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Aims The nuclear factor-kB (NF-xB) signalling pathway plays a critical role in the pathogenesis of multiple vascular diseases. However, in
endothelial cells (ECs), the molecular mechanisms responsible for the negative regulation of the NF-kB pathway are poorly under-
stood. In this study, we investigated a novel role for protein tyrosine phosphatase type IVA1 (PTP4A1) in NF-xB signalling in ECs.

Methods In human tissues, human umbilical artery ECs, and mouse models for loss of function and gain of function of PTP4A1, we conducted
and results histological analysis, immunostaining, laser-captured microdissection assay, lentiviral infection, small interfering RNA transfection,
quantitative real-time PCR and reverse transcription-PCR, as well as luciferase reporter gene and chromatin immunoprecipitation
assays. Short hairpin RNA-mediated knockdown of PTP4A1 and overexpression of PTP4A1 in ECs indicated that PTP4A1 is critical
for inhibiting the expression of cell adhesion molecules (CAMs). PTP4A1 increased the transcriptional activity of upstream stimu-
latory factor 1 (USF1) by dephosphorylating its S309 residue and subsequently inducing the transcription of tumour necrosis fac-
tor-alpha-induced protein 3 (TNFAIP3/A20) and the inhibition of NF-kB activity. Studies on Ptp4a1 knockout or transgenic mice
demonstrated that PTP4A1 potently regulates the interleukin 1B-induced expression of CAMs in vivo. In addition, we verified
that PTP4A1 deficiency in apolipoprotein E knockout mice exacerbated high-fat high-cholesterol diet-induced atherogenesis
with upregulated expression of CAMs.

Conclusion Our data indicate that PTP4A1 is a novel negative regulator of vascular inflammation by inducing USF1/A20 axis-mediated NF-xB
inactivation. Therefore, the expression and/or activation of PTP4A1 in ECs might be useful for the treatment of vascular inflam-
matory diseases.
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1. Introduction

Vascular inflammation plays a central role in the pathophysiology of a
number of diseases, including atherosclerosis and septic shock.'
Complementary adhesion molecules on the surface of endothelial cells
(ECs) and leucocytes are regulated by inflammatory conditions and govern
cell—cell adhesion.? ECs are activated by pro-inflammatory molecules and
express cell adhesion molecules (CAMs), including selectins and members
of the immunoglobulin superfamily (IgSF), initiating leucocyte recruitment
to sites of inflammation.? IgSF CAMs, such as vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1),
have been implicated in vascular inflammation.*®

Nuclear factor-kB (NF-kB) is a major transcription factor that induces
pro-inflhammatory gene expression that plays a pivotal role in the pathophysi-
ology of vascular inflammation.” The NF-kB signalling cascade is prominently
regulated by the IkB kinase (IKK) complex and tumour necrosis
factor-alpha-induced protein 3 (TNFAIP3, also known as A20) via posttran-
slational modifications.®® Destroying the IKK complex or overexpressing
A20 attenuates atherosclerosis progression in hyperlipidemic mouse
models."®" A20 is a primary response gene to inflammatory stimuli in
human umbilical vein ECs and plays a negative role in NF-kB-mediated in-
flammation."*™"* Genome-wide association studies have demonstrated
that single nucleotide polymorphisms (SNPs) at the A20 gene locus are
risk factors for various inflammatory diseases.”>™'® The A20 expression in
ECs was shown to be protective for tumour necrosis factor-a
(TNF-0)-mediated apoptosis and transplant arteriosclerosis and exhibited
anti-atherogenic effects in both mice and humans.'">2°

Protein phosphatase ® Endothelial cells ® Cell adhesion molecules ® Vascular inflammation ® Atherosclerosis

The promoter of the human A20 gene contains binding sites for NF-xB
and upstream stimulatory factor 1 (USF1), and a transcriptional repressor,
downstream regulatory element antagonist modulator.?"** USF1 contains
a basic helix—loop—helix leucine zipper (bZIP) domain and interacts with
E-box consensus sites (CANNTG) on the promoters of genes involved
in stress and immune responses through recruitment of chromatin remod-
elling enzymes and co-activators.”*** Previous studies have demonstrated
that USF1 is phosphorylated at several residues and is activated by various
kinases.”® However, it is unknown whether phosphatase is involved in the
regulation of the transcriptional activity of USF1 by dephosphorylation, es-
pecially in terms of its effects on A20.

The protein tyrosine phosphatase (PTP) 4A (PTP4A, also known as
PRL) family are dual-specificity PTPs consisting of three members, namely,
PTP4A1, PTP4A2, and PTP4A3. PTP4As possess a PTP active site (CXsR),
a polybasic region and a consensus C-terminal CAAX sequence for preny-
lation.?>~% Ptp4a1 is an immediate-early gene contributing to liver regen-
eration and cell growth and differentiation that regulates the bZIP
transcription factor ATF-5 (also known as ATF-7).272% PTP4A1 plays a
positive role in cell signalling, unlike other protein phosphatases that antag-
onize protein kinases.>>* A recent study revealed the protective associ-
ation of the local ancestry region harboring PTP4A1 gene with fatal
coronary heart disease (CHD) among African Americans from the
Atherosclerosis Risk in Communities Study using a genome-wide admix-
ture mapping.30 In a study evaluating mouse strain-specific differentially
regulated genes, Ptp4a1 has been identified as a gene with potential athero-
protective function by comparison with genes expression in apolipopro-
tein E-deficient (ApoE™~) mice fed a normal or high-fat diet. Although
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PTP4A1 has been suggested as a potential athero-protective gene in hu-
mans and mice; however, it remains unknown whether PTP4A1 directly
participates in atherosclerosis.

Here, we identified PTP4A1 as a novel negative regulator of
NF-kB-mediated vascular inflammation through activation of the USF1/
A20 axis. Using in vitro and in vivo genetic approaches, we demonstrated
that PTP4A1 attenuates the expression of CAMs in ECs by increasing
the USF1 transcriptional activity on the A20 promoter and verified that
PTP4A1 deficiency in ApoE ™~ mice exacerbates the development of ath-
erosclerosis. Therefore, controlling the expression or activity of PTP4A1
in ECs is a promising strategy for mitigating the progression of vascular in-
flammatory diseases.

2. Methods

2.1 Human tissue studies

This study was conformed to the principles outlined in the Declaration of
Helsinki and was approved by the Institutional Review Board of Severance
Hospital, Seoul, Korea (IRB No.4-2013-0688). All patients provided writ-
ten informed consent. Marking information was eliminated from all sam-
ples before analysis for the protection of privacy. Aortic tissue samples
were obtained from patients with a thoracic aortic aneurysm during the
surgery of aortic graft replacement. Isolated aortic tissue samples were
classified with normal or atheroma according to the absence or presence
of atherosclerotic plaques by the pathologist, respectively.

2.2 Experimental animals

All researches were following the Guidelines on the Care Use of
Laboratory Animals (National Institutes of Health Publication no. 85-23,
revised 1996), and animal study protocols were approved by the
Institutional Animal Care and Use Committee of the Korea
Research Institute of Bioscience and Biotechnology (KRIBB-AEC-18203).
Ptp4a1™'~ mice were generated using the CRISPR/Cas9 system. The
ApoE™~ mice on a C57BL/6 background were obtained from The
Jackson Laboratory (Bar Harbor, Maine, USA). To generate double knock-
out ApoE ™", Ptp4a1™~ mice, Ptp4al™" mice were crossed with ApoE™"~
mice. To generate Ptp4a? transgenic (Tg) mice, Tie2 promoter/enhancer
was used in a C57BL/6 background produced by Macrogen (Daejeon,
Korea). All mice were genotyped by PCR. Primers were shown in
Supplementary material online, Table S1. All experiments were performed
with generations F4—F6 using littermate. Six-week-old male mice were fed
either a normal chow (NC) diet contained 13.2% fat, 24.6% protein, or
high-fat high cholesterol (HFHC) diet contained 1.5% cholesterol, and
0.5% cholic acid (atherogenic cholate-containing diet; all w/w; D12336;
Research Diets Inc., New Brunswick, NJ, USA). For some experiments,
C57BL/6 background male mice at 8 weeks of age were intraperitoneally
injected with phosphate-buffered saline (PBS), mouse interleukin-1f
(IL-1B) (2 png/20 g 401ML; R&D systems, MN, US.A) for 8 h. After the
study, all animals were anaesthetized by isoflurane inhalation (3%) plus
1 L/min O, and euthanized by exsanguination.

2.3 Histological analysis

After hemodynamic measurements, mice were euthanized and hearts, aor-
tas, and pulmonary vasculature were perfused with PBS through the left
ventricle. Serum cholesterol levels were measured using an automatic
blood chemical analyser (Hitachi, Tokyo, Japan). For morphological ana-
lysis, hearts were fixed with 10% (v/v) phosphate-buffered formalin over-
night and embedded in OCT (3801480; Leica, Wetzlar, Germany) and
frozen on dry ice. To analyse aortic sinus plaque lesions, cross-sections
(10 pm) were prepared using Cryostat (CM 1860; Leica, Wetzlar,
Germany). Each section was histochemically stained with Oil-Red-O
(O0625; Sigma-Aldrich, St Louis, USA) and hematoxylin and eosin
(H&E). After staining, photographs were captured under a light micro-
scope (BX53F2; Olympus Corp, Tokyo, Japan). The whole aortas were dis-
sected from the proximal ascending aorta to the bifurcation of the iliac

artery, and adventitial fat was removed. For en face analysis, aortas were
split longitudinally, pinned onto flat, black silicone plates, and fixed in
10% (v/v) phosphate-buffered formalin overnight. Fixed aortas were
stained with Oil-Red-O for 4 h. After washing with PBS briefly, digitally
photographed at a fixed magnification. Total aortic areas and lesion areas
were calculated by AxioVision (Carl Zeiss, Jena, Germany).

2.4 Immunostaining

For en face confocal microscope imaging, isolated thoracic aortas fixed in
10% (v/v) phosphate-buffered formalin for overnight. After permeabil-
ization with 0.25% (v/v) Triton-X-100 in PBS, thoracic aortas were washed,
blocked for 1.5h in 10% (v/v) chicken serum, and incubated with
anti-VCAM-1, ICAM-1 (R&D Systems), and anti-PTP4A1 (Everest) Ab in
10% (v/v) chicken serum (1:100 dilution) for overnight at 4°C. After add-
itional washing, aortas were incubated with Alexa Fluor-594 anti-goat
IgG (Invitrogen) in PBS (1:100 dilution) for 2 h at room temperature,
and with DAPI (Sigma-Aldrich) in PBS for 20 min. For the en face confocal
microscopic ICAM-1 and VCAM-1 images with an endothelial marker, the
piece of aortas was stained with Mouse VE-cadherin/CD144 Antibody
(AF1002, R&D Systems) in 10% (v/v) chicken serum overnight at 4°C.
After washing, the aortas were incubated with Alexa Fluor-488 anti-goat
IgG (Invitrogen) in PBS for 2 h at room temperature. After washing, the
aortas were incubated with Mouse ICAM-1/CD54 Biotinylated Antibody
(BAF796, R&D Systems), Mouse VCAM-1/CD106 Biotinylated Antibody
(BAF643, R&D Systems) or Normal Goat IgG Biotinylated Control
(BAF108, R&D Systems) preincubated with Streptavidin, Alexa Fluor-594
conjugate (ab272189, Abcam), respectively. Fluorescence was imaged
using a confocal microscope (ZEISS LSM 800; Leica, Wetzlar, Germany).
For aortic sinus staining, sections were incubated with primary antibody
overnight at 4°C. The primary antibodies used were goat anti-VCAM-1,
ICAM-1 Ab (R&D Systems), and rat anti-MOMA-2 (BIO-RAD). As a nega-
tive control, tissues were stained with rat and goat mouse IgG isotype con-
trol antibodies (Vector Laboratories). Nuclei were stained with DAPI.
Slides were viewed with a microscope (BX53F2; Olympus Corp, Tokyo,
Japan). Stained analysed quantification for relative fluorescence intensity
(RFI) using ZEN blues. Primary antibodies were shown in Supplementary
material online, Table S2.

2.5 Cell culture

Human umbilical artery endothelial cells (HUAECs) (C-12202; Promo Cell,
Heidelberg, Germany) were grown in M199 medium (SH30253.01;
HyClone, Logan, UT) supplemented with 20% fetal bovine serum (FBS)
(SH30084.03; HyClone, Awustralian), 1%  antibiotic-antimycotic
(15240-062; Gibco, Billings, MT), 3 ng/mL bFGF (01-106; Millipore,
Billerica, MA), and 5 units/mL heparin (H3149; Sigma, St. Louis, USA).
HUAECs were starved with culture media containing 1% FBS for 6 h be-
fore stimulation with human IL-1B (10 ng/mL; 201-LB; R&D systems) or
human TNF-a (10 ng/mL; 210-TA; R&D systems). In some experiments,
cells were starved with culture media containing 1% FBS for 6 h before pre-
treated with dimethyl sulfoxide (DMSO) or 10 uM pyrrolidine dithiocarba-
mate (PDTC), NF-kB inhibitor antioxidant (ab141406; Abcam, Cambridge,
UK). DMSO or PDTC was incubated for 30 min before adding IL-18
(10 ng/mL, 3 h). Two hundred and ninety-three T cells (CRL-3216;
ATCC, VA, USA) were maintained in DMEM (SH30243.01; HyClone,
Logan, UT) and 10% FBS containing 1% antibiotic-antimycotic. Two hun-
dred and ninety-three T cells were stimulated with IL-13 (10 ng/mL) after
starvation with serum-free media for 6 h. Cells were cultured at 37°C un-
der 5% CO, and 95% relative humidity.

2.6 Immunoblot analysis and enzyme-linked

immunosorbent assay

Cells were washed with PBS and lysed with RIPA buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate, 1%
Triton-X-100) or NP-40 buffer (50 mM Tris-HCI, 150 mM NaCl, 1%
NP-40, pH 7.4) containing protease and phosphatase inhibitor cocktail
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(GenDEPOT, Huston, TX, USA). Cell lysates were fractionated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and then pro-
tein was electrotransferred onto an Immobilon-P Membrane, PVDF.
Blocked membranes were then incubated with the indicated primary anti-
bodies (1:1000 dilution) for 2 h at room temperature. The membranes were
subjected to the horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:5000 dilution; Invitrogen, Carlsbad, CA, USA) reaction
for 1 h at room temperature. The HRP was visualized using a chemilu-
minescent substrate. Primary antibodies were shown in Supplementary
material online, Table S2. For sandwich enzyme-linked immunosorbent
assay, Duoset Ab pairs detecting mouse monocyte chemoattractant
protein-1 (MCP-1; DY479) and mouse TNF-a (DY410) were purchased
from R&D Systems.

2.7 Quantitative real-time PCR (qRT-PCR)
and reverse transcription-PCR (RT-PCR)

The tissues or cultured cells were homogenized in TRIzol reagent
(15596018; Life Technologies, MD, USA) and ¢cDNA was synthesized
with the M-MLV Reverse Transcriptase kit (N1705, C1101, N2515,
U1518; Promega, Madison, USA). qRT-PCR was performed using
quantiMix SYBR kit (QS105; PKT Co., Seoul, Korea). The absolute number
of gene copies was normalized using human GAPDH and mouse 18s stan-
dardized using a sample standard curve. RT-PCR was performed using 2X
GoTaq Master Mix (M7123; Promega, Madison, USA) and primers. The le-
vel of human GAPDH and mouse 18s served as a normalization. Primers
were shown in Supplementary material online, Table S3.

2.8 Cell adhesion assay

PTP4A1 alteration cell lines were assessed through a gelatin-coated six-
well plate. HUAECs were seeded at 5 X 10° in culture media and cultured
for about 48 h. When the monolayer of HUAECs confluency formed,
monocyte THP-1 cells stained with Cell-Tracker Green CMFDA
(Invitrogen, Carlsbad, CA, USA) were seeded on the HUVEC: at the final
density of 1x 10° cells in culture media. The cells were incubated at 37°C
for 24 h. Non-adhesive cells were washed three times in PBS. Attached
THP-1 cells to HUAECs were visualized by fluorescence microscopy using
an Olympus IX81-ZDC inverted fluorescence microscope, and the green
fluorescence cells were measured and counted.

2.9 Luciferase reporter gene assay

Two hundred and ninety-three T cells or HUAECs were seeded in six-well
plates (1.5-3 x 10° cells/well) using DMEM and 10% FBS or 20% FBS with
supplements. The next day, the media changed by 1% FBS each media. To
determine the effect of treatment PBS or pro-inflammatory cytokines, cells
were transfected with 2 ug pGL3_ICAM-1 or pGL3_VCAM-1 or pGL4_A20
(—1080 to +520, —520 to +289, E-box mutant; wild-type A20 E-box se-
quence: GTC ACG TGA CTT T, mutant A20 E-box sequence: GTG
TGA CGA GGA C) respectively, and 0.2 ug pRL-TK (Renilla TK) using
5 pL of the transfection reagent Lipofectamine 2000. After incubation
for 16 h, cytokine was treated for indicated times, and cells were treated
with 1% lysis buffer (100 pL/well) supplied in the Dual-Luciferase
Reporter Assay kit (E1960; Promega). Each sample was moved into
96-well plates in a 30 pL solution. Firefly and Renilla luciferase activities
were measured separately on a fluorescence spectrophotometer
(GloMax 96; Promega) in triplicate according to the manufacturer’s in-
structions. The relative transcriptional activity was normalized by the cor-
responding control sample.

2.10 Chromatin immunoprecipitation (ChlP)

assay

All cells (1-0.3x 107) were processed using the EZ-Chip Kit (17-371;
Millipore, Darmstadt, Germany) according to the manufacturer’s instruc-
tions. Briefly, genomic DNA was crosslinked with 1% formaldehyde and
fragmented into 500+ 100 bp fragments by sonicating for 10s with

5 um/wave 10 times. Soluble chromatin was incubated overnight with
each antibody (human RNA polymerase 2 antibody, mouse IgG antibody,
p-p65 antibody, HA antibody, Flag antibody). Finally, immunoprecipitated
DNA fragments were amplified and quantified by RT-PCR and qRT-PCR
using the following PCR primers specific to the A20 gene promoter
(USF1 binding activity on E-box of A20) and ICAM-1 or VCAM-1 gene pro-
moter. Primers were shown in Supplementary material online, Table S3.

2.11 Statistics

All data are expressed as the mean + standard error of the mean (S.E.M.).
Statistical tests included the two-tailed Student’s t-test, two-way ana-
lysis of variance (ANOVA), and the Mann—Whitney U statistical test
were used where appropriate. Statistical tests are described in the
figure legends for each experiment. P values less than 0.05 denoted
statistical significance.

3. Results

3.1 PTP4A1 regulates the expression of
ICAM-1 and VCAM-1 in response to

pro-inflammatory cytokines in ECs

To explore whether the PTP4A family is associated with vascular inflam-
matory disease, we examined the mRNA levels of the Ptp4a1-3 genes in
mice aorta with or without atheroma. The mRNA level of Ptp4al, but
not Ptp4a2 and Ptp4a3, was decreased by 50% in the aorta of ApoE~"~
mice fed an HFHC diet compared with those fed an NC diet (Figure 1A).
In addition, we identified that PTP4A1 expression was downregulated by
50% in human aortas with atheroma compared with those of normal con-
trols (Figure 1B). To avoid the effects of immune cell recruitment in the ath-
erosclerotic plaques when evaluating the Ptp4al expression levels, we
conducted en face immunostaining to assess the PTP4A1 expression levels
in the aortic endothelium. The PTP4A1 expression in ECs was downregu-
lated in the artery wall in C57BL/6 mice fed an HFHC diet compared with
mice fed an NC diet (Figure 1C).

Next, we established stable HUAECs with knockdown of PTP4A1 by
PTP4A1-specific short hairpin RNA (shRNA) to investigate the role of
PTP4A1 in vascular inflammation (Figure 1D). After IL-1B or TNF-o treat-
ment, the expression levels of ICAM-1 and VCAM-1 were significantly en-
hanced in PTP4A1-downregulated HUAECs compared with control
HUAEC:s (Figure 1E-H). With the increase in the ICAM-1 and VCAM-1 ex-
pression levels, the number of adherent monocytes dramatically increased
on stimulated HUAECs with PTP4A1 knockdown compared with control
cells; this effect was blocked by the neutralization of ICAM-1 and
VCAM-1 (Figure 1I-L). To further determine the protective role of
PTP4A1 in vascular inflammation, we generated HUAEC:s stably overex-
pressing PTP4A1 and confirmed an increase in the mRNA and protein le-
vels of PTP4A1 (see Supplementary material online, Figure STA). In
contrast to PTP4A1 knockdown in HUAECs, the PTP4A1 overexpression
significantly decreased the ICAM-1 and VCAM-1 expression levels via
treatment of HUAECs with IL-1B or TNF-a for 3 or 6h (see
Supplementary material online, Figure S1B—E) and reduced monocyte ad-
hesion on HUAECs treated with IL-18 or TNF-a (see Supplementary
material online, Figure S1F and G). These results indicate that PTP4A1
negatively regulates the expression of ICAM-1 and VCAM-1 in response
to pro-inflammatory cytokines in ECs.

3.2 Deficiency of PTP4A1 exacerbates the
expression of ICAM-1 and VCAM-1 in the

vasculature of mice via II-1p administration

To determine the pathophysiological role of PTP4A1 in vascular inflamma-
tion, we generated Ptp4a1™~ mice using CRISPR/Cas9 and verified the de-
letion of the Ptp4al gene via sequencing and PCR of genomic DNA (see
Supplementary material online, Figure S2A). As PTP4A1 is ubiquitously
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Figure 1 Downregulation of PTP4A1 increases the expression levels of ICAM-1 and VCAM-1 on endothelial cells. (A) The mRNA level of Ptp4a1—3 was
measured via qRT-PCR analysis in the aorta of 8-week-old ApoE~'~ mice fed an NC or HFHC diet for 2 weeks (n=6). (B) The mRNA levels of PTP4A1 were
assessed via gqRT-PCR in the human artery wall with or without atheroma (n = 3). (C) Representative en face immunostaining confocal images for the PTP4A1
protein (red) on the endothelium of the descending aorta from 8-week-old C57BL/6 mice (n =5 mice per group) fed an NC or HFHC diet for 2 weeks. The
nuclei were stained with DAPI. Scale bars, 50 um. RFl was compared between the groups (right panel). (D) Downregulation of PTP4A1 was evaluated via
gRT-PCR, RT-PCR, and immunoblot analysis (n = 9). PTP4A1 protein levels in lysates of shControl- or shPTP4A1-treated HUAECs were determined via west-
ern blot analysis after immunoprecipitation by PTP4A1 antibody. B-actin in whole-cell lysates served as a loading control. (E-H) shControl- and
shPTP4A1-treated HUAECs were stimulated with IL-1B (E and F) or TNF-a (G and H). The ICAM-1 and VCAM-1 expression levels in the cell lysates
were determined via immunoblot analysis. Bar diagrams represent normalized protein levels (n=>5). (I and J) Representative images (/) and a quantification
graph (/) of the monocyte adhesion assay in shControl- or shPTP4A1-treated HUAECs after treatment with PBS, IL-1, or TNF-a for 3 h (n=>5). Scale
bars, 25 um. (K and L) Representative images (K) and a quantification graph (L) of the monocyte adhesion assay with or without the neutralization of
ICAM-1 and VCAM-1 (n=9). Scale bars, 25 pm. All data are expressed as mean = S.E.M. #*P < 0.05 and **P < 0.01 (Mann—Whitney U test for A—C; two-tailed
Student’s t-test for D; two-way ANOVA for F, H, |, and L).

expressed in tissues and cells, including immune cells, we verified whether
PTP4A1 deficiency in mice has effects on hematopoietic and myeloid cells.
A complete blood count of 8-10-week-old Ptp4a1*"* and Ptp4a1™~ male
mice revealed the counts for white blood cells and the percentages of neu-
trophils, lymphocytes, and monocytes were comparable between Ptp4al o’

and Ptp4al™" mice (see Supplementary material online, Figure S2B).
The major indices for erythrocytes, including red blood cell count,
hemoglobin content and hematocrit, and platelet numbers, were not
changed by PTP4A1 deficiency in mice (see Supplementary material
online, Figure S2C).
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Next, we tested the role of PTP4A1 in IL-1B-stimulated vascular inflam-
mation and found that the ICAM-1 and VCAM-1 expression levels were
upregulated in both Ptp4a1*™* and Ptp4al™" mice 8 h after IP injection
of IL-1B. Notably, loss of PTP4A1 significantly enhanced the
IL-1B-induced expression of these CAMs in the endothelial layer of the
aorta, which were identified by en face confocal microscopic imaging
(Figure 2A and B, and see Supplementary material online, Figure S2D)
and by gRT-PCR (Figure 2C). Consistently, IL-1p stimulation induced the
ICAM-1 and VCAM-1 expression levels in the pulmonary microvessels in
both Ptp4a1™* and Ptp4al™" mice compared to PBS controls, and lack
of PTP4A1 further increased the levels of ICAM-1 and VCAM-1 in the
lungs of IL-1p injected mice (Figure 2D-F).

To assess the anti-inflammatory effect of PTP4A1 in vivo, we generated
Ptp4al Tg mice expressing PTP4A1 under the control of the Tie2 pro-
moter/enhancer and selected a transgenic line with a high PTP4A1 expres-
sion in the artery wall (see Supplementary material online, Figure S3A
and B). PTP4A1 upregulation in the artery wall significantly inhibited
ICAM-1 and VCAM-1 expression levels after IL-1B administration, as as-
sessed by en face immunostaining (see Supplementary material online,
Figure S3C and D). An IL-1pB challenge upregulated ICAM-1 and VCAM-1
mRNA and the protein in the lungs of C57BL/6 mice; however, their upre-
gulation was comparatively reduced in the lungs of Ptp4al Tg mice (see
Supplementary material online, Figure S3E and F). These results indicate
that PTP4A1 suppresses the expression levels of ICAM-1 and VCAM-1
in the vasculature of mice with acute inflammation.

3.3 PTP4A1 deficiency exacerbates the
development of atherosclerosis in ApoE™"~
mice

To investigate the role of PTP4A1 in the pathogenesis of atherosclerosis,
ApoE™~ Ptp4a1™" mice were produced and given an HFHC diet for 8
weeks. Compared with AboE™~ mice, AboE™'~ Ptp4a1™'~ mice had larger
atherosclerotic plaques on their aortic arches and demonstrated a 25% in-
crease in plaque area on the aorta after being fed an HFHC diet for 8 weeks
(Figure 3A and B). Consistently, the plague areas on the aortic sinuses were
higher in ApoE™~ Ptp4a1™~ mice than in control mice (81 vs. 111, x
10° um2) (Figure 3C). Immunohistochemical analysis revealed increased
ICAM-1 and VCAM-1 expression levels and an increased number of infil-
trated macrophages in the aortic sinuses of ApoE_/_Ptp4a1_/_ mice com-
pared with ApoE™~ mice after being fed an HFHC diet for 8 weeks
(Figure 3D and see Supplementary material online, Figure S4A). After laser
captured microdissection (LCM) of the plaque areas on the aortic sinuses
of ApoE™~ and ApoE™"~ Ptp4a1™~ mice fed an HFHC diet, we analysed the
mRNA levels of lcam-1, Vcam-1, and F4/80 and confirmed the increased ex-
pression of these genes in ApoE™~ Ptp4al™" mice (Figure 3E and F).
However, the levels of total cholesterol (T-chol), low-density
lipoprotein-cholesterol  (LDL-C), high-density  lipoprotein-cholesterol
(HDL-C), MCP-1, and TNF-a in plasma were similar between the groups be-
fore and after being fed an HFHC diet (Figure 3G and H). These results indicate
that PTP4A1 plays a partial negative role in atherosclerosis development in
mice via the regulation of ICAM-1 and VCAM-1 expression levels.

As PTP4A1 is expressed inimmune cells, we verified whether PTP4A1 de-
ficiency affects macrophage-derived foam cell formation. Isolated peritoneal
macrophages from Ptp4al™" and Ptp4al™'~ mice injected with 3% thiogly-
collate medium were incubated with or without Dil-oxLDL for 24 h. The up-
take of Dil-oxLDL on peritoneal macrophages was assessed by flow
cytometry and fluorescence microscopy analysis and showed no difference
between the two groups (see Supplementary material online, Figure S4B and
C). In addition, the transcriptional levels of the scavenger receptor and in-
flammatory genes including CD36, I-15, and Tnf-o. were not changed by
PTP4A1 deficiency in macrophages; however, treatment of oxLDL increased
the levels of MRNA encoding from CD36, II-1f, and Tnf-a compared to media
alone controls (see Supplementary material online, Figure S4D). Next, we
verified whether PTP4A1 deficiency affects the polarization of macrophages.
Bone marrow cells were collected from femurs and tibiae of Ptp4al™* and

Ptp401_/_ mice, and cultured with the differentiation and polarization me-
dium. Macrophages were characterized by the expression of inducible nitric
oxide synthase (iNOS) and IL-1f for the M1 population, while the M2 popu-
lation was characterized by the expression of arginase 1 (Argl) (see
Supplementary material online, Figure S4E and F). The levels of iNOS and
IL-1B in M1 population and the levels of Argl in M2 population were mark-
edly increased than others; however, deficiency of PTP4A1 did not affect the
polarization of macrophages.

3.4 PTP4A1 inhibits NF-kB activation

through its phosphatase activity in ECs

To examine the mechanism by which PTP4A1 negatively regulates CAM
expression in ECs under atherosclerotic conditions, the ICAM-1 and
VCAM-1 expression levels were measured using a luciferase reporter assay.
The ICAM-1 and VCAM-1 promoter activities in IL-1f-stimulated HUAECs
were significantly enhanced upon PTP4A1 knockdown but reduced upon
PTP4A1 overexpression (Figure 4A and see Supplementary material
online, Figure S5A). Since NF-kB is a major transcription factor for
ICAM-1 and VCAM-1 expression levels, we measured the activity of
p65, a key component of the NF-kB complex. p65 phosphorylation in
HUAECs was enhanced upon PTP4A1 knockdown under basal and
IL-1B-stimulated conditions, whereas it was decreased upon PTP4A1
overexpression (Figure 4B and C and see Supplementary material
online, Figure S5B and C). Consistently, the binding activity of p65 on
the promoters of the ICAM-1 and VCAM-1 genes was increased in
PTP4A1-knockdown HUAECs compared with the control (Figure 4D).
Inhibition of NF-xB signalling by PDTC reversed the increase in
ICAM-1 and VCAM-1 expression levels as well as p65 phosphorylation
in PTP4A1-knockdown HUAEC:s (Figure 4E). These results indicate that
PTP4A1 downregulates the expression levels of ICAM-1 and VCAM-1
by inhibiting the NF-kB signalling pathway under basal and inflammatory
conditions in ECs.

Phosphatase activity and the prenylation motif are required for PTP4A1
subcellular localization and biological activity.”” Thus, we constructed two
mutated forms of PTP4A1, a dominant-negative (DN)-PTP4A1 (D72A/
C104S, with defective phosphatase activity) and a truncated form of
PTP4A1 without the prenylation motif (ACAAX) (Figure 4F). Compared
with wild-type (WT) PTP4A1, overexpression of DN-PTP4A1 did
not inhibit IL-1B-mediated upregulation of CAMs and p6é5 phosphoryl-
ation (Figure 4G). Contrarily, the overexpression of ACAAX still ex-
erted inhibitory effects on IL-1B-mediated CAM expression and p65
phosphorylation (Figure 4H), suggesting that phosphatase activity but
not prenylation of PTP4A1 is essential for its anti-inflammatory function
in the endothelium.

3.5 Endothelial PTP4A1 suppresses NF-xkB

signalling through A20 upregulation

We next investigated how PTP4A1 regulates NF-kB activity. Based on the
NF-kB signalling cascade, we examined the activation of IKKo/f3 and ob-
served that PTP4A1 negatively regulates IKKo/B phosphorylation in
IL-1B-stimulated HUAECs (Figure 5A and see Supplementary material
online, Figure S6A). A20 has emerged as a negative feedback regulator of
NF-kB signalling by editing ubiquitin chains on upstream molecules of
IKK,"* and we confirmed that the A20 expression is inversely correlated
with the activation of IKKa/f and pé5 in IL-1B- and TNF-o-treated
HUAECs (see Supplementary material online, Figure S6B and C).
Moreover, the small interfering RNA (siRNA)-induced knockdown of
A20 in HUAECs activated the NF-«B signalling pathway, as determined
by the increased phosphorylation of IKKo/f and expression of CAMs un-
der both basal and IL-1B-stimulated conditions (see Supplementary
material online, Figure S6D), confirming that A20 is a critical negative regu-
lator of NF-«kB signalling. Notably, the A20 expression was significantly
downregulated upon PTP4A1 knockdown in HUAECs under basal and
IL-1B-stimulated conditions, whereas it was upregulated upon PTP4A1
overexpression (Figure 5B—E). Knockdown of A20 in PTP4A1-overexpressing
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Figure 2 PTP4A1 deficiency enhances IL-1B-mediated expression of ICAM-1 and VCAM-1 in the vasculature of mice. (A-F) Ptp4a1™* and Ptp4a1™"~ mice (8
weeks old) were intraperitoneally injected with PBS or IL-1B (2 ug/20 g for 8 h). (A and B) Representative en face immunostaining confocal images (left) and quan-
tification of the RFI (right) of ICAM-1 (A) and VCAM-1 (B) in the endothelium of the descending aorta from Ptp4a1** and Ptp4a1™~ male mice (n=5 mice per
group). CD144 was stained as an endothelial cells marker. Scale bars, 50 um. (C) gqRT-PCR analysis of ICAM-1 (left) and VCAM-1 (right) mRNA levels in the aortas of
Ptp4a1™* and Ptp4a1™"~ male mice (n = 6 mice per group). (D and E) Representative immunostaining (D) and quantification of RFI (E) of ICAM-1 and VCAM-1 on
the pulmonary vasculature (n = 5). Scale bars, 150 pm. (F) qRT-PCR analysis of ICAM-1 (left) and VCAM-1 (right) mRNA levels in the lungs of Ptp4a1*’* and Ptp4a1™
~ male mice (n=5 mice per group). All data are expressed as mean + S.EM. ¥P < 0.05 and **¥P < 0.01 (two-way ANOVA for A-C, E, and F).

HUAEC:S reversed the inhibitory effects of PTP4A1 on the expression
of CAMs and the phosphorylation of p65 (Figure 5F). As evaluated via
RT-PCR and luciferase reporter analyses, we determined that
PTP4A1-mediated A20 expression was regulated at the transcriptional
level in IL-1B-stimulated ECs (Figure 5G—I and see Supplementary
material online, Figure S6E-G). Compared with WT PTP4Af1,
DN-PTP4A1 failed to induce the expression of the A20 luciferase re-
porter gene (Figure 5J), demonstrating that the phosphatase activity of
PTP4A1 is required for the transcriptional regulation of A20.

3.6 PTP4A1 enhances the activity of USF1 for

A20 transcription

The transcription factor USF1 is the dominant E-box-binding protein that
initiates A20 gene transcription.”” We validated the USF1-mediated tran-
scriptional upregulation of the A20 gene using a promoter assay (see
Supplementary material online, Figure S7A) and found that the E-box

sequence of the A20 gene is important for inducing A20 gene expression by
USF1 (see Supplementary material online, Figure S7B). The binding activity of
USF1 to the E-box region of the A20 promoter peaked at 60 min after IL-1f
treatment (see Supplementary material online, Figure S7C). PTP4A1, but not
DN-PTP4A1, exerted a synergistic effect with USF1 on the promoter activity
of A20 (Figure 6A). The siRNA-mediated knockdown of USF1 abolished the
PTP4A1-increased promoter activity of A20 after IL-1B stimulation in
PTP4A1-overexpressing HUAECs (Figure 6B). Moreover, USF1 knockdown
in PTP4AT-overexpressing HUAECs significantly impaired PTP4A1-mediated
anti-inflammatory effects by regulating ICAM-1 and downregulating
A20, implying that PTP4A1-mediated A20 gene induction requires
USF1 (Figure 6C and D). The overexpression of PTP4A1 and HA-USF1 in-
creased the binding activity of USF1 to the E-box region of the A20 pro-
moter under the basal condition, and binding significantly increased after
stimulation with IL-1B (Figure 6E). In line with previous results, only WT
PTP4A1, but not DN-PTP4A1, enhanced the binding activity of USF1 to
the E-box region of the A20 promoter (Figure 6F).


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac193#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac193#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac193#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac193#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac193#supplementary-data

1272

MJ. Cho et al.

Figure 3 Deletion of PTP4A1 accelerates the development of atherosclerosis in AboE ™~ mice. (A—H) ApoE ™~ and ApoE~'~ Ptp4al
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littermate mice were

fed an HFHC diet for 8 weeks. (A) Representative images of atherosclerotic plaques on the aortic arch (n =9-11). Scale bars, 0.2 cm. (B) Representative en face
images of Oil-Red-O-stained aorta (left) and quantification of plaque area (%) on the whole aorta (right) (n=9-11). (C) Representative Oil-Red-O-stained
plaque images of aortic sinuses (left). Scale bars, 500 um. Quantification of lesion areas of atherosclerotic plaques on the aortic sinus (right) (n=8 mice
per group). (D) Immunostaining of adhesion molecules (ICAM-1 and VCAM-1) and macrophages (MOMA-2) on the aortic sinus (n = 7—-8 mice per group).
Nuclei were stained with DAPI. Scale bars, 200 pm. Quantification of ICAM-1 (RFI), VCAM-1 (RFI), and macrophages (percentage of positive area) in athero-
sclerotic lesions. (E and F) Expression analysis of plaque-specific genes via LCM and qRT-PCR. Representative images (E) of H&E-stained aortic sinuses. Scale
bars, 250 pm. Red-dotted lines indicate the plaques captured using LCM. The mRNA levels (F) of Icam-1, Vcam-1, F4/80, and Ptp4a1 on laser-captured plaques
of aortic sinuses (n =5 mice per group). (G) Plasma levels of T-chol, LDL-C, and HDL-C in ApoE ™~ and ApoE™"~ Ptp4a1~'~ mice fed an HFHC diet for 0 and 8
weeks (n'= 12 mice per group). (H) The levels of MCP-1 and TNF-a.in plasma were quantified via ELISA in ApoE ™~ and ApoE ™'~ Ptp4a1~~ mice fed an HFHC
diet for 0 and 8 weeks (n=7-12 per group). All data are expressed as mean + S.E.M. *P < 0.05 and **P < 0.01 (Mann—Whitney U test for B, C, D, and F; two-
way ANOVA for G and H).
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Figure 4 Phosphatase activity of PTP4A1 is required to inhibit the NF-kB-mediated expression of cell adhesion molecules. (A-H) HUAECs were stably
transfected with shControl, shPTP4A1, mock or PTP4A1 using Lentivirus. (A) HUAECs were transiently transfected with a luciferase reporter plasmid of
ICAM-1 or VCAM-1 and a Renilla luciferase internal control plasmid. The cells were stimulated with PBS or IL-1B, and luciferase activity was detected using
the dual-luciferase assay system (n=6). (B and C) HUAECs were stimulated with PBS or IL-1B for 2 h. Immunoblot analysis in cell lysates of shControl- or
shPTP4A1-treated HUAECs (B) and bar diagrams representing normalized protein levels (n =5) (C). (D) ChlP assays were performed to measure the binding
activity of p-p65 to the promoters of ICAM-1 and VCAM-1 in shControl- or shPTP4A1-treated HUAECs stimulated with IL-1f for 2 h (n = 5). GAPDH was used
as an internal control after immunoprecipitation by antibodies for RNA polymerase Il (RNAP II, positive control) or IgG (negative control). (E) HUAECs were
stimulated with PBS or IL-1B for 3 h after DMSO or PDTC treatment. Immunoblot analysis in cell lysates from shControl- or shPTP4A1-treated HUAECs. Bar
diagrams representing normalized protein levels (n=5). (F) Scheme for WT PTP4A1, DN-PTP4A1 (defective phosphatase activity; D74A plus C104S point
mutations), and ACAAX (a truncated PTP4A1 at the prenylation motif). (G and H) HUAECs were stimulated with PBS or IL-1p. (G) Immunoblot analysis on
cell lysates from mock-, PTP4A1-, or DN-PTP4A1-treated HUAEC:s. Bar diagrams representing normalized protein levels (n=5). (H) Immunoblot analysis in
cell lysates from mock-, PTP4A1-, or ACAAX-treated HUAECs. Bar diagrams representing normalized protein levels (n =5). All data are expressed as mean +
S.E.M. *¥P < 0.05 and **P < 0.01 (two-way ANOVA for A, C, E, G, and H; two-tailed Student’s t-test for D).
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Figure 5 PTP4A1 negatively regulates NF-kB transcriptional activity by controlling the A20 expression. (A—f) HUAECs were stably transfected with
shControl, shPTP4A1, mock, PTP4A1, or DN-PTP4A1 using Lentivirus. (A) Immunoblot analysis in cell lysates of shControl- or shPTP4A1-treated
HUAECs stimulated by IL-1f for the indicated times. Bar diagrams representing normalized protein levels (n=5). (B—E) HUAECs were stimulated with
PBS or IL-1B for 2 h. Immunoblot analysis in cell lysates from shControl- or shPTP4A1-treated HUAECs (B) and bar diagrams representing normalized protein
levels (n=5) (C). Immunoblot analysis in cell lysates from mock or PTP4A1-overexpressing HUAECs (D) and bar diagrams representing normalized protein
levels (n=5) (E). (F) Mock or PTP4A1 HUAECs were transfected with control siRNA or A20 siRNA (siA20) before PBS or IL-1fB treatment for 3 h.
Immunoblot analysis in cell lysates from mock or PTP4A1 HUAECs. Bar diagrams representing normalized protein levels (n=5). (G and H) Stable
HUAECs were stimulated with PBS or IL-1f for 2 h. The mRNA levels of A20 were detected via RT-PCR (G) and qRT-PCR (H) analysis in shControl- or
shPTP4A1-treated HUAECs (n=5). GAPDH was used as a loading control. (I and J) A20 luciferase reporter assays in shControl- or shPTP4A1-treated
HUAECs (n=5) (/) and A20 luciferase reporter assays in mock, PTP4A1, or DN-PTP4A1 HUAECs (n=6) (/). All data are expressed as mean + S.EM.
*P <0.05 and **P <0.01 (two-way ANOVA for A, C, E, F, H, |, and J).
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Figure 6 PTP4AT

increases the activity of USF1 for A20 transcription. (A) A20 luciferase reporter assays in USF1 with PTP4A1- or

DN-PTP4A1-overexpressing HUAECs stimulated with PBS or IL-1f for 4 h (n=6). (B) A20 luciferase reporter assays in mock- or PTP4A1-overexpressing
HUAEC:s treated with control siRNA or USF1 siRNA (siUSF1). Cells were stimulated with PBS or IL-1B for 4 h (n=6). (C and D) HUAECs were stimulated
with PBS or IL-18 for 3 h. Immunoblot analysis in cell lysates from mock- or PTP4A1-overexpressing HUAECs treated with siControl or siUSF1 (C). Bar dia-
grams representing normalized protein levels (n=5) (D). (E) ChlIP assay for PTP4A1-mediated USF1-binding activity on the E-box of the A20 promoter in PBS-
or IL-1B-stimulated 293 T cells for 1 h (n=5). qRT-PCR data (top) and RT-PCR (bottom) are presented. (F) ChlIP assay for USF1-binding activity on the E-box
of the A20 promoter in the presence of PTP4A1 or DN-PTP4A1. Two hundred and ninety-three T cells were stimulated with PBS or IL-1f for 1 h (n=15).
gqRT-PCR data (top) and RT-PCR (bottom) are presented. All data are expressed as mean + S.E.M. #P < 0.05 and **P < 0.01 (two-way ANOVA for A, B, D, E,

and F).

3.7 PTP4A1 enhances A20 transcription by

dephosphorylating the $309 residue of USF1

We then examined whether PTP4A1 physically interacts with USF1. The
co-immunoprecipitation (co-IP) and ChIP assay results indicated that
PTP4A1 was physically bound to USF1 (see Supplementary material
online, Figure $8), and the interaction between PTP4A1 and USF1 was main-
tained at the E-box region of the A20 promoter under IL-1B stimulation
(Figure 7A). To identify the binding region of USF1 for PTP4A1, we con-
structed two truncated forms of USF1: HA-USF1 (A256-310, loss of the
ZIP domain) and HA-USF1 (A201-310, loss of the bHLH and ZIP domains).
By co-IP analysis, we found that the bHLH domain (amino acids 201-255) of
USF1 is important for the interaction with PTP4A1 (Figure 7B). Finally, to ad-
dress whether phosphorylation and/or dephosphorylation of USF1 is in-
volved in the regulation of A20 promoter activity, we constructed mutants
with a point mutation on putative phosphorylation sites of USF1 at residue
153 by replacing Thr with Ala, at residue 185 by replacing Tyr with Phe, and
at residues 186, 230, 233, 262, or 309 by replacing Ser with Ala. As presented
in Figure 7C, T153A, Y185F, S233A, and S262A had nearly the same A20 pro-
moter activity as WT USF1, whereas S186A and S230A were about 50% less
active. Interestingly, the S309A mutant significantly enhanced the promoter
activity of A20 compared with WT USF1, suggesting that dephosphorylation

of the Ser residue at 309 in USF1 may be important for enhancing the pro-
moter activity of A20 at least partially. To confirm the importance of the
phosphorylation of S309, we constructed the mimetic constitutive phos-
phorylation form (S309D) of USF1 and confirmed that USF1 (S309D) com-
pletely blocked the PTP4A1-mediated synergistic effects of the A20
promoter assay (Figure 7D). The results of the ChIP assay indicated that
the changes in the transcriptional activity of USF1 mutant forms at S309 re-
sulted from the alteration of binding activity on the promoter of the A20
gene (Figure 7E). Taken together, dephosphorylation of the S309 residue
of USF1 by PTP4A1 is critical for the regulation of the binding activity of
USF1 at the E-box promoter region of the A20 gene, followed by an increase
in A20 expression and the mitigation of the inflammatory response in ECs.

4. Discussion

Kinase- and phosphatase-mediated posttranslational modification of signal-
ling molecules is critical for the impact of intracellular signalling pathways
on cellular functions.' Kinase-mediated phosphorylation of members of
the NF-kB signalling pathway enhances its transactivation potential, but
phosphatases that participate in controlling signalling are relatively not
studied. Here, we found that the phosphatase PTP4A1 is a vital factor
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Figure 7 PTP4A1 increases A20 transcription by dephosphorylating the Ser residue at 309 on USF1. (A) ChlP assay for USF1 or PTP4A1-binding activity on
the A20 promoter region in 293 T cells (n=5). qRT-PCR data (top) and RT-PCR (bottom) are presented. (B) Co-IP of flag-PTP4A1 with WT HA-USF1 or
truncated forms in 293 T cells. Data were obtained from five independent experiments. (C) A20 luciferase reporter assays in HUAECs transfected with A20
luciferase reporter plasmids and Renilla luciferase internal control plasmids, as well as PTP4A1 with the indicated USF1 constructs. Cells were stimulated with
PBS or IL-1B for 4 h (n=15). (D) A20 luciferase reporter assays with USF1 constructs (WT, S309A, S309D) in parental or PTP4A1-overexpressing HUAECs.
The cells were stimulated with PBS or IL-1B for 4 h (n=5). (E) ChIP assay for USF1 (WT, S309A, S309D)-binding activity on the A20 promoter region in PBS-
or IL-1B-stimulated 293 T cells for 1 h (n =5). gRT-PCR data (top) and RT-PCR (bottom) are presented. All data are expressed as mean + S.E.M. ¥P < 0.05 and

**%P < 0.01 (two-way ANOVA for A, C, D, and E).

that regulates the expression of ICAM-1 and VCAM-1 in HUAEC:s. In vivo
studies using Ptp4al knockout or transgenic mice demonstrated the po-
tent regulation of PTP4A1 on IL-1B-induced expression of ICAM-1 and
VCAM-1. In addition, we verified that ApoE™~ Ptp4a1™'~ mice fed an
HFHC diet revealed the increment of atherosclerotic plaques with the aug-
mentation of the CAM expression and macrophage recruitment.
Mechanistically, PTP4A1, but not the defective phosphatase form of
PTP4A1, inhibited the expression of CAMs and the activation of NF-«xB
in ECs via an increase in the transcriptional activity of USF1, inducing
A20 gene transcription. USF1 or A20 knockdown mitigated the PTP4A1
inhibitory effects on CAM expression and NF-kB activation in ECs.
Finally, we demonstrated that PTP4A1 physically interacts with USF1

and dephosphorylates the S309 residue of USF1, leading the increased
binding activity to the E-box of the A20 gene promoter region. Although
a few studies have demonstrated the roles of phosphatases in the regula-
tion of the NF-«B signalling pathway,n'33 the impact of PTP4A1 on the
NF-kB signalling pathway and vascular diseases has not yet been reported.
Therefore, our findings suggest a protective role of PTP4A1 in vascular in-
flammation and that PTP4A1 is a novel negative regulator of the NF-«kB sig-
nalling pathway in ECs.

In humans, PTP4A1, PTP4A2, and PTP4A3 are located on chromosomes
6q12, 1p35, and 8q24, respectively. PTP4A1 and PTP4A2 are ubiquitously
expressed in various tissues, but PTP4A3 is mainly expressed in the heart
and skeletal muscle.**3> PTP4A1 is highly expressed in the liver, adrenal
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gland, colon, and bone marrow, and the PTP4A1 expression is upregulated
by early growth response factor 1 and p53°¢*” and is downregulated by
several microRNAs (miRNAs).237** Here, we observed PTP4A1 downre-
gulation in ECs after stimulation with pro-inflammatory cytokines or oxi-
dized LDL (data not shown), which may be associated with an increase in
miRNA expression. Indeed, miR-29 enhancement has been implicated in
cardiovascular disease pathogenesis,*"** and miR-339-5p is upregulated
in ischaemic heart disease,* suggesting the possibility of miRNA-mediated
PTP4A1 downregulation in ECs by atherogenic stimuli. Notably, Tabibiazar
et al. reported that Ptp4al was involved in a potentially atheroprotective
cluster that was highly expressed in atherosclerosis-resistant C3H/He/
mice compared with atherosclerosis-susceptible C57BL/6 mice. They
also demonstrated decreased Ptp4a expression in high-fat diet-challenged
ApoE™~ mice,* which was also demonstrated in the present study.

Contrary to PTP4A1 downregulation, PTP4A2 knockdown in HUAECs
revealed no difference in the expression levels of ICAM-1 and VCAM-1
compared with controls (data not shown), suggesting a specific role of
PTP4A1 in the regulation of inflammatory responses in ECs. Notably,
PTP4A1 knockdown in ECs induced high ICAM-1 expression and mild
VCAM-1 expression without an inflammatory mediator. ICAM-1 is consti-
tutively expressed on various cell surfaces, including ECs,*® but VCAM-1 is
expressed only after ECs are stimulated by several inflammatory media-
tors.*® Thus, we speculated that PTP4A1 downregulation triggers intracel-
lular signalling, resulting in ICAM-1 and VCAM-1 expression levels. Based
on this hypothesis, PTP4A1-downregulated HUAECs also experienced
downregulation of A20 levels and increased p65 phosphorylation even un-
der the basal condition, suggesting that PTP4A1 per se is a pivotal negative
regulator of the NF-kB signalling pathway.

Here, we highlight endothelial PTP4A1 as an effective therapeutic ap-
proach for increasing A20 expression and function. A20 was originally iden-
tified in human ECs and is acutely induced in response to TNF-a, IL-1f3, and
LPS, suggesting its importance in the role of the vessel wall in vascular in-
flammation.'* The increased expression of NF-kB target genes, including
Veam-1 and lcam-1, in AboE™'~ mice induced by A20 haploinsufficiency ac-
celerated atherosclerotic lesion development.”’ Human genetic studies
have demonstrated direct implications of abnormal A20 function or
expression due to polymorphisms and mutations in the pathogenesis of in-
flammatory and autoimmune diseases.'>"®"®"? Two tag SNPs (rs5029930
and rs610604) in human A20 on chromosome 6q23 are independently as-
sociated with CHD,19 and the difference in a single amino acid residue
(E627A; C57BL/6 vs. FVB) in A20 increases the susceptibility of C57BL/6
mice to atherosclerosis.*’ Indeed, A20 overexpression in the vessel wall
or endothelial progenitor cells prevents xenograft-induced atherosclerosis,
and genetic approaches modifying A20 levels demonstrated its protective
effect against atherosclerosis in ApoE ™~ mice,'"*® suggesting its potential
as a therapeutic target.

As in a previous study,” using siUSF1 treatment, a ChIP assay and an A20
luciferase reporter assay, we demonstrated that USF1 is a pivotal transcrip-
tional factor for A20 transcription. The DNA binding of USF1 is modulated
by posttranslational modification via multiple signal transduction path-
ways.”® In this study, we first identified that the bZIP domain (amino
acids 201-292), especially the basic helix-loop—helix region (amino acids
201-255), of USF1 is important for physical interaction with PTP4A1, val-
idating previous reports that the bZIP-containing transcriptional factor,
ATF5/7, physically interacts with PTP4A1.2® The A20 luciferase reporter
assay with WT and mutant USF1 forms revealed that phosphorylation of
the $186 residue and dephosphorylation of the S309 residue of USF1
are important for the transcriptional regulation of AZ20.
PTP4A1-mediated dephosphorylation of the S309 residue of USF1 is crit-
ical for increasing A20 transcription. However, whether PTP4A1-mediated
dephosphorylation of the USF1 S309 residue affects the transcriptional ac-
tivity of other USF1 target genes needs to be elucidated.

Although the present study focused on the PTP4A1-mediated ECs
function in inflammatory conditions, we used the Ptp4a1 global knock-
out mice and the Tie2 promoter/enhancer-mediated Ptp4al Tg mice.
As PTP4A1 is ubiquitously expressed in various tissues and cells, in-
cluding immune cells, the limitation of the present study would be

confirmed by endothelial-specific knockout or transgenic mice in a fu-
ture study.

Overall, our study demonstrates the novel function and molecular
mechanism of the regulation of vascular infllmmation by endothelial
PTP4A1, enhancing the impact of USF1 on the transcriptional activity of
A20. Our results indicate that the anti-inflammatory effects of PTP4A1
are required for vascular inflammatory diseases, including atherosclerosis.
As current therapeutic approaches, such as the use of antibodies or small
molecules, have more potential for antagonizing the activities of target mo-
lecules rather than agonizing them, this study could increase A20 expres-
sion and function by PTP4A1 as a therapeutic approach.
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Translational perspective

The inhibitory effect of PTP4A1 in the dysfunction of vascular endothelial cells could apply to develop a drug for vascular inflammatory diseases in-
cluding atherosclerosis. This study highlights an alternative as well as an effective therapeutic approach to increase A20 expression, which is an en-
dogenous negative regulator of NF-kB signalling in vascular inflammatory disorders.
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