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VEGFR2 signaling in endothelial cells (ECs) is regulated by reactive oxygen species (ROS)
derived from NADPH oxidases (NOXs) and mitochondria, which plays an important role in
postnatal angiogenesis. However, it remains unclear how highly diffusible ROS signal enhances
VEGFR?2 signaling and reparative angiogenesis. Protein disulfide isomerase Al (PDIA1) functions
as an oxidoreductase depending on the redox environment. We hypothesized that PDIAL functions
as a redox sensor to enhance angiogenesis. Here we showed that PDIA1 co-immunoprecipitated
with VEGFR2 or colocalized with either VEGFR2 or an early endosome marker Rab5 at the
perinuclear region upon stimulation of human ECs with VEGF. PDIAL silencing significantly
reduced VEGF-induced EC migration, proliferation and spheroid sprouting via inhibiting
VEGFR?2 signaling. Mechanistically, VEGF stimulation rapidly increased Cys-OH formation of
PDIA1 via the NOX4-mitochondrial ROS axis. Overexpression of “redox-dead” mutant PDIA1
with replacement of the active four Cys residues with Ser significantly inhibited VEGF-induced
PDIA1-CysOH formation and angiogenic responses via reducing VEGFR2 phosphorylation.
Pdial*/~ mice showed impaired angiogenesis in developmental retina and Matrigel plug models
as well as ex vivo aortic ring sprouting model. Study using hindlimb ischemia model revealed

that PDIAL expression was markedly increased in angiogenic ECs of ischemic muscles, and that
ischemia-induced limb perfusion recovery and neovascularization were impaired in EC-specific
Pdial conditional knockout mice. These results suggest that PDIA1 can sense VEGF-induced
H»0, signal via CysOH formation to promote VEGFR2 signaling and angiogenesis in ECs,
thereby enhancing postnatal angiogenesis. The oxidized PDIAL is a potential therapeutic target for
treatment of ischemic vascular diseases.
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Introduction

Reactive oxygen species (ROS) such as H,O, derived from NADPH oxidases (NOXs)

or superoxide dismutases (SODs) functions as signaling molecules to mediate biological
responses [1-5]. Angiogenesis, a new vessel formation from the pre-existing ones, is
essential for wound repair and treatment of ischemic heart and limb disease. Vascular
endothelial growth factor (VEGF) binding to VEGF receptor type 2 (VEGFR2/FIk1) on
the plasma membrane induces receptor dimerization and autophosphorylation. This results
in internalization to Rab5™ early endosomes to activate the sustained VEGFR2 signaling
and angiogenic responses, such as proliferation, migration and capillary tube formation of
endothelial cells (ECs) [6, 7]. We and others reported that H,O, plays an important role

in VEGFR?2 signaling and angiogenic responses in ECs and postnatal neovascularization in
vivo [1-3]. Recently, we showed that “ROS-induced ROS release” orchestrated by NOX4,
NOX2 and mitochondria promotes VEGFR2 signaling and angiogenesis in ECs [8, 9].
However, how the NOX—mitochondrial ROS (mitoROS) signaling axis modulates active
specific redox signaling to enhance therapeutic angiogenesis is poorly understood. The
redox signaling is characterized by reversible oxido-reductive modifications, confined both
spatially and temporally in subcellular compartments [10, 11]. The signaling function of
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ROS is mainly mediated through reversible oxidation of reactive cysteine (Cys) residues (SH
(thiol)) in target proteins to form “cysteine sulfenic acid (Cys-OH, sulfenylation)”, which

is important for disulfide bond formation and redox signaling [10, 12, 13]. Little is known
about how redox target proteins which often have low intrinsic reactivity towards H,O5 can
be specifically and efficiently oxidized by VEGF-induced ROS.

Protein disulfide Isomerases (PDIs) functions as endoplasmic reticulum (ER) chaperones
and thiol oxidoreductases that catalyze thiol oxidation, reduction or isomerization,
depending on the cellular redox environment [14, 15]. PDI is universally expressed and

has at least 21 family members in mammals [14]. PDI is present mainly in the ER but

is also found in the cytosol, mitochondria and on the cell surface [14, 15]. PDIAl isa
major PDI isoform with the two a/a’ thioredoxin-like redox active (CysGlyHisCys) motifs
that have four reactive Cys residues (C53,56,397,400), two b/b’ substrate binding motifs
and C-terminal ER retention sequence (KDEL) [14-16]. Global Pdial knockout (KO) mice
are embryonic lethal [17]. Of note, reduced form of PDI functions as a reductase while
oxidized form of PDIAL functions as an oxidase to promote disulfide bond formation with
specific substrates to regulate their function [15]. In quiescent ECs, we previously reported
that PDIAL function as a thiol reductase for mitochondrial fission protein Drpl to maintain
normal mitochondrial and endothelial function [18]. PDIAL is shown to be required for
NOX activation to increase ROS in vascular smooth muscle cells (VSMCs) and macrophage
[15, 19]. However, the role of endothelial PDIAL in ROS-dependent VEGF signaling and
postnatal angiogenesis in vivo is unknown.

In the present study, using Pdial* mice and endothelial-restricted Pdial conditional
knockout (PDIA1ECKO) mice, we provide evidence that endothelial PDIA1 plays an
important role in postnatal developmental and reparative angiogenesis in vivo. In cultured
ECs, VEGF stimulation increased the physical association or colocalization of PDIAL with
VEGFR2 at Rab5* early endosomes as well as promoting PDIA1-CysOH formation through
NOX4- and mitoROS-dependent manners. PDIAL depletion or overexpression of “redox-
dead” mutant PDIA1 with replacement of the active four Cys residues with Ser (PDIA1-
CS) inhibited angiogenic responses via reducing p-VEGFR2 and VEGFR2 downstream
signaling. Thus, PDIAL functions as a redox sensor that transmits VEGF-induced NOX4—
mitoROS signal axis via sulfenylation, thereby driving angiogenic responses in ECs.

Materials and methods

Animals

All animal studies were carried out following protocols approved by the institutional Animal
Care Committee and institutional Biosafety Committee at University of Illinois at Chicago
and Augusta University. Room temperature and humidity were maintained at 22.5 °C and
between 50 and 60%, respectively. All mice were held under the 12:12 (12-h light: 12-h
dark) light/dark cycle. Mice were held in individually ventilated caging with a maximum of
5 or a minimum of 2 mice per cage. C57BL/6 (control, wild type (WT)) and Pdial*/~ mice
[20] were used at p5 (5 days after the birth) (for retina angiogenesis model) and at 8-12
weeks (for hindlimb ischemia model). EC-specific Pdial knockout (PdialECKO) mice were
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generated by crossing Pdialf/fl mice [21] with VE—Cadherin (Cdh5)—Cre mice [22] on a
C57BL/6 J background and used at 8-12 weeks.

Anti-PDIAL (BD Bioscience, #610946, 1:1000), PDI Monoclonal Antibody RL90
(#MA3-019, 1:200) p-VEGFR2(1175) (Cell Signaling (CS), #3770, 1:1000), anti-VEGFR2
(CS#2479, 1:1000), anti-p-ERK1/2 (CS#9101, 1:1000), anti-ERK1/2 (CS#9102, 1:1000),
anti-p-cSrc (CS#2101 1:1000), anti-cSrc (Santa Cruz # 5266, 1:1000), anti-PTP1B (D-4)
(Santa Cruz, #133259, 1:1000), anti-Actin (Santa Cruz, #47778, 1:1000), anti-Rab5 (Santa
Cruz #46692, 1:200), anti-Rab7 (B-3) (Santa Cruz# 376362, 1:200), anti CD31 (BD
Biosciences# 550274, 1:200), anti-1solectinB4 (Vector #B-1205, 1:200), anti-Flag (Sigma,
#F7425, 1:1000) were used. Secondary antibodies, Goat Anti-Rabbit IgG—HRP conjugate
(Bio Rad, #170-6515, 1:2000), Goat Anti-mouse IgG-HRP conjugate (Bio Rad, #170-6516,
1:2000), Alexa Fluor 568 goat anti Rat 1gG (Invitrogen, # A-11077, 1:1000), Alexa Fluor
488 goat anti mouse IgG (Invitrogen, # A11001, 1:1000), Alexa Fluor-488-goat anti rabbit
1gG (Invitrogen, #A11008), Alexa Fluor-546-goat anti mouse 1gG (Invitrogen, #A11003),
Alexa Fluor-546-goat anti rabbit 1gG (Invitrogen, #A11010), Alexa Fluor-488-goat anti
mouse 1gG (Invitrogen, #A11001)were used.

siRNA and adenoviruses

siPDIAL sense 5"-UGAGUCUUGAUUUCACCUC-3’, anti-sense 5'-GAGGUGAAA
UCAAGACUCA-3’ [20]. Adenovirus expressing shNox4 (Ad.shNox4) and
Ad.mitochondria-targeted catalase (Ad.Mito-catalase) [9] as well as Ad.flag-hPDIAIWT
and the Ad.flag-hPDIA1-CS (C53S, C56S, C397S, C400S; inactive mutant) [18] were
previously described.

Mouse retinal angiogenesis model

Eyes from postnatal day 5 (p5) mice were enucleated and fixed in 4% paraformaldehyde
for 30 min. Retinas were dissected and permeabilized overnight in PBS containing 1% BSA
and 0.5% Triton X-100. The permeabilized retinas were incubated with biotin-conjugated
isolectinB4 (1B4) (20 pg/ml, Sigma-Aldrich), followed by Alexa Fluor 488-conjugated
streptavidin (Invitrogen Life Technologies). After washes, samples were flat-mounted using
Vectashield (Vector Labs) mounting medium and imaged under a fluorescence microscope.
The total length, number of branch points and tip cells of 1B4-positive vessels in the

retina were quantified by two independent investigators in a blind fashion on composite
high-magnification images using Image J software (v 1 0.52).

Aortic ring sprouting assay

Aortic ring sprouting assay was performed as described previously [23]. Isolated aorta from
WT and Pdial*/~ mice at 8-12 weeks was cut into 5 mm rings. In some experiments, the
aorta rings from WT mice were infected with lentivirus (lenti-scramble shRNA (shCont)

vs lenti-shPdial) in OpTi-MEM for 24 h. The aortic rings were embedded on Matrigel on
48 well plate with 2.5% FBS-OpTi—-MEM, and then monitored for 5-7 days with changing
media every other day. Mice in each group were 17 =5 and number of aortic rings from one
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mouse averaged 10 (the total number of aortic rings averaged 50). Numbers of sprouting
branches from ECs were counted and normalized to control ShRNA or WT mice.

imb ischemia model

Mice at 8-12 weeks were subjected to unilateral hindlimb surgery under anesthesia with
intraperitoneal administration of ketamine (87 mg/kg) and xylazine (13 mg/kg) as we
reported [24—26]. Briefly, the left femoral artery was exposed, ligated both proximally
and distally using 6-0 silk sutures and the vessels between the ligatures were excised. We
measured ischemic (left)/nonischemic (right) limb blood flow ratio using a laser Doppler
blood flow (LDBF) analyzer (PeriScan PIM 3 System; Perimed).

Bone marrow transplantation (BMT)

BMT of mice at 8-12 weeks was performed as we previously reported [18, 24]. BM cells
were isolated by density gradient separation. Recipient mice were lethally irradiated with 9.5
Gy and received an intravenous injection of 3 million donor BM cells 24 h after irradiation.
As reported before transplantation efficiency has been validated [24]. Hindlimb ischemia
was induced at 6-8 weeks after BMT.

Matrigel plug assay in vivo

Histology an

500 uL Growth factor reduced Matrigel (Corning, REF353097) containing VEGF (50 ng/
mL), bFGF (100 ng/mL), heparin (60 unit) was injected subcutaneously in mice and then
harvested for analysis after 3 days.

d immunohistochemistry

Mice were sacrificed, and ischemic and non-ischemic gastrocnemius skeletal muscles at day
7 or 14 after hindlimb ischemia were harvested, fixed with 4% PFA overnight at 4 °C, and
followed by sucrose dehydration and optimal cutting temperature (OCT) embedding [18, 24,
27]. The 7 um thick sections were stained with anti-mouse CD31 antibody (for capillary
density) or anti-PDIAL antibody, followed by biotinylated anti-mouse 1gG antibody (Vector
Laboratories) as described previously [27]. For immunohistochemistry, we used Vectorstain
Elite (Vector Laboratories) followed by DAB (3,3’ -diaminobenzidine tetrahydrochloride)
(\Vector Laboratories). Immunofluorescence analysis was performed at day 7 after ischemia
with primary anti-CD31 antibody for overnight at 4 °C, followed by anti-PDIAL antibody
for 30 min at room temperature (RT). Then, the secondary antibodies (Alexa Fluor 568 goat
anti Rat 1gG or Alexa Fluor 488 goat anti mouse 1gG) were incubated for 15 min at RT. In
each experiment, DAPI (Invitrogen) was used for nuclear counter-staining. We used Mouse
On Mouse (MOM) kit (Vector lab, BMK-2202) to avoid non-specific antibody binding.
Images were taken using a fluorescence microscope (Keyence, BZ-X700) or an Axioscope
microscope with a 20 objective. Microscopy images were acquired with axiovision 4.8.2
software, BZ-X Analyzer software and ZEN 2.3 software (Zeiss).

For IsolectinB4 staining for Matrigel plug assay, mice were sacrificed at 3 days after
Matrigel plug, and solid Matrigel plug were harvested and fixed by overnight 4% PFA
incubation and followed by 70% ethanol and embedded in paraffin. To determine the
capillary density, Matrigel sections were stained with anti-mouse isolectin B4 antibody
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(BD Biosciences) followed by biotinylated anti-mouse 1gG antibody (Vector Laboratories)
as described previously [28]. Images were captured by Axio scope microscope (Zeiss) and
processed by AxioVision 4.8 (Zeiss).

The primary pool HUVECs (human Umbilical Vein Endothelial Cells) were purchased
from the Lonza (CC-2519, USA). The cells were cultured in the recommended medium
(Endo-Gro) supplemented with 5% fetal bovine serum (Life Technologies, Gaithersburg,
MD, USA), 50 units/ml penicillin (Life Technologies), and 50 pg/ml streptomycin (Life
Technologies). HUVECs were used until passages 6 for all experiments.

For siRNA transfection, HUVECSs were transfected with siR-NAs (30 nM) for scrambled
siControl (Ambione) or PDIA1 (Sigma) with Oigofectamine (Invitrogen, 12252011) for 3 h.
Then the medium was changed to complete media and incubated for 48 h at 37 °C before
experiments. For adenovirus transfection, HUVECs were transfected with adenoviruses for
1 h and then the medium was changed to complete media, and incubated for 24 h at 37 °C
before experiments.

Modified Boyden chamber migration assay

Modified Boyden Chamber assays were conducted in duplicate 24-well transwell chambers
[18, 24, 29]. The upper insert (8-um pores coated with 0.1% gelatin) containing serum
starved HUVEC suspensions (6 x 104 cells) were placed in the bottom 24-well chamber
containing fresh media with 0.2% FBS and stimulants. The chamber was incubated at 37 °C
for 6 h. The upper insert membrane was fixed with 4% PFA for 10 min and stained with
crystal violet. Cells remaining on the top of the transwells were removed with cotton swabs
and migrated cells were imaged at six random fields (x 200 magnifications) and counted as
described previously [30].

Cell proliferation (BrdU incorporation) assay

HUVECs (100,000 cells) were plated on coverslips in 0.5% FBS EndoGro for 24 h to
synchronize cells, followed by incubation with 5 uM Bromodeoxyuridine (BrdU) with

or without VEGF (20 ng/mL) for 24 h. The BrdU incorporation were detected using In

Situ Cell Proliferation kit, FLUOS (Roche) with minor modification [31]. The cells were
photographed with fluorescence microscope (Keyence, BZ-X700) using x 40 objective. The
percentage of BrdU-labelled cells was determined by counting > 400 nuclei per samples as
BrdU-positive/total nuclei.

Spheroid sprouting assay

HUVECs were trypsinized and counted, and then 4 x 104 cells were adjusted to a volume
of 10 ml in 5% EndoGro with 0.25% CMC (CarboxylMethylCellulose, Sigma C4888). 100
ul of the cell suspension was applied into each well of a 96-well plate with Poly-HEMA
(Poly[2-hydroxyethylmethacrylate], Sigma P3932) coated U-bottoms and incubated at 37
°C for 1 day. For sprouting assay, a 24-well plate was prepared by adding 1 ml PBS to
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each cavity that will not be used for a spheroid gel and pre-warmed the plate at 37 °C. The
spheroids from 96-well plate were harvested using a Pasteur pipet and transferred into a

50 ml Falcon tube, and then centrifuge for 3 min at 200x g. The supernatant was carefully
removed and the spheroids were overlaid with the 0.8% CMC containing 20% FBS with 1

x M199 (we used 500 pl for 50 spheroids). Collagen solution (Collagen Typel Rat tail 3.81
mg/ml, Corning 354236) with ratio of 1:1 (v/v) was added rapidly and carefully mixed the
solution containing the spheroids. 900 pl of the spheroid solution was added per cavity of 24
well plate was incubated at 37°C for 45 min. 100 pl of EndoGro with or without VEGF (20
ng/mL) was added on top of the gels and incubated with the spheroid gels at 37 °C for 24 h.
Then the gels were fixed and photographed. The spheroid sprouting tube length and number
of branches were measured using Image J1.53C (Java 1.8.0-172, 64 bit) software.

Western blot analysis and immunoprecipitation

Cells were lysed in buffer [50 mM HEPES (pH 7.4), 5 mM EDTA, 100 mM NaCl, 1%
Triton X-100, protease inhibitors (10 pg/ml aprotinin, 1 mmol/L phenylmethyl-sulfonyl
fluoride, 10 pg/ml leupeptin) and phosphatase inhibitors (50 mmol/L sodium fluoride, 1
mmol/L sodium orthovanadate, 10 mmol/L sodium pyrophosphate)]. Lysates with or without
immunoprecipitation were used for Western blotting, as we reported [18, 24, 29, 30].
Western blot acquisition was performed using a ImageQuant TL 8.1 software.

DCP-Biol assay to detect CysOH-formed (sulfenylated) proteins

To measure sulfenic acid (CysOH) formation (sulfenylation) of proteins, cells were lysed

in degassed-specific lysis buffer [50 mM HEPES, pH7.0 at room temperature, 5 mM

EDTA, 50 mM NaCl, 50 mM NaF, 1 mM NazVQy, 10 mM sodium pyrophosphate, 5 mM
lodoacetamide (IAA), 100 uM DTPA, 1% Triton-X-100, protease inhibitor, 200 unit/mL
catalase (Calbiochem), 200 uM DCP-Biol (KaraFast, USA)] and then DCP-Biol-bound
proteins were pulled down with streptavidin beads (Thermo scientific, USA) for overnight at
4 °C. DCP-Bio1l conjugated sulfenylated-proteins were determined by immunaoblotting with
specific antibodies, as reported [13, 18, 30].

ROS measurement—To detect intracellular ROS, HUVECs stimulated with

VEGF were incubated with 10 uM CM-H,DCFDA [5-(and 6)-chloromethyl-2",7"-
dichlorodihydrofluorescein diacetate, acetyl ester, Invitrogen] for 6 min at 37 °C, fixed
with 4% paraformaldehyde for 10 min at room temperature, and then mounted with
VECTASHIELD Mounting Medium with DAPI. DCF fluorescence was measured by
confocal microscopy (Zeiss) using the identical setting and the same exposure condition in
each experiment. Relative DCF fluorescence with DAPI positive cells were analyzed using
Image J (NIH). We confirmed that DCF fluorescence was abolished by incubation with
adeno-catalase suggesting that DCF signal mainly detects intracellular H,O5, as we reported
[30]. In some experiments to detect cellular redox status, we also used cell-permeant
fluorescence indicator, CellROX Orange (Invitrogen). Cells were incubated with 5 pM
CellROX for 30 min and fluorescence images were taken using confocal microscopy, as
previously described with minor modifications [32].
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Immunofluorescence

For cultured cells, HUVECs on glass coverslips were rinsed quickly in ice-cold PBS,

fixed with freshly prepared 4% paraformaldehyde in PBS for 10 min at room temperature,
permeabilized in 0.05% Triton X-100 in PBS for 5 min, and rinsed sequentially in PBS,

50 pumol/L NH4Cl and PBS for 10 min each. After incubation for 1 h in blocking buffer
(PBS + 3%BSA), cells were incubated with primary antibody for overnight at 4 °C, washed
three times with PBS, and then incubated in Alexa Fluor 488 or 647-conjugated 1gG for 1

h at room temperature, and cells rinsed with PBS. Cells on coverslips were mounted onto
glass slides using Vectashield (Vector Laboratories) and images were taken by confocal
microscopy.

Statistics analysis

Results

Data are presented as mean £ SEM. Each experiment was performed a minimum of three to
make sure similar results are reproducible. We performed blinded to group allocation during
data collection and analysis. Data were compared between groups of cells and animals by
unpaired two tailed Student #test when one comparison was performed or by ANOVA for
multiple comparisons. When significance was indicated by ANOVA, the Tukey post-hoc and
Bonferroni multiple comparison analysis was used to specify between group differences.
Values of *p < 0.05, **p < 0.01, ***p < 0.001 were considered statically significant.
Statistical tests were performed using Graph pad Prism v8 (GraphPad Software, San Diego,
CA).

PDIA1 is required for postnatal angiogenesis in vivo

To address the role for endogenous PDIAL in postnatal developmental angiogenesis, we
used a retinal angiogenesis model in mice carrying a single Pdial allele (Pdial*/~). Of
note, global Pdial (P4HB) knockout (KO) mice are embryonic lethal [17]. Pdial*/~ retina
(P5) stained with isolectin B4 showed a significant decrease in the number of branching
points in the vascular plexus (top and middle) and tip cells in the vascular front (bottom)
without affecting either migration of the vascular plexus towards the periphery (length) or
the percentage of vascular retinal area to total retinal area, as compared to wild type (WT,
littermate control Pdial**) retina (Fig. 1a). These results suggest that Pdial is required for
postnatal developmental angiogenesis in vivo. We also performed the Matrigel plug assay
and found that Pdial*/~ mice showed a significant reduction in isolectin-B4 staining in
Matrigel as compared to WT mice (Fig. 1b). To verify the role of PDIAL in angiogenic
processes without contribution of systemic factors, such as blood flow, blood pressure and
homeostatic regulation, we further performed an aortic ring sprouting ex vivo angiogenesis
assay. As shown in (Fig. 1c), the number of branching sprouts from the edge of aortic
segments was significantly reduced in Pdial*/~ mice as compared to WT mice. These results
suggest that PDIA1 is required for postnatal angiogenesis in vivo and ex vivo.
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Endothelial PDIAL is required for post-ischemic angiogenesis in vivo

To address the role of PDIAL in reparative angiogenesis in vivo, we used a mouse hindlimb
ischemia (HLI) model, an animal model of Peripheral Artery Disease (PAD), which induces
ischemia by femoral artery ligation and excision [24, 33]. Immunohistochemistry (Fig.
2a), western blot (Fig. 2b) and immunofluorescence (Fig. 2c) analysis reveal that PDIAL
protein expression was increased and colocalized with CD31* ECs in ischemic muscles at
day 7 after hindlimb ischemia. These results suggest that Pdial is upregulated in CD31*
ECs during reparative angiogenesis. Since Pdial*/~ mice had no significant difference in
ischemia-induced limb perfusion recovery, as compared to WT mice (Supplemental Fig.
1a, b), we performed bone marrow transplantation (BMT) to eliminate contribution of BM
cells. The lethally irradiated Pdial*/~ mice reconstituted with WT-BM showed significant
reduction of blood flow recovery and CD31" capillary density in ischemic muscles, as
compared to control group (WT mice reconstituted with WT-BM) (Supplemental Fig.

1c, d). These results suggest the haploinsufficiency of PDIAL in non-hematopoietic cells,
including ECs, in reparative neovascularization after hindlimb ischemia. To demonstrate
the role of endothelial Pdial in post-ischemic angiogenesis in vivo, we generated EC-
specific Pdial conditional knockout (PdialECKO) mice by crossing Pdialf/fl mice with
mice expressing Cre recombinase under control of the VE-cadherin promoter (Cdh5—Cre).
We found that perfusion recovery (Fig. 2d) and angiogenesis (CD31* capillaries) (Fig.

2e) in response to hindlimb ischemia were significantly impaired in PdialE¢KO mice as
compared to WT mice. These data suggest that endothelial PDIAL plays a critical role in
ischemia-induced reparative angiogenesis in vivo.

PDIA1 is required for VEGF-induced signaling and angiogenesis in ECs

We next examined the role of PDIAL in VEGF-induced angiogenic responses, including
EC migration, EC proliferation and capillary formation in primary cultured ECs. PDIAL
knockdown using specific siRNA in HUVECs almost completely inhibited VEGF-induced
EC migration as measured by a modified Boyden chamber assay (Fig. 3a) as well as

EC proliferation as measured by a BrdU incorporation assay (Fig. 3b). Using a Spheroid
sprouting assay, we found that PDIA1 depletion significantly reduced the humber of
sprouting from spheroid of ECs with or without VEGF stimulation (Fig. 3c). To address the
underlying mechanism, we examined the role of PDIAL in VEGF signaling in ECs. PDIA1
SiRNA significantly inhibited VEGF-induced phosphorylation of VEGFR2 (VEGFR2-
pY1175) and its downstream p-ERK1/2 and p-Src without affecting the expression of the
total protein (Fig. 3d). These results suggest that PDIAL regulates VEGFR2 signaling to
induce angiogenic responses in ECs.

To address mechanisms by which PDIA1 regulates VEGFR?2 signaling, we examined the
interactions between PDIAL and VEGFR2. Co-immunoprecipitation assays showed that
PDIA1 slightly bound to VEGFR?2 in the basal state, which was further enhanced after
VEGF stimulation within 5 min and their interactions remained for at least 30 min (Fig.
43). To determine the subcellular localization of PDIAL and VEGFR2, we performed
immunofluorescence colocalization analysis using confocal microscopy. In the basal state,
VEGFR2 was found at plasma membrane and perinucleus, where it partially co-localized
with PDIAL (Fig. 4bl). Their perinuclear colocalization was further enhanced after VEGF
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stimulation for 5 min at the Rab5-positive early endosomes, where internalized VEGFR2
activates sustained angiogenic signaling [34], while their colocalization was less at the Rab7
+ late endosome (Fig. 4b1). These results suggest that VEGF stimulation promotes PDIA1
binding to internalized VEGFR2 at early endosomes, thereby activating sustained VEGFR2
signalling in ECs.

VEGF induces sulfenylation of PDIA1 in a NOX4- and mitochondrial ROS-dependent
manner in ECs

We previously reported that ROS, especially H,O», derived from the NOX-mitoROS axis
play an important role in VEGFR2 signaling and angiogenesis in ECs [9]. Since PDIA1L is
shown to increase NOX activity in VSMC and macrophage [19], we examined the role of
PDIAL in VEGF-induced ROS production in ECs, as measured by DCF fluorescence which
was abolished by Nox4 shRNA or catalase overexpression (Supplementary Fig. 2a), as we
previously reported [9]. We found that PDIA1 knockdown with siRNA had no significant
effect on VEGF-induced ROS production, as measured by DCF fluorescence (Fig. 5a) or
CellROX orange (Supplementary Fig. 2c).

We next examined whether PDIAL is a downstream target of VEGF-induced ROS to
promote VEGFR2 signaling. It is shown that ROS induce oxidation of Cys residues in
target proteins to form CysOH (sulfenylation) [10, 12, 13] and that PDIA1 has four

redox active Cys residues (Cys53, Cys56, Cys397, and Cys400) in the catalytic domains
[14-16, 35, 36]. Thus, we examined if VEGF induces sulfenylation of PDIAL in ECs

using a biotin-conjugated CysOH trapping probe, DCP-Biol [13]. We found that VEGF
stimulation rapidly induced CysOH formation of PDIA1 within 5 min, peaking at 15

min, which gradually returned to the basal level within 2 h (Fig. 5b). Importantly, VEGF-
induced PDIA1-CysOH formation was abolished by overexpression of Nox4 shRNA or
mito-catalase (Fig. 5¢) or “redox-dead” Cys oxidation-defective mutant PDIAL in which the
four active sites of Cys residues were mutated to Ser (PDIA1-CS) (Fig. 5d). We confirmed
the significant reduction of Nox4 mRNA and VEGF-induced ROS production by Nox4
shRNA (Supplemental Fig. 2 a, b). These results suggest that VEGF induces sulfenylation of
PDIAL1 at redox active Cys residues in NOX4- and mitoROS-dependent manners in ECs.

Sulfenylation of PDIAL1 promotes VEGFR2 signaling and angiogenesis

We next examined the functional significance of PDIA1 sulfenylation for VEGF-induced
VEGFR?2 signaling and angiogenic responses in ECs. Overexpression of Cys oxidation-
defective PDIA1-CS mutant, but not PDIA1-WT, significantly inhibited VEGF-induced
p-VEGFR2 at Tyr1175 as compared to control adenovirus (Ad.null) (Fig. 6a). Furthermore,
PDIA1-CS overexpression significantly inhibited VEGF-induced VEGFR2 downstream
signaling such as p-ERK1/2 or p-Src (Fig. 6b) as well as angiogenic responses such as

EC migration (Fig. 6¢) or EC proliferation (Fig. 6d), as compared to Ad.null (control).

Of note, Ad.PDIA1-WT had no significant effects on VEGF-induced angiogenic responses
(Supplemental Fig. 3a, b) and VEGFR2 signaling (Supplemental Fig. 3c) compared to
Ad.null, suggesting that PDIA1-CS functions as a dominant negative in these responses.
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To determine the mechanism by which PDIA1 sulfenylation promotes VEGFR2
phosphorylation, we examined the relationship between PDIAL and protein tyrosine
phosphatase 1B (PTP1B) which is shown to dephosphorylate p-VEGFR2 at Tyr1175 [37,
38] and is inactivated by Cys oxidation [30, 39, 40]. We first confirmed our previous
observation that overexpression of PTP1B-WT inhibits VEGF-induced p-VEGFR2 at
Tyrl1175 (Fig. 7a). Importantly, VEGF stimulation promoted PDIAL binding to PTP1B (Fig.
7b), which was associated with CysOH formation of PTP1B within 5 min (Fig. 7c). Of note,
Cys oxidation-defective PDIA1-CS mutant overexpression inhibited VEGF-induced PTP1B
sulfenylation (Fig. 7¢) in addition to p-VEGFR2 (Fig. 6a). Thus, these results suggest that
PDIAL senses VEGF-induced ROS signal via sulfenylation, thereby promoting VEGFR2
signaling and angiogenesis via oxidative inactivation of PTP1B in ECs.

Discussion

We previously reported that “ROS-induced ROS release” orchestrated by NOX-mitoROS
axis play an important role in VEGFR?2 signaling and angiogenesis in ECs [9]; however,
how highly diffusible ROS are sensed to activate VEGFR2 signaling is poorly understand.
PDIAZ1 functions as an oxidoreductase depending on the redox environment. The role

of endothelial PDIAL in ROS-dependent VEGF signaling and angiogenesis as well as
postnatal neovascularization in vivo was not previously reported. This study provides the
first evidence that PDIAL functions as a redox sensor that transmits VEGF-induced H,0,
signal via sulfenylation to promote VEGFR2 signaling and angiogenesis. Here we show that
Pdial*/~ or PDIA1-ECKO mice exhibit impaired postnatal developmental and reparative
angiogenesis in vivo. Mechanistically, VEGF stimulation in human ECs rapidly induced
PDIA1-CysOH formation by NOX4-mitoROS axis, which in turn promotes endosomal
VEGFR?2 signaling via Cys oxidation of PTP1B that dephosphorylates p-VEGFR2, thereby
driving angiogenesis (Fig. 8).

Since global PDIA1-deficient mice are embryonic lethal, we initially used Pdial*/~
heterozygous mice and found that PDIAL plays an important role in postnatal angiogenesis
using developmental retinal angiogenesis, Matrigel plug models and aortic ring spouting
assays. The present study using EC-specific Pdial deficient mice with a hindlimb ischemia
model suggests that PDIAL is upregulated in angiogenic ECs in ischemic muscles and

that endothelial Pdial has beneficial effects to restore perfusion recovery and promote
reparative neovascularization in response to tissue ischemia. Consistent with our results,
Tian et al. [41] reported that PDI is highly upregulated in hypoxic myocardial capillary ECs;
however, its functional significance in myocardial infarction remains unknown. By contrast,
previous studies using megakaryoyte-specific PDIA1-deficient mice show that platelet Pdial
is involved in pathological effects such as laser injury-induced thrombus formation [21]

and glycoprotein Iba-mediated platelet—neutrophil interactions under thrombo-inflammatory
conditions [42]. Thus, PDIA1 function may differ depending on cell types, redox
environments, or disease types.

In vitro study shows that PDIA1 knockdown using specific sSiRNA in HUVECs significantly
inhibited VEGF-induced angiogenic responses, including EC migration, EC proliferation,
and capillary tube formation. Consistent with our results, Tian et al. [41] reported that loss
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of PDI increased apoptosis, reduced migration and tube formation in ECs exposed to chronic
hypoxia. It is shown that Endo-PDI (also termed ERp46) is required for TNFa-induced
angiogenesis in HUVECs [43]. Although PDIA1 was reported to interact with NOX subunits
such as p22phox and p47phox to increase NOX activity in VSMCs or macrophage [15, 19],
PDIA1 depletion had no significant effect on VEGF-induced ROS production in HUVECs
as measured by DCF-DA or CellROX. Thus, our findings suggest that PDIAL plays an
essential role in VEGF-induced angiogenic responses without affecting ROS production in
ECs.

In quiescent ECs which are in a reduced state, we previously reported that reduced form of
PDIAZ1 functions as a thiol reductase for mitochondrial fission protein Drpl to keep it in
reduced and inactive form to maintain normal mitochondrial and EC function [18]. Kang
et al. [44] reported that antioxidant peroxiredoxin 1l (PrxIl) knockdown in quiescent ECs
increases H,0, levels in basal state, which induces intramolecular disulfide bonds formation
between Cys'199 and Cys1206 in the C-terminal tail of VEGFR2, resulting in VEGFR2
being inactive in caveolae, and thus no longer responded to VEGF stimulation. By contrast,
our previous [8, 9] and present study demonstrated that VEGF-induced NOX4-mitoROS
signal axis promotes VEGFR2 activation and reparative angiogenesis by sulfenylation of
PDIAL. These findings suggest that role of ROS in the basal and VEGF-stimulated ECs is
different, such that elevation of ROS in the basal state is inhibitory, while VEGF-induced
ROS is stimulatory for VEGFR2 activation. Thus, keeping VEGFR2 in the reduced form in
quiescent ECs by PrxIl is required for VEGFR2 activation by VEGF-induced ROS.

Signaling function of ROS is in part mediated through sulfenylation of Cys residues in
target proteins [10, 12, 13]. The present study using CysOH trapping probe (DCP-Biol)
[13], Nox4 shRNA or overexpression of mito-catalase revealed that VEGF stimulation

in quiescent ECs rapidly induced sulfenylation (Cys oxidation) of PDIA1 via the
Nox4-mitoROS axis, which promotes VEGFR2 activation in endosomes and reparative
angiogenesis. These findings are consistent with the notion that oxidative environment
with increased ROS production converts the reduced form of PDI to the oxidized form

of PDI which functions as a thiol oxidase for its target proteins [15]. Using “redox-dead”
PDIA1 inactive mutant in which four reactive Cys residues (Cys53, Cys56, Cys397, and
Cys400) in the two a/a’ (CGHC) redox active motifs [14-16, 35, 36] were mutated to Ser
(PDIA1-C/S mutant), we showed that PDIA1-CysOH formation plays an important role in
VEGFR?2 signaling and angiogenic responses in ECs. Consistent with our finding, Kenche
et al. reported that sulfenylated PDI is increased as a protective adaptation to cigarette
smoke exposure in the murine model of chronic obstructive pulmonary disease [45]. Our
results suggest that PDIA1 functions as a redox sensor that transmits VEGF-induced Nox4—
mitoROS signaling via sulfenylation at Cys resides in the redox active sites, which drives
VEGFR? signaling and angiogenesis in ECs. Zhou et al. reported that C-terminal CGHC
redox-active sites of PDIAL is involved in platelet function and coagulation in vivo [21].
Although PDIAL has other Cys residues (Cys310, Cys342), they do not possess low pKa
values, raising the possibility that these Cys residues might not be direct targets of VEGF-
induced ROS. Future studies are required to identify active site Cys residues responsible
for PDIAL CysOH formation and to determine whether other post-translational modification
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of PDIAL, such as S-gluthathionylation [46] and S-nitrosylation [47], plays a role in VEGF-
induced angiogenesis.

The important question is how VEGF-induced NOX4-mitoROS axis contributes to PDIA1-
CysOH formation, resulting in promoting VEGFR2 phosphorylation. Although PDIAL is
mainly localized in the ER, but it is also in the cytosol [48-50], mitochondria [51],

or cell surface [52]. It is shown that ligand binding to VEGFR2 induces VEGFR2
dimerization and subsequent internalization to Rab5 + endosomes which provide specific
intracellular compartments required for assembly of signaling complexes to activate
VEGFR2/PLCy/ERK signaling [6, 7]. The present study shows that PDIA1 is sulfenylated
and colocalizes with endocytosed VEGFR?2 at Rab5 + early endosomes after VEGF
stimulation. It is reported that endosomes structurally contact with ER [53] and that ER
also forms membrane contact sites with mitochondria, termed mitochondria-associated
membrane (MAM) [54]. Thus, PDIA1 may associate with internalized VEGFR?2 at the
ER-endosome contact sites to achieve compartmentalized redox relay from mitoROS to
PDIA1-CysOH axis to drive sustained endosomal VEGFR2 signaling.

PTP1B is shown to dephosphorylate VEGFR2 when VEGFR2-containing early endosomes
become positioned in close proximity to the ER [37]. Of note, PTP1B is anchored to

the ER surface by a C-terminal 35-amino acid hydrophobic domain with its catalytic
domain exposed to the cytoplasm and is inactivated by Cys oxidation [5, 55, 56]. Our
studies show that overexpression of “redox dead” PDIA1-CS mutant which inhibits
PDIAL sulfenylation prevents VEGF-induced Cys oxidation of PTP1B and VEGFR2
phosphorylation. Thus, PDIAL transmits VEGF-induced H,05 signal to PTP1B, which
leads to PTP1B sulfenylation and subsequent inactivation. This in turn increases VEGFR2
phosphorylation in the early endosomes which are in close proximity to the ER, thereby
promoting sustained VEGFR2 signaling and angiogenesis. Taken together, it is likely

that VEGF-induced redox signaling mediated through the mitoROS/PDIA1-CysOH/PTP1B—-
CysOH/VEGFR2 axis may take place at the “redox triangle” formed by mitochondria, ER
and early endosomes.

In summary, we demonstrate that endothelial PDIAL plays an important role in ROS-
dependent VEGFR?2 signaling and angiogenesis in ECs as well as postnatal developmental
and reparative angiogenesis in vivo. Findings of this study will advance the understanding
of the molecular mechanisms by which VEGF-induced ROS-induced ROS release (NOX-
mitoROS relay) is sensed at the specific intracellular compartments to drive VEGFR2
signaling and productive angiogenesis. Our results suggest that PDIA1 functions as a
redox sensor that transmits VEGF-induced NOX-mitoROS signal via CysOH formation to
promote VEGFR2 signaling and angiogenesis via oxidation of PTP1B that dephosphorylates
VEGFR2. Furthermore, the present study provides new insights into oxidized PDIA1

as a potential therapeutic target for treatment of ROS- and angiogenesis-dependent
cardiovascular diseases.
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PDIAL is required for postnatal angiogenesis in vivo. (a) Retinal whole-mount staining
with Isolectin B4 (IB4) antibody of P5 pups from WT (7= 7) or Pdial*~ (7= 9) mice.
Arrowheads show tip cell sprouting and filopodia. The images show whole retina structure,
remodeling plexus (branching points), and angiogenic fronts (tip cells). The quantitative
results show retina length from center, number of branching points, and number of tip cells
and the percentage of vascular retinal area to total retinal area. Results were presented as
mean + SEM. *p < 0.05. (b) Growth factor-reduced Matrigel containing VEGF (50 ng/mL),
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bFGF (100 ng/mF), heparin (60 unit) was injected subcutaneously in WT (/7= 4) or Pdial*/~
(n=4) mice and then harvested for analysis after 3 days. The neovascularization in Matrigel
was determined by staining with isolectin-B4 antibody. The images were representative from
3 to 4 mice and presented as mean + SEM. *p < 0.05, vs WT. (c) Aortic ring sprouting assay
was monitored on Matrigel for 5-7 days [upper panel; lenti-scramble shRNA (shCont) vs
lenti-shPdial RNA. Lower panel; WT mice (7= 3-4) vsPdial*’~ mice (7= 3-4)]. Numbers
of sprouting branch from endothelial cells were counted and normalized by control sShRNA
or WT mice. The images were representative from at least three different experiments or
different mice and presented as mean £ SEM. *p < 0.05, **p < 0.01 vs control or WT. ns,
not significant
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non-ischemic gastrocnemius muscles at day 7 post-surgery. Scale bars, 20 um. Bar graph
represents CD31-PDIAL co-localized cell numbers per field (7= 3, **p < 0.01). (d) Blood
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ischemic (right) legs after hindlimb ischemia in WT and Pdia1ECKO mice (7= 5). Upper
panels show representative laser Doppler flow images showing limb perfusion recovery

(red arrows show ischemic foot) at day 28 after ischemia in WT and Pdial=CKO mice,

(e) Capillary density (CD31 staining) in ischemic and non-ischemic muscles of WT and
PdialECKO mice at day 21. Scale bars, 5 um. Bottom panels show their quantitative analysis
(number of capillaries per mm square). Data are mean £ SEM (n7=6). *p< 0.05, **p < 0.01,
***p < 0.001
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Fig. 3.
PDIAL is required for VEGF-induced signaling and angiogenesis in ECs. HUVECs

transfected with control or PDIAL siRNAs were stimulated with VEGF (20 ng/ml) for

6 h were and then used for EC migration as measured by modified Boyden chamber

assay (n7=3) (a), EC proliferation as measured by BrdU assay (7= 3) (b), and Spheroid
sprouting assay (17 = 3-4) (c). (d) HUVECs transfected with control or PDIA1 siRNAs were
stimulated with VEGF (20 ng/ml) for indicated time. Lysates were immunoblotted (IB) with
antibodies indicated. Actin is loading control. Graph represents the averaged fold change
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over the basal control. Statistics analysis was performed by comparing two groups at each
timepoint. (7= 3). *p<0.05, **p < 0.01, ***p< 0.001
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VEGF stimulation promotes PDIA1 binding to internalized VEGFR?2 at early endosomes.

(a) HUVECs stimulated with VEGF (20 ng/ml) were immunoprecipitated (IP) with
VEGFR2 antibody or IgG (negative control), followed by IB with antibodies indicated.
Lower panel represents the averaged fold change of PDIA1/VEGFR?2 ratio over the basal
ratio (n= 3, *p<0.05, **p < 0.01). (b) HUVECs stimulated with or without VEGF

for 5 min and co-stained for PDIAL with VEGFR2 or early endosome markers (Rab5)
or late endosome marker (Rab7). Images were taken using confocal microscopy. Yellow
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fluorescence (white arrowheads) in merged images shows their co-localization (white box),
which was analyzed by comparing the fluorescence intensity for each protein on white

line in enlarged images (b1). Scale bars, 5um. Bar graph represents the percentage of their
co-localization (b2). Data are mean £ SEM (n7=6). *p< 0.05, **p < 0.01, ***p < 0.001
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VEGF induces sulfenylation of PDIAL in a NOX4- and mitochondrial ROS-dependent
manner in ECs. (a) HUVECs transfected with control or PDIAL siRNAs stimulated with
or without VEGF (20 ng/ml) for 5 min were used to measure dichlorofluorescein (DCF)

fluorescence and DAPI staining (blue). Bottom

panel represents the averaged fold change of

fluorescence intensity over the basal control (7= 3). (b—d) DCP-Biol assay to detect PDIA1
sulfenylation (CysOH formation). Scheme of DCP-Biol assay to detect of sulfenylated
protein (b, left panel). HUVECSs were stimulated with VEGF for indicated time (b, right
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panel) or infected with Ad.null (cont), Ad.shNox4, or Ad.Mito-catalase (c), or Ad.flag—
hPDIA1-WT or Ad.flag-hPDIA1-CS (redox-dead mutant) (d) and then stimulated with
VEGF for 30 min. DCP-Biol-labeled lysates were pulled down with streptavidin beads and
then immunoblotted (IB) with anti-PDIA1 antibody to measure PDIA1-CysOH formation.
Total lysates were 1B with antibodies indicated. Data are mean = SEM (7= 3). *p < 0.05,
**p<0.01
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Fig. 6.

Suglfenylation of PDIA1 promotes VEGFR2 signaling and angiogenesis. (a, b, c, d)
HUVECs were infected with Ad.null (Cont), Ad.PDIA1-WT or flag-hPDIA1-C/S (redox-
dead mutant). Cells were stimulated with or without VEGF (20 ng/ml) for 5 min (a) or
indicated times (b), and then lysates were IB with antibodies indicated (a and b). In (b),
statistics analysis was performed by comparing two groups at each timepoint. In parallel,
cells were used to measure EC migration with and without VEGF for 6 h, as measured by
the modified Boyden chamber assay (c), and EC proliferation with and without VEGF for 24
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h, as measured by BrdU assay (d). Data are mean £ SEM (n= 3). *p< 0.05, **p< 0.01,
***p<0.001
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VEGF (20 ng/ml) for 5 min, and then lysates were immunaoblotted with anti-p-VEGFR2
('Y1175) or antibodies indicated. (b) HUVECs stimulated with VEGF for indicated times
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PDIAL ratio over the basal ratio (7= 3). (c) HUVECs infected with Ad.null or Ad. hPDIA1-
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CS (redox-dead mutant) were stimulated with VEGF for 5 min. DCP-Biol-labeled lysates
were pulled down with streptavidin beads and then IB with anti-PTP1B antibody to measure
PTP1B-CysOH formation. Total lysates were IB with antibodies indicated. Data are mean +
SEM (n=3). *p<0.05, **p<0.01, ***p< 0.001
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Proposed model. PDIAL functions as a redox sensor that transmits VEGF-induced NOX—

mitoROS signal via sulfenylation to promote VEGFR2 signaling and angiogenesis
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