.29 -0.67 matrix metallopeptidase 2
Mmp24 17391 2.71 1.79 -0.60 matrix metallopeptidase 24
Mmp25 240047 0.55 3.96 2.86 matrix metallopeptidase 25
Mmp28 118453 31.88 8.84 -1.85 matrix  metallopeptidase 28
(epilysin)
Mmp3 17392 2.63 0.89 -1.56 matrix metallopeptidase 3
Mmp§ 17394 16.26 44.05 1.44 matrix metallopeptidase 8
Mmp9 17395 5.81 36.96 2.67 matrix metallopeptidase 9
Cdk1 12534 0.17 1.94 3.53 cyclin-dependent kinase 1
Cdkl10 234854 8.82 5.92 -0.58 cyclin-dependent kinase 10
Cdkl11b 12537 23.50 17.89 -0.39 cyclin-dependent kinase 11B
Cdk12 69131 8.69 9.11 0.07 cyclin-dependent kinase 12
Cdk13 69562 9.78 9.43 -0.05 cyclin-dependent kinase 13
Cdk14 18647 4491 2391 -0.91 cyclin-dependent kinase 14
Cdkl6 18555 31.63 19.47 -0.70 cyclin-dependent kinase 16
Cdk17 237459 19.93 21.62 0.12 cyclin-dependent kinase 17
Cdk18 18557 1.50 1.46 -0.04 cyclin-dependent kinase 18
Cdk19 78334 15.33 42.45 1.47 cyclin-dependent kinase 19
Cdk2 12566 9.49 10.26 0.11 cyclin-dependent kinase 2
Cdk20 105278 2.82 2.93 0.06 cyclin-dependent kinase 20
Cdk2ap1 13445 67.82 48.30 -0.49 CDK?2 (cyclin-dependent kinase
2)-associated protein 1
Cdk2ap2 52004 26.49 48.96 0.89 CDK2-associated protein 2
Cdk4 12567 45.37 38.62 -0.23 cyclin-dependent kinase 4
Cdk5 12568 7.89 8.48 0.10 cyclin-dependent kinase 5
Cdk5rl 12569 0.70 1.85 1.40 cyclin-dependent  kinase 5,
regulatory subunit 1 (p35)
CdkSrapl 66971 9.93 4.78 -1.05 CDKS regulatory subunit
associated protein 1
CdkSrap2 214444 1.70 2.30 0.44 CDKS5 regulatory subunit
associated protein 2
CdkSrap3 80280 8.44 13.62 0.69 CDKS regulatory subunit
associated protein 3
Cdké6 12571 1.97 4.01 1.02 cyclin-dependent kinase 6
Cdk7 12572 5.39 3.72 -0.54 cyclin-dependent kinase 7
Cdk8 264064 7.14 8.83 0.31 cyclin-dependent kinase 8
Cdk9 107951 12.36 15.14 0.29 cyclin-dependent kinase 9
(CDC2-related kinase)
Cdkall 68916 6.21 3.45 -0.85 CDKS regulatory subunit
associated protein 1-like 1
Cdkl2 53886 1.69 2.15 0.34 cyclin-dependent kinase-like 2
(CDC2-related kinase)
Cdkl5 382253 1.33 0.68 -0.98 cyclin-dependent kinase-like 5




Cdknla 12575 536.79 144.95 -1.89 cyclin-dependent kinase
inhibitor 1A (P21)

Cdknlb 12576 51.14 36.69 -0.48 cyclin-dependent kinase
inhibitor 1B

Cdknlc 12577 8.03 391 -1.04 cyclin-dependent kinase
inhibitor 1C (P57)

Cdkn2aip 70925 10.49 7.44 -0.50 CDKNZ2A interacting protein

Cdkn2aip 52626 24.26 14.33 -0.76 CDKN2A interacting protein

nl N-terminal like

Cdkn2b 12579 4.86 2.76 -0.81 cyclin-dependent kinase
inhibitor 2B (p15, inhibits
CDK4)

Cdkn2c 12580 5.72 3.84 -0.58 cyclin-dependent kinase
inhibitor 2C (p18, inhibits
CDK4)

Cdkn2d 12581 15.05 13.26 -0.18 cyclin-dependent kinase
inhibitor 2D (p19, inhibits
CDK4)

Cdkn3 72391 0.36 1.69 2.24 cyclin-dependent kinase

inhibitor 3




Table S2. Sequences of gene-siRNA and shRNA.

Gene Name Sequence

Human

Scramble TTCTCCGAACGTGTCACGT
Mouse Cdknlb siRNA GGCCAACAGAACAGAAGAA
Human Cdknlb siRNA GGCCAACAGAACAGAAGAA
Mouse MMP9 shRNA ATTCTTCTGGCGTGTGAGT

Human MMP9 shRNA

GCGTGGAGAGTCGAAATCTCT




Table S3. Primer sequences for reverse transcript quantitative PCR (RT-qPCR).

Gene Name Primer Sequence

Mouse

Foxpl Forward: 5~ AAGCAGCTAACACTAAACGAAATC-3’
Reverse: 5’-TTCCACGTGGCTGCATT-3’

MMP9 Forward:5’-TGTATGGTCGTGGCTCTAA-3"ite!
Reverse:5’-GTGCTGTCGGCTGTGGTT-3 iske!

Cdkn1b Forward: 5’-CACCAACGCCAACTTCCT -3’
Reverse: 5’-GCTTCTTTCGCACAATCTCA -3’

Gapdh Forward:5’-AAATGGTGAAGGTCGGTGTGAACG-3’
Reverse: 5’-ATCTCCACTTTGCCACTGC-3’

Human

Foxpl Forward: 5’~-CTCCTCCTCTGCACCTTC-3’
Reverse: 5°-TGCTCCTCATGGGACAAA-3’

MMP9 Forward: 5’-TCCCTGGAGACCTGAGAACC -3’
Reverse: 5’-GCCACCCGAGTGTAACCAT-3’

Cdkn1b Forward: 5’-TACGAGTGGCAAGAGGTG-3’
Reverse: 5’-CGGATCAGTCTTTGGGTC-3’

GAPDH Forward: 5’-ATGGAAATCCCATCACCATCTT-3’

Reverse: 5’-CGCCCCACTTGATTTTGG-3’




Table S4. Primer sequence for PCR of chromatin immunoprecipitation (ChIP) assays.

Promoter Primer Sequence

MMP9 Forward: 5’-GCATAGGCAAGCAAGTCT -3’
Reverse: 5°- TGTTGTGGTTTGAGGTGG -3’

Cdknlb Forward: 5’- CTGTCTGGGACGGCTCTA-3’

Reverse: 5’- CCGCTCTTATCAGGGTGT-3’




Figure S1. Foxpl/MMP9 expression in endothelium of sham and injured femoral arteries.
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(B). C-D, Expression of matrix metalloproteinase-9 (MMP9) in endothelium of sham and injured femoral
arteries by qPCR (C) and immunostaining (D). Data are means = S.E.M. *P<0.05, **P<0.01. Scale bars: B, D
100 pm.



Figure S2. Sequence analysis of MMP9 promoter.

A

MMP9 Promoter sequence (=5 kb to translational starting site)

AGTTGGTAAGAAAGAACCAGCAGCAATCCTGAAGGCGAGTGAAGTGGTACCCACTGCTTACCCACTGTTCCAGGCACCTCTGTAACAGGCCCACATGGG
AAACACTGTTATTAGCACTTGTTTTTAAGATGGGGGAAATGGTAGGTTGTGTCGATAGCTGGGGTCACACAATGAGCTGAAGCTTGGATTTCGGCAGTCC
AATCCCAGAGTGGGAGCCCCCATTGGCCTACTCACTCTGCCTGCCAAGTCCTGGCCTCTGCTGAACTTGTTTCCACATCTGCATGACGAAGGAAATTAGA
ATAGATGGGGACACCTCCATGTGTGGTGTTTGTATTTCTGTTGACTCTTTTTTTTCTCCCCCAAATTTCTACCCAGTCACAGCAAGTACACTTTTAATACTAG
TATTCAGAAGGCATAGGCAAGCAAGTCTCTGAGTTTGAAGTCAGCTGATCTACACAGTGTGTTCTAGGCCAACCAGAGTTTCCTAGTAAGACCCACCTCA
AACCACAACACACACACACACACAGCCCCCACTATGCAGGAACATACACATACATGCAAACATACATACATGTAGATACATGTAGGAGCACACATATACATA
CATGTATACAAGCATTTTCACACGTGAGCACACCCTTGCACACACACATGCAAATGCACACACACCGTGTACTGCATGTCATCTTTATGTGTTTTTTTATGG
GATTGTATGTACCACAGTGCTCAGAGGTCAGGGGACAACCTGTAAGAGCTGGTTCTCTTCTACCATGTTAGTCCCTGGGATGAACTCAGCTCCTGGTGCT
TGGTGACAATCTCCTTTAACTGCTGAGCCATCTCACTGGCTCTCTGGAAACTGACTTAAGATCCTAGCTCAGAAACAAAAGAAGTGGGGAAGGAGGAGG
AAGAAAAGGAGAAAAGAAGCTAGGATCTTAAGTAGCCCAAGCTGGCTTAGAACTTGCTATGCAACCAAGGATGATCTTAGACTCCTGACCCACCTTCCTC
TGACACCTGAGGACATAGCACACTTCTTAGCATAATGCTTAGCTTGTGAAACTCAACAAAAATCTGTTCAATAGCTTGTTTTIGTTTGTTTGTTTGTTTGTTTT
TCGAGGCAGAGTCTCTCTGTCTAGCCCTGTCTATCCTGGAACTCGTTCTGTAGACCAGGCTGGTCTTGAACTCACAGAGATGCACCTGCCTCTGCCTCC
TGAGTGCTGGGATTAAAGGCATTTGCCACCACAGTGGAGGCTTATTTATTIGTITGTTTGTTITGTTTGTTTGTTTATTCATAAGAGGGTCTCATGCAGCCCA
GGCTGGCCTCAAACTTGCCAAGTGTTAGGGATTGGCTTTGAACTCTCTCTCCTCTTGCTTTCACTTTCCAAGTGTTGGTGCGGCTAAGTTGAACAGTCAT
CAAAGATGTGAAGATCTAGCTGGGTGTGGTGGTGCACACCTTTAATCACAGTGCTTGGGAGGCAGAGGCAGGTGGGTCTCTGAGTTCAAGACCAGTCT
GGTCTACAGAGAGAGTTCCAGGACAGCCAGGACTACACAGAGAAACCCTGTCTTTAAAACAAAAACCAAGCAACCAAACAAGAAGAGCAACAATAAAAAT
TGAGCATCCTCACTAACGGTTTGAGTATTTGATGAAACTTTTGGACCATTTATAAAGAAAACTCAACACACACCAGAGGCTCTTCTCTTCCCACTCACCCA
GGGAACATTTGGTAACATCAATGGTTGTCACAATGGGTATGGGTGGTGCTGCTGGCACTAGGAGGAAGGGAGGGTGAGGACACCTCTAGACACACTGC
AGTGTCTGGGGACATCCCCAAACAAAGGACCACAGCCCCAAGGATAAAGATGCCAAGCTTGATGAGTGTGGTGGGGCATCTTTAATCCCATCACTCAGG
AGGCAGAGGCAGGGGGATCTCTATGAGTTGGAGGCCAGGCTGGTCCACACAGCAAAATCTAGGCCAGCCAGGTCTCCATAGTGGGACCCTGCCTCAAA
AACAAAACCAAGGGTGTAGAGCTCAAGAAACAAGACATACATAGACATGACATATGGTATAGATGTGGCATACTGCATAGATGTGACATCTAACACAGACG
GAACACACCACATAGACATGACATGGTATAGATGTGACATACTGCATAGATGTGACATCTAACACAGACTGGACACACCACGTAGACATGACATATATGTGA
CATACAACACAGATGACATATGGCATAGATGTGACATATAACAGATGTAACATACCATACAGATAGGACATACATACATACATACATACATACATAGATGTGACA
TATAACAGAGCCATGGCATAGTGCATAGACATCACATCCACATGTTCAGCATCCTTAACGCAGTTGCTGGCAAGATGGGAATACTGCATAGATTCCTCTGAA
GTTCTTGTCTGTCACCTCGATGAAGATCAGGATGGGAGGTCCTCTTATTTTIGTTTCCATTTCAAATCTTGTATTAGTCTTTGGCCCCACAGTCCCAGGTCTG
TAATATGGTTACCCTGGGACCCTGTCTTCAGCATGTGACCCCTCAAAGTCCTGAGCCTCCAGCCTTATCGTACTAAGGTAGCAGGGGAAGAGAAGGGTTC
AGGTGGCAAAGCCCTGGAAACCCACCCATTTCATTCACCTGTACTCTGATCCGCTCCGTCCCCACAGCAGATGAGAATCTTGTACCCTGGCTCTCTGGTT
TITTITTGGTTTTTTGTTTTTTCGAGACAGGGTTTCTCTGTATAGCCCTGGCTGTCCTGGAACTCACTTCGTAGACCAGGCTGGCCTCGAACTCAGAAATC
TGCCTGCCTCTGCCTCCCAAGTGCTGGGATTAAAGGCGTGCACCACCAGATCACGGGGACCTGAGATCATGGGCAAGTCCCTTGACTGCTCTGAGTTG
AAGTTTCCTATTCCAGAAAAGCCAGAGTTACCTCCCAAACTAACCTTGTTAGCCAGGCATAGTGTGCACACCTATGACACAGCGCTTGGGAGGCAGAGGC
AGGGGATGGGAGTTCAGCACAAGCCTGACTTCCAATTGGACTTTGTCTCAATAGATGGAGGGTGGGCTGGGGAAATGGCCAAGTGGGTCAGAGCATTC
ATTGTAGAAGCAGGAGGACCCGACTTCGGAGCTACAACATCCACGTAAACAGCTGGGTGCGGCACCTACTTGCTCACCTCCAACACTGACAGATGGAGA
CTCTGAGACAGGGTTACCAAGGCTTGCTGGCGGCCAGCCTGGCTGCAAATCCCTGGGCTCTTAAGTTTAGGGAGACTCTGCCTCAAAGGAACAAAAGG
AAAGATGACAGAGGGGGACAGCCAACATCTCCTCTTGCCTTGGCAGTCATGGATGTGTGTCCCTGCACACACACATATGCACACACACACACAAACACA
CACACAAACACACACACACAAACACACACACACACACACACACACACGCACACACACACACTAAAACAAATTAACAAACAAAAACAAGGACTAGGAACAG
CTCAGTTGTAGAGTACTTGCCTAGCATGTGTGAGACCCTAGAGGCTTGGGCATACACACACACACACACTCATACACAGACACAGACTCACATATGGACA
CACACACAGTCTCACACATATGGGATAGCAATATATAGGAGAGTTTTGTAGAGAGCGTATCACAACGTCCAACACAATAAATCAAAAAAGTGAATGATCACT
GCGGCCTGGAGGTGAAATGCCTTGCCCAAGGTGGTTGGGAAATGACGAGGTTGGGAAATGGTAGACCCAGAACTGCAATTCAGTGCTGGAGCTCACCA
GTGAGAAGCATCTAAGAGAAGCTTGGGAGAACACCCAGCTCTCTCTCTCCGGCTCACAGGTCTGTTCGTTGGGAAGCACATGAAGGTCTGGGCACACA
GGAGGCTTAGTCAGAACAGCTTGCTGAAGACAGATCAAGGCCCTGCTCCACCATGGTGGCAGGCGAGGAGGATGGAAGGCCGGGGGCTGCCGGCTG
TTGGCAAGACTGTGCCAAAGCTTTCCTGAGTGGAGCAGGGCAGGGCTGGAGGAGGGGAAGGGTCCATGACGATCTCACAGCTCGGGAGAGGAAGGT
GTTTGCCCCATCCAGGTCACCCCAAGGCTTAGAGCCAAGACCCCAGTCTCCTAATTTCCAATCACAAACCTGACACCATCAACTGAGGTCTCGTGAACAC
TGCTGAAAGTGGTTTTTCTGTGTTTCGAGAGTCTCATTTTATCCTCAGATCAATATAGGGACAAAGGCTTGAGCGACAAAGGGTCTGTTTTTGTTCTTTAAA
CAGAAGAGGAAGGATAGTGCTAGCCTGAGAAGGATGAAGCTTCTGCTTGCTCCCACATGTGTGTGTCCCCCCGCCCCCCAGGCTCATCTTTCCTTICCCC
AAGGAGTCAGCCTGCTGGAGCTAGGGGTTTGCCCCATGGAATTCCCCAAATCCTGCCTCAAAGAGCCTGCTCCCAGAGGCCAGGAGAGGAAGCTGAGT
CAAAGACTCTATCAGGGGGCGGGGATGAGAGGATAGAACCTACAGTGTGGGGATGGGCTCCAGGCTGCACTCTGGCCAGGGAGGGGGTGTCTCAGAA
GCCCAAGGAAGAGGGGTCTCGGGCCTCAGGTCTCCCAGTCTTTTACTGGGCTGATCAGTCAGGGCCGTCAGACCTAGGGCTAGGTGAATGCCCCATCC
TGCACACCCTCCTTCCCTTTCCCACAAAGTCTGCAGTTTGCAGAAACTAAACCCTGAGTTCTGTGGTTTCCTGTGGGTCTGGGGGTCCTGCCTGACTTG
GCAATGGGGGACTGTGGGCAGGGCATAAGGGAGGGGGTAGTGTAAACACACACACACACACACACACACACACACACACACACACACACACACACACG
CTGAGTCAGCATAAGCCTGGAGGGGAGGGGCGGGGTCACTGATTCCGTTTTACTGCCTCTTTAAAATCTCTGCAAAGGCAGCGTTAGCCAGAAGCTGCG
GTCCTCACCATG

B
MMP3 Promoter cloned sequence (-4.7 kb to =3.7 kb before translational starting site)

GCTGGCTTAGAACTTGCTATGCAACCAAGGATGATCTTAGACTCCTGACCCACCTTCCTCTGACACCTGAGGACATAGCACACTTCTTAGCATAATGCTTA
GCTTGTGAAACTCAACAAAAATCTGTTCAATAGCTTGTTTTGTTTGTTTGTTTGTTTGTTTTITCGAGGCAGAGTCTCTCTGTCTAGCCCTGTCTATCCTGGA
ACTCGTTCTGTAGACCAGGCTGGTCTTGAACTCACAGAGATGCACCTGCCTCTGCCTCCTGAGTGCTGGGATTAAAGGCATTTGCCACCACAGTGGAGG
CTTATTTATTTGTTTGTTTGTTTGTTTGTTTGTTTATTCATAAGAGGGTCTCATGCAGCCCAGGCTGGCCTCAAACTTGCCAAGTGTTAGGGATTGGCTTTG
AACTCTCTCTCCTCTTGCTTTCACTTTCCAAGTGTTGGTGCGGCTAAGTTGAACAGTCATCAAAGATGTGAAGATCTAGCTGGGTGTGGTGGTGCACACC
TTTAATCACAGTGCTTGGGAGGCAGAGGCAGGTGGGTCTCTGAGTTCAAGACCAGTCTGGTCTACAGAGAGAGTTCCAGGACAGCCAGGACTACAC

A-B, matrix metalloproteinase-9 (MMP9) promoter from —5 kb to translational starting site has 6 Foxp1l binding
sites (A) located in the promoter region —4.0 kb to —3.5 kb, which is cloned to pGL3 luciferase reporter vector
(B). The Foxp!l binding sites are indicated by red font, and the translational starting site is indicated by green
font.



Figure S3. EC-Foxpl1 deletion reduces cell migration.
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A-B, Knockdown Foxpl in human umbilical vein endothelial cells (HUVECs) displayed decreased cell
migration, shown by wound healing (A) and transwell assays (B), with representative images (left) and
quantification data (right; n=5). Data are means = S.E.M. ¥*P<0.05, **P<0.01 and n.s. not significant. Scale bars:

A, B 100 pm.



Figure S4. Sequence analysis of Cdknlb promoter.

A

Cdkn1b Promoter sequence (-5 kb to exon1)

TTTATGCCTGCAGCCCAGAAGAGGACACCAGGTGTCCTTATAGATGGTGGCTTCCCATCTCTAGTTCTTGTGTGTGTGGCTGCCTGCCAGTCAAGTGTAT
ATGCTCCCCACAGGCAAGAGCTGAGATTTAGTCATCTCTTAATCCCCCACGCTGCTGAAACAAATGCACTGGGAATTTTCGCCCACGGTAAGGTCAGATC
CTTCTGCTACTTCACCCTCCTGGTGTCCTGGTCTTTCCTTACCTCTTGCTGTGAACAGCTGCATTCTGAGGCCCGCCCGGTCCAGTGTGAGTTGATGCTC
CTGTGGATACTCTCCCCTTCCTTTGCCTTGTCCACAGGTGTCCTTTGACTGCATCAGGCAAGCTCCCACCCAGAGCTTTCGCACTCCCTCTTGTAGTTAC
TGGGCCACACTCTCTTCTCACAGACTTGGCATGCCTGTTTTCTCAAGCCCTCAGGCCTCTGTGGAAAGCCACTTTCCCTGGCCACAGTGTAGCCCTTTC
ATCACTTTCCAGTTTTCCATTGTTGCTCTTCCAGAGTGTCTCCCCTTCATACTCACCTTGTGTTACTTAGTGTTTATCTTCTGTCCCTCCCCTTCTCTTACTA
CAATGAAAACTGCAACTTAATTTCCATCCCCAGTACCCAGGATAAAGCCTCCTTTATTGGCGATGCCAATACATACGGAAAAGGGCAGCAAACAAGCTATG
TGGTCATATCAACCTATAACCCAAAGGCTGAGGCAGGAGGATTGCAGCACATTCAAGACCACCTTGGATTACACACGAAACGCTTCAAAGCAACAACAAC
AACAACAAAACCCAACCAAAGAAAACCAAAACAACTCCCCACAGAAAGAAACAAGTAAATGGAGAGAAACACTGCAGTTGGTAGGGAGGTCCACCTCCC
ATAATCCTAGCATTCAAAGGGGAAGAGAGGCAGGCACAGAGGCTGAGGCAGAAAGGAGGCCTGCTAAGGCAGCCGAAGCTACAGGGTGAGTTTCAGGA
ACCCGGCTGGGGTGAGGAGGGGGTAGGGGTGGGCGGGCGGGACACTAGGACAAGGAAAGCAAGCGAGCAAAAAAACAAMAACAAACAAACAAACAA
AAAAAAACCAAAACCAAAACCCCCCAGCACGTTAACTCGAAGGAGCACAGTAAATATTTATTAAGTTGAATTAAAAGTGTCAGAAACAGGGCACGCCTTCC
CCGGCTCTAAGAATAAGGCAGTTGAAGAGATTGGGGGTATGGAGTGAAAGTTGTCGTCTTGTATGGGTTTGTGGTGGGAGGGGTGGGAGGGCAGCGAG
ACTGCTCTTCAGACACAGTTGGGGCTCATAATTGCCCTAGGAGAGGATCGCACCTGGGAGCCGGGCTGCTGGGAGCCACTTGCCTGCCACCCCGTTGG
GACACTTATCTTCCACGCAGGTGTTCTTAATTGTTTTGGTCTTCGATTCTATCGCTAAACTCAAAGTCTCAGCACTCGGGGGAAGGGGTGGAGGTGGAGG
GTGTTGCATGAGTGACACTTCTCAGAGCTATGTAAGAAAGCACCCGGAGTGGAAAAGATGACCAAACTTTACAAAGGACTAGGGGGTCTTGGAAAAGCA
AACTTTGATGAAGGGCAGTGTGTTGTGGGACTTTATTCTTCTGCCCGTGAGAAAATTTTCTCCCTGGTTTCCTTTTCCGCAAGTCCTTAAACTTTCTACAA
GGGACTGTGCTCTGATCTCCGCCTCCTTCTTCACAACTCCATAGTATTTTITTITTITTICTITTITCTTTTTCCTTTTTTTACGCATCGCTGCTACTACAGTAGGCG
CCTGCCTTCTTGGTATTTGCCTTCCGATCTTGGGTGCCTTGATTGTAAACAAAACACTTTAGATCCGTAGTGAGGTCGGCTAAGCTCAGCCTTTCTGCTGG
CAGCCAGACTTCTTAAGGTGGAGCGGCCAGGACTGCTATACATGTGGGAT TAACAGATCAACAAAATGGTGCTCCTGCACAAGGCTGAGAGACTCCGGC
GGTGCAGGGACAGAAGTGTTAACTTTCTGCTTTCATACAGACATTATCGTGATGAATAAAAAAAACCTTCTGAAGTGGATTGTAATTTCTCTATTTTTACATA
AGAGCTATAGTTCACACAGAAAGAGGCAGAGGAGCTCCTTGCTGCCTAGTGATTGTCTTTTAGTTTAATATTTGAGACACGGTCTTACATAGCTCAGGATG
GCTGTGAACTCTCTGTGTAGTTGAGAAGGACTTTGAATTCCTTTACCTCTACAGTGATGACATCTCTAGCAATTTAAAATGTTTATGGTGCTGGTGTCAAGG
CTGGGCATATACCGGAGACATAAGGCTCACCCCATTTTACTGTGTTTTCTTCCCAAGTTCAGTAAACTAAGTAGGTATGTTAGATATGGGGGGAGGGGCAA
CAGCTGGGAGACTGGTGAGTGGGTTCAATGGGTCAGACACCTGCCATACAAGTCGGACAACCTGAGTTCAGCCTGCAGGACCCATGTAAGGTGTGTGT
GGGGGACCTGATTCAACGTAGTCTCCTGACCTGAGCACACATGCATGCCATGACGAGTTTGTCCACATATGTGCATGTCATGCACAACATTGCAATAATAT
TTTTTCAATTATAGCGTGTGTATATATGTATGTAGGTAGGTAGGTCAGAGGTCATAGTACACCTACCAAGAGGAGTCAACTCGCTCTCTATCATATGGATTCC
GAAAACTGACCTCAGCATGTCAGGCATTTTGGCAGGCACCTTTACCTGCTGAGCCATCTCTTAGCCCAAATCTACAAAAACCAAGACAACCTGAACACAG
TGGGGTGGACCCATAGTCCCAGTGACTGAATTTTGTTTTCAGATACAGAATCTCCTGTAACACAGTCTGGCCACCAACTCAGCTATGCAGTCAAGAATGAC
AAATTCCTGATCCTCTTGTCTTGCTGAGCATCCTAGCTACTGAAGCTGAGGCAGAGCCCAGGAGTTCAAGGCCAGCCTGACCAACACAGTGCAAAACCA
CAGCAAACAMAGCACCCCAGAAGAGGCAACTCCCCACCTTGGTCCCAACTGAACAGTGCAGAAGGCCTGGATTTGAAGTCCACGCCTGGATGCTGCCT
TCTTTCCTACTCAATGAGCCCCACCCATCTTTTTGGAATCTGTATTTCAGCTGAACTAGTAGATAGTGATACCAAAGGCTTGTGACAGCTGCACTTGATGAT
CAAGGAGACATCTGTGGGCATCCAAGGCCTGGAAAGAGACCTTTTGGATCCTTGTAAGAGAGTAGAGTCTGCAGACTGCAACCCATCCAAATCCAGACA
AAATCAGGAACACTGAGACCACCAGAAGAAAACAGACAAAACCCAAACCAGCCGAGAATGAGGAGACTCTGCCACCAACTGAATAGAAGTCCCCAGACA
GGAAACCTGAGTATCAATTTCCTCATTGGTAAAAAGAGGCTAAACCTATCTAAGAACTTTCTGGACTGTTACATTTTGAATGCAGGAGGCAAGGCACACAC
ACACACACACACACACACACACACACACACACACACACGTGCACGTGCGCGCGCGCGCGCGCACACACACACACACACACACACACACACATCCTGG
CAAAGATGTGGCTAAGAAAACAAGTCAATATTCAGTCTCACCTACACCAGAGGAAGATAGGAAAACCATGCTTCTTTGGGACACTAAACCAGAAATTTAATT
TCCTGTAACATGTTTTGTGTTTAGCGCAAACCAAGACTGTTTGGGAATACTAGTGGGCAAAGCCCTTAAAATCTCACTGAACTCTGAGATACGACAGGCCT
GGCTATTCTGTTTTAACTTCTGTCACTGTGCTCAGCAGTGATAGAGAAATGTGAAGTTGCCCAAGGAGCTGAAAAAAACCCACCCAACATTACTAGATGTT
GGTAATACCGTGGTGGTGGTATTATAAATCACTTGCAAATCTAGTCTTAGATCCTTAGGAAAGTGTTTTCGCCCTTTAACAACCTGCAGCTCTCTAAAAGTAT
TTGCTTGTATTTGAATATTGTACTGAGTAGGTTGGAAGCAACAGGCTGGTGGGAGAAAAAAGAGAAGGAAGGCACTGTTGTAGTTGGCGTCTGGACTCAG
GTGGAGGGAACGGCTTCGCCCGGGAAAGAACATAAGGGTATAAAGGCGAGTTCCCACACGCTATAGCAATGGCTTTCACTGTGCTTAGGAACCAAGAAA
ATCAGAACTGGCTTTTTCTGATTTCTGTCTGGGACGGCTCTAAAGAGAGGCTTGGGAGAGCACTGGGGGTTTTCAATCTCGAGATCCTACGGTGGAAGC
GCTTGGATTCAGAAACACCCTGATAAGAGCGGTCAGTCCTGGCTTCTTTTTGAAACCACCTCCTGGCCTGTCCTACATAGCAGAGACTTCTGGGGTCAG
GCTAAGCGGCCGATTCCGCACCCCAGCTAAGGCACCCTGCCGGGTGGGGGTGGGTGGGCTGCCCCAGGCCCTGAGCCAAGGTTTCCTGAATCTCTCG
CATACCCTCCTCCATTCCCACCTCGGCGAATGCAGGTGGGCTGAACTAGCCACCGAAGCTCCTAATAAGCCGCCAGCGACCTAGGAGCCCACTGGTCC
AGGCCCTAGGTTTCGCGGGCAAAGACCTGGAGGTCGCAGTCGGGAGCGGTGACGCGCCTGCCAGCGCAGCTCTGCAGCGCCGGGACCTAGATCCCC
GGGTCCCTGCCTGGCCGCCGCGCTGGCCCCTCCCCAGCTCTCCGGCCGTTTGGCTAGTTTGTTTGTCTTATTTTTAATTTCTCCGGGGCCAGCCAGAGC
AGGTTTGTTGGCAGTCGTACACCTCCGAGTAGTCACGCGACCAGCCAATGTCCTGGCGGCGCTACGGGGAGGCGGCGLGCTCGGGAGCGCGGAGAG
GCGGCGGCGCCGCGCCCGGGGCCACCTTAAGAGCGCGCTCGCCAGCCTGGGCGGAGCGGCTCCCGGCGCCGAGACCAATGGAGCTCCTCCTCTGT
TTAAATAGACTTGC

B
Cdkn1b Pr ter cl d seq (=1.4 kb to exon1)

GCAAAGATGTGGCTAAGAAAACAAGTCAATATTCAGTCTCACCTACACCAGAGGAAGATAGGAAAACCATGCTTCTTTGGGACACTAAACCAGAAATTTAA
TTTCCTGTAACATGTTTTGTGTTTAGCGCAAACCAAGACTGTTTGGGAATACTAGTGGGCAAAGCCCTTAAAATCTCACTGAACTCTGAGATACGACAGGC
CTGGCTATTCTGTTTTAACTTCTGTCACTGTGCTCAGCAGTGATAGAGAAATGTGAAGTTGCCCAAGGAGCTGAAAAAAACCCACCCAACATTACTAGATG
TTGGTAATACCGTGGTGGTGGTAT TATAAATCACTTGCAAATCTAGTCTTAGATCCTTAGGAAAGTGTTTTCGCCCTTTAACAACCTGCAGCTCTCTAAAAGT
ATTTGCTTGTATTTGAATATTGTACTGAGTAGGTTGGAAGCAACAGGCTGGTGGGAGAAAAAAGAGAAGGAAGGCACTGTTGTAGTTGGCGTCTGGACTC
AGGTGGAGGGAACGGCTTCGCCCGGGAAAGAACATAAGGGTATAAAGGCGAGTTCCCACACGCTATAGCAATGGCTTTCACTGTGCTTAGGAACCAAGA
AAATCAGAACTGGCTTTTTCTGATTTCTGTCTGGGACGGCTCTAAAGAGAGGCTTGGGAGAGCACTGGGGGTTTTCAATCTCGAGATCCTACGGTGGAA

GCGCTTGGATTCAGAAACACCCTGATAAGAGCGGTCAGTCCTGGCTTCTTTTTGAAACCACCTCCTGGCCTGTCCTACATAGCAGAGACTTCTGGGGTC

AGGCTAAGCGGCCGATTCCGCACCCCAGCTAAGGCACCCTGCCGGGTGGGGGTGGGTGGGCTGCCCCAGGCCCTGAGCCAAGGTTTCCTGAATCTCT
CGCATACCCTCCTCCATTCCCACCTCGGCGAATGCAGGTGGGCTGAACTAGCCACCGAAGCTCCTAATAAGCCGCCAGCGACCTAGGAGCCCACTGGT

CCAGGCCCTAGGTTTCGCGGGCAAAGACCTGGAGGTCGCAGTCGGGAGCGGTGACGCGCCTGCCAGCGCAGCTCTGCAGCGCCGGGACCTAGATCC
CCGGGTCCCTGCCTGGCCGCCGCGCTGGCCCCTCCCCAGCTCTCCGGCCGTTTGGCTAGTTTGTTTGTCTTATTTTTAATTTCTCCGGGGCCAGCCAGA
GCAGGTTTGTTGGCAGTCGTACACCTCCGAGTAGTCACGCGACCAGCCAATGTCCTGGCGGCGCTACGGGGAGGCGGLCGCGCTCGGGAGCGCGGAG
AGGCGGCGGCGCCGCGCCCGGGGCCACCTTAAGAGCGCGCTCGCCAGCCTGGGCGGAGCGGCTCCCGGCGCCGAGACCAATGGAGCTCCTCCTCT
GTTTAAATAGACTTGC

A-B, Cyclin dependent kinase inhibitor 1B (Cdknlb) promoter from —5 kb to exonl has 6 Foxpl binding sites
(A), and the promoter region of —1.4 kb before exonl was cloned to pGL3 luciferase reporter vector (B). The
Foxpl binding sites are indicated by red font.



Figure S5. EC-Foxpl gain-of-function decreases MMP9/Cdknlb expression and MMP9/Cdknlb protein
reverses the EC-Foxpl-mediated decrease of neointima formation and increase of endothelial cell

proliferation.
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A, EC-Foxpl gain-of-function mice (FOxp15¢™) exhibit a significant decrease of matrix metalloproteinase-9
(MMP9) and cyclin dependent kinase inhibitor 1B (Cdknlb) expression in vascular endothelial cells (ECs)
compared with wild-type mice by RT-qPCR (n=5). B, MMP9 recombinant protein reverses the decreased
neointimal formation at 28 d after femoral artery wire injury caused by EC-Foxpl gain-of-function, with
representative images (left) and quantification of neointima area, intima-to-media ratio, % stenosis and media
area (right) (n=6 for each group). C, MMP9 recombinant protein reverses EC-Foxpl gain-of-function mediated
increase of Ki67-positive cells in neointima at 28 d after femoral artery wire injury, with representative images
(left) and quantification data (right) (n=6 for each group). D-F, Cdknlb overexpression reverses the Foxpl
gain-of-function mediated increase of EC proliferation, shown by Ki67 staining (D), cell counting (E) and 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (F) (n=5). Statistical values of cell
counting and MMT are shown in online dataset. Data are means + S.E.M. **P<0.01 and n.s not significant. Scale
bars: A, B 100 pm.



Figure S6. EC-Foxp1 gain-of-function increases cell migration.

A

HUVECs

Foxp1 OE

Foxp1OE

Empty vector

o Empty vector

— 150, Foxp1 OE
£ s
100
éx 50
&
2 9
oh 24h
B
HUVECs  Empty vector Foxp1 OE
250
w
= 200
k]
2 c 150
$3 100
€5 o
€
0

A-B, Foxpl overexpression in human umbilical vein endothelial cells (HUVECs) increases cell migration,
shown by wound healing (A) and transwell assay (B), with representative images (left) and quantification data
(right) (n=3). Data are means + S.E.M. *P<0.05 **P<0.01 and n.s not significant. Scale bars: B, C 100 pm.
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