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SUMMARY

Mitochondrial dynamics are tightly controlled by
fusion and fission, and their dysregulation and
excess reactive oxygen species (ROS) contribute to
endothelial cell (EC) dysfunction. How redox signals
regulate coupling between mitochondrial dynamics
and endothelial (dys)function remains unknown.
Here, we identify protein disulfide isomerase A1
(PDIA1) as a thiol reductase for the mitochondrial
fission protein Drp1. A biotin-labeled Cys-OH trap-
ping probe and rescue experiments reveal that
PDIA1 depletion in ECs induces sulfenylation of
Drp1 at Cys644, promoting mitochondrial fragmenta-
tion and ROS elevation without inducing ER stress,
which drives EC senescence. Mechanistically,
PDIA1 associates with Drp1 to reduce its redox sta-
tus and activity. Defective wound healing and angio-
genesis in diabetic or PDIA1+/� mice are restored by
EC-targeted PDIA1 or the Cys oxidation-defective
mutant Drp1. Thus, this study uncovers a molecular
link between PDIA1 and Drp1 oxidoreduction, which
maintains normal mitochondrial dynamics and limits
endothelial senescence with potential translational
implications for vascular diseases associated with
diabetes or aging.
INTRODUCTION

Endothelial cells (ECs) with senescence impair the integrity of the

endothelium in blood vessels, which contributes to vascular ag-

ing and cardiovascular and metabolic diseases with unknown

mechanisms (Erusalimsky, 2009). In ECs, mitochondria are not
Cell
This is an open access article und
the main source of ATP (Vandekeere et al., 2015); they function

as reactive oxygen species (ROS) signaling organelles, maintain-

ing EC homeostasis (Kluge et al., 2013). Mitochondrial dynamics

are tightly regulated by fusion and fission. Mitofusins (Mfn1 and

Mfn2) and optic atrophy 1 (OPA1) mediate fusion of outer and in-

ner membranes, respectively, whereas fission ismediated by the

dynamin-related GTPase Drp1 (Chan, 2006). Although mito-

chondrial fission is involved in physiological function, mitochon-

drial fragmentation induces excess mitochondrial ROS (mtROS),

which results in endothelial dysfunction in pathological condi-

tions such as diabetes (Kluge et al., 2013; Shenouda et al.,

2011). Thus, mitochondrial morphology, ROS levels, and endo-

thelial (dys)function are interconnected; however, the mecha-

nism of how redox signals regulate coupling between mitochon-

drial dynamics and EC function in normal and pathological

conditions is poorly understood.

Drp1 is localized in the cytosol in the resting state, and its

recruitment tomitochondrial outermembranes induces constric-

tion and scission of mitochondria (Westermann, 2010). Drp1 is

also localized at the endoplasmic reticulum (ER)-mitochondria

contact site, which plays an important role in the process ofmito-

chondrial fission (Friedman et al., 2011). Drp1 contains a key

GTPase activity residue, lysine (K)38, at the N terminus, and

the GTP hydrolysis-defective mutant (K38A) acts as a domi-

nant-negative (DN) (Elgass et al., 2013; Westermann, 2010).

Post-translational modifications (PTMs) of Drp1, such as phos-

phorylation at Ser616 or Ser637, are important mechanisms for

regulating mitochondrial fission (Elgass et al., 2013). In addition,

nitric oxide (NO) has been shown to induce S-nitrosylation of

Drp1, which increases Drp1 GTPase activity and mitochondrial

fragmentation in neurodegenerative diseases (Cho et al.,

2009). However, this evidence seems to be controversial (Bossy

et al., 2010). Another redox-sensitive PTM is ROS-mediated

modification of reactive cysteine thiol (SH) to form cysteine sul-

fenic acid (Cys-OH), termed protein sulfenylation, which is a

key initial readout of redox signaling (Paulsen and Carroll,
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Figure 1. PDIA1 Knockdown Induces Senescence and Endothelial Dysfunction

HUVECs were transfected with siRNAs for control (siCont) or PDIA1 (siPDIA1).

(A) The two different PDIA1 siRNAs show senescence detected by b-galactosidase staining.

(B) Protein expression for senescence marker proteins was detected by western blotting.

(C) Cell growth was measured by cell counting.

(D) Cell proliferation was determined by bromodeoxyuridine-positive (BrdU+) cells (percent) of total cells.

(E) The cell cycle was measured using fluorescence-activated cell sorting (FACS) analysis.

(F) Capillary-like network formation on Matrigel analyzed by the number of tube branches, branchpoints, or capillary tube length.

(legend continued on next page)
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2010; Poole and Nelson, 2008). However, a role of Drp1 Cys

oxidation in mitochondrial dynamics and endothelial function

has never been reported.

Protein disulfide isomerases (PDIs) have at least 21 families in

eukaryotes and function as thiol oxidoreductases that catalyze

thiol oxidation, reduction, or isomerization during protein folding

in the ER (Benham, 2012; Xu et al., 2014). A reduced form of PDI

functions as a reductase, whereas an oxidized PDI acts as an

oxidase to promote disulfide bond formation with specific sub-

strates to regulate their catalytic activity. The prototype,

PDIA1, has two redox-active CGHC domains that have four

reactive Cys residues, two substrate binding domains, and a

C-terminal ER retention sequence (KDEL) (Laurindo et al.,

2012). Although PDIA1 is present mainly in the ER, it is also found

in the cytosol (Parakh and Atkin, 2015; Turano et al., 2002; Wro-

blewski et al., 1992) and mitochondria (El Hindy et al., 2014) and

on the cell surface (Soares Moretti and Martins Laurindo, 2017).

Global PDIA1 knockout mice are embryonic lethal, and PDIA1 is

dysregulated in neurodegenerative and cardiovascular diseases

(Xu et al., 2014). PDIA1 has been shown to be involved in

agonist-induced nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase (NOX) activation to increase ROS in vascular

smooth muscle cells (VSMCs) (Laurindo et al., 2012). However,

the role of PDIA1 inmitochondrial dynamics in ECs and postnatal

angiogenesis in vivo in normal and pathological conditions such

as diabetes remains unknown.

In the present study, we provide evidence that PDIA1 func-

tions as a thiol reductase for Drp1 in ECs that maintains normal

mitochondrial dynamics and endothelial function. Unexpectedly,

loss of PDIA1 in ECs induces mitochondrial fragmentation and

mtROS elevation without ER stress via increasing the sulfenyla-

tion of Drp1 at Cys644 and Drp1 activity, which drives EC senes-

cence and impairs endothelium-dependent vasorelaxation and

angiogenesis. In vivo, defective wound healing and angiogenesis

in PDIA1+/� mice or type 2 diabetes mice, which have reduced

PDIA1 expression, are rescued by EC-targeted PDIA1 or Cys

oxidation-defective mutant Drp1. Our findings indicate that

restoring the endothelial PDIA1-Drp1 axis and/or targeting

Drp1Cys oxidation are important therapeutic strategies for treat-

ing diabetic vascular complications.

RESULTS

PDIA1Knockdown Induces Senescence and Endothelial
Dysfunction
To determine the function of endogenous PDIA1 in ECs, we

examined the effect of PDIA1 knockdown using small interfering

RNAs (siRNAs) in human umbilical vein endothelial cells

(HUVECs). Silencing of PDIA1 induced significant morphological

changes, such as round, flattened, or di- and/or multi-nucleus-

type cells (Figure S1A), and increased b-galactosidase activity

at pH 6 (Figure 1A), demonstrating a senescence-like pheno-

type. This was further confirmed by increased expression of
(G) Capillary sprouting formation in the fibrin clot was analyzed by the number o

(H) Acetylcholine (Ach)-induced endothelium-dependent and sodium nitroprussid

mice aortae precontracted with phenylephrine.

Data are mean ± SEM (n = 3–9). *p < 0.05, **p < 0.001 versus siCont or WT. ns;
the senescence markers p16, p21, and p53 (Figure 1B) as well

as decreased cell growth (Figure 1C), cell proliferation (Fig-

ure 1D), and induced cell cycle arrest at G0/G1 phase (Figure 1E)

in PDIA1-depleted ECs compared with control siRNA-trans-

fected ECs. We confirmed that PDIA1 knockdown did not alter

the expression of other ER chaperons, such as ERp46, ERp5,

or ERp72 (Figure S1C), showing the specificity of siPDIA1.

PDIA1 knockdown efficiency showed until 5 days after siRNA

transfection (Figure S1B).

Because endothelial senescence has been shown to

contribute to endothelial dysfunction, we next examined the

role of PDIA1 in angiogenesis and endothelium-dependent vaso-

relaxation (EDR). Silencing PDIA1 caused a significant decrease

in capillary-like network formation on Matrigel in HUVECs (Fig-

ure 1F) or human aortic ECs (HAECs) (Figure S2E). Figure 1G

shows that PDIA1 knockdown significantly reduced the number

of capillary sprouts and tip cells per bead in a fibrin bead assay

(Tung and Kitajewski, 2010), suggesting that PDIA1 is involved in

capillary sprouting and branching morphogenesis in vitro. Fig-

ure 1H shows that PDIA1 haplodeficiency in mice (Figures S1D

and S1E) caused impaired acetylcholine (ACh)-induced EDR

without affecting endothelium-independent sodium nitroprus-

side (SNP)-induced vasodilation compared with wild-type (WT)

mice.PDIA1+/�mice showed increased senescencemarker pro-

teins, such as p16 and p53 (Figure S1F). These results suggest

that PDIA1 is required to maintain endothelial function in isolated

blood vessels.

Silencing of PDIA1 Induces mtROS Elevation and
Mitochondrial Dysfunction in ECs
Given that the canonical function of PDIA1 is to assist protein

folding in the ER (Wilkinson and Gilbert, 2004), we examined

whether PDIA1 depletion-induced EC dysfunction is due to in-

duction of ER stress. Surprisingly, PDIA1 knockdown using

siRNA in ECs did not significantly increase ER stressmarker pro-

teins, including sXBP1, BiP1, or CHOP (Figures 2A and 2B), sug-

gesting that ER stress does not explain the siPDIA1-induced EC

phenotype. Because ROS play a role in cellular senescence, we

next examinedwhether PDIA1 regulates ROS levels in ECs. Con-

trary to previous reports that PDIA1 is involved in agonist-

induced NOX activation to increase ROS (Laurindo et al.,

2012), we unexpectedly found that PDIA1 knockdown in resting

HUVECs slightly increased the intracellular redox status de-

tected by 20,70-dichlorodihydrofluorescein diacetate (DCF-DA)

(Figure S2A), which was abolished by polyethylene glycol

(PEG)-catalase (data not shown). Furthermore, PDIA1 knock-

down dramatically increased the mitochondria redox status de-

tected by MitoSOX fluorescence, which was abolished by

MitoTEMPO, a scavenger of mitochondrially derived O2
� (Fig-

ure 2C) or by Mito-Tracker-CMTMRos fluorescence, which

was abolished by overexpression of mitochondrially targeted

catalase (mito-catalase), which scavenges mitochondrially

derived H2O2 (Figure S2B) in HUVECs or HAECs (Figures S2F
f sprouts and number of tip cells.

e (SNP)-induced endothelium-independent vasorelaxation in WT or PDIA1+/�

non-significant.
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Figure 2. PDIA1 Knockdown Increases mtROS and Impairs Mitochondrial Respiratory Function without Inducing ER Stress in ECs

(A–E) HUVECs were transfected with siCont or siPDIA1.

(A and B) ER stress marker proteins (sXBP1, BiP1, or CHOP) were determined by western blotting (A) and their quantification was expressed as the fold change

from control (siCont group, B).

(C) Mitochondrial redox status (mtROS) detected by MitoSOX fluorescence, which is abolished by MitoTEMPO in siCont-, siPDIA1-, and siERp46-transfected ECs.

Graphs represent the fold increase in fluorescence intensity from control (siCont group). Western blots show the protein knockdown efficiency for PDIA1 or ERp46.

(D and E) Mitochondrial respiratory capacity (D) and glycolytic flux (E) measured by O2 consumption rate (OCR) and extracellular acidification rate (ECAR),

respectively, using a Seahorse analyzer.

(F) OCR measurement in ECs with or without MitoTEMPO treatment.

Graphs represent the relative values normalized with the cell numbers, expressed as percent of control (siControl group). Data aremean ±SEM (n = 3–6). *p < 0.05

versus siCont or vehicle.
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and S2G). These results suggest that PDIA1 knockdown in-

creases mtROS levels without inducing ER stress in ECs. Of

note, this response is specific to PDIA1 because silencing

ERp46, another PDI family highly expressed in ECs, did not in-

crease MitoSOX fluorescence (Figures 2C and S2B).

To further assess the role of PDIA1 in mitochondrial function,

we examined mitochondrial respiration using an XF24 extracel-

lular flux analyzer. PDIA1 knockdown in HUVECs significantly

reduced the basal mitochondrial O2 consumption rate (OCR)

and mitochondrial respiration capacity (Figure 2D) without

affecting the extracellular acidification rate (ECAR), which mea-

sures glycolytic flux (Figure 2E). The reduced basal OCR and

respiration capacity in PDIA1-depleted ECs were partially but

significantly rescued by MitoTEMPO (Figure 2F). These findings

suggest that loss of PDIA1 in ECs induces mitochondrial

dysfunction in part through mtROS elevation, independent of

ER stress or glycolysis.

PDIA1 Knockdown Induces Mitochondrial
Fragmentation in a PDI Redox Activity-Dependent
Manner
Because altered mitochondrial dynamics regulate mitochondrial

function, we next examined the role of PDIA1 in mitochondrial

morphology in ECs using Mito-dsRed to mark the entire mito-

chondrial network or Mito-Tracker Green, visualized by super-

resolution confocal microscopy and transmission electron mi-

croscopy (TEM). Surprisingly, PDIA1 knockdown markedly

increased mitochondrial fragmentation in HUVECs (Figures 3A

and S2D) and HAECs (Figures S2F and S2G). To confirm this

further, we performed real-time imaging of mitochondrial dy-

namics using a low concentration of tetramethylrhodamine

methyl ester (TMRM) (50 nM) (Papanicolaou et al., 2011; Fig-

ure 3B). HUVECs transfectedwith control siRNA showed a stably

connected mitochondrial network with regularly exchanged

fission and fusion, whereas PDIA1-depleted ECs exhibited dy-

namic disruption of the mitochondrial network with a rapid in-

crease in mitochondrial fragmentation (Videos S1 and S2).

To examine whether mitochondrial fragmentation induced in

siPDIA1-treated ECs is caused by increased fission and/or

decreased fusion, we examinedmitochondrial fusion usingmito-

chondrially targeted photoactivatable GFP (mito-PA-GFP). The

time series images show that, in control siRNA (siCont)-treated

ECs, the GFP signal spread out from the photoactivated region

and decreased in intensity at later time points, indicating mito-

chondrial fusion (Figure 3C; Video S3). PDIA1-depleted ECs

showed similar changes of mito-PA-GFP (Figure 3C; Video S4).

Quantification of fluorescence intensity over time demonstrates

that there is no significant difference in decrease of fluorescence

in siCont- and siPDIA1-treated ECs (Figure 3D). This result sug-

gests that PDIA1-depleted ECs activated mitochondrial fission

but did not alter mitochondrial fusion.

To address the role of PDIA1 activity for regulating mitochondria

fission, we performed rescue experiment by transfecting siRNA-

resistant FLAG-ratPDIA1-WT (rPDIA1-WT) or FLAG-rPDIA1

catalytically inactive mutant (rPDIA1-CS), in which the two active

site CGHC residues were mutated to SGHS residues (Hahm

et al., 2013). We found that expression of rPDIA1-WT, but not

rPDIA1-CS, rescued PDIA1 depletion-induced mitochondrial
fragmentation (Figure 3E), mtROS, EC senescence, or impaired

capillary network formation (Figure 3F). These results suggest

that PDIA1 activity is required to maintain normal mitochondrial

and EC functions.

PDIA1 Knockdown Increases Mitochondrial
Fragmentation and mtROS Levels by Increasing Drp1
Activity in ECs
Because Drp1 is a key regulator of mitochondrial fission (Elgass

et al., 2013; Westermann, 2010), we next examined whether

PDIA1 maintains mitochondrial dynamics via regulating Drp1

activity. We found that silencing PDIA1 in ECs significantly

increased Drp1 GTPase activity (Figure 4A) and that overexpres-

sion of Drp1-dominant-negative (DN) (Drp1-K38A) (Figures 4B,

4C, and S4C), or Mdivi-1, a specific Drp1 inhibitor (Cassidy-

Stone et al., 2008; Figures S4A and S4B) rescued siPDIA1-

induced mitochondrial fragmentation, mtROS, senescence,

and impaired capillary network formation. Moreover, the

impaired EDR in PDIA1+/� aorta was rescued by gene transfer

of Drp1-DN (Figures 4D and S4D). These results suggest that

PDIA1 knockdown-induced Drp1 activity promotes mitochon-

drial fragmentation, enhancing mtROS elevation and EC

dysfunction.

PDIA1 Knockdown Induces Sulfenylation of Drp1 at
Cys644, Increasing Mitochondrial Fragmentation,
mtROS, and EC Dysfunction
We next investigated how loss of PDIA1 increases Drp1 GTPase

activity, which has been shown to be regulated by various PTMs,

such as phosphorylation. We found that PDIA1 depletion had

no significant effects on Drp1 phosphorylation at Ser616 and

Ser637 or expression of mitochondrial fusion proteins while

decreasing Drp1 protein expression (Figures S5A and S5B).

Because PDIA1 functions as a thiol oxidoreductase, we exam-

ined whether Drp1 is oxidized in PDIA1-depleted ECs using a

biotin-conjugated Cys-OH trapping probe, DCP-Bio1 (Kaplan

et al., 2011; Poole and Nelson, 2008). PDIA1 knockdown in

HUVECs significantly increased Cys-OH formation (sulfenyla-

tion) of Drp1 without altering that of actin (Figure 5A), which

was rescued by re-expressing rPDIA1-WT but not rPDIA1-CS

(Figure 5B). Because Cys644 of Drp1 is a key redox-sensitive

Cys residue (Cho et al., 2009), we next examined the role of

Cys644 in Drp1 Cys oxidation. PDIA1 knockdown-induced sulfe-

nylation of cMyc-Drp1-WT (Figure 5C) or endogenous Drp1 (Fig-

ure S5D), GTPase activity (Figure 5D) and its multimer formation

in non-reducing gels (data not shown) were significantly inhibited

by overexpression of Drp1-C644A (Figure S5E). Moreover,

siPDIA1-induced phenotypes, such asmitochondrial fragmenta-

tion (Figures 5E) as well as mtROS elevation, and EC dysfunc-

tion, such as senescence or impaired capillary formation (Fig-

ure 5F), were rescued by overexpression of Drp1-C644A. These

results suggest that Drp1 sulfenylation at Cys644 induced by

loss of PDIA1 reductase activity increases mitochondrial frag-

mentation, promoting mtROS elevation and EC dysfunction.

We also examined the possible role of mtROS and found

that mito-catalase overexpression (Figures S3A and S3B) or

MitoTEMPO (Figures S3C and S5C) prevented siPDIA1-induced

mitochondrial fragmentation or Drp1 sulfenylation. Thus, it
Cell Reports 23, 3565–3578, June 19, 2018 3569
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seems that there is a positive feedforward mechanism through

which mtROS induced by the Drp1-CysOH-mitochondria frag-

mentation axis increases Drp1 sulfenylation, which further en-

hances mitochondrial fission.

PDIA1 Binds to Drp1 to Reduce Its Redox Status and
Activity
We then examined whether PDIA1 directly regulates the Drp1

redox status and its GTPase activity. Figure 6A shows that re-

combinant PDIA1 reduces oligomerized and oxidized Drp1 in

c-Myc-Drp1 immunoprecipitates in HUVECs transfected with

c-Myc-Drp1 in non-reducing gels. In parallel, Drp1 GTPase ac-

tivity in c-Myc-Drp1 immunoprecipitates was significantly in-

hibited by recombinant PDIA1 (Figure 6B). These results suggest

that PDIA1 reduces the Drp1 redox status to inhibit its GTPase

activity. Next, to determine the mechanism by which PDIA1 reg-

ulates Drp1 activity, we examined whether PDIA1 binds to Drp1

and found that PDIA1 colocalizes with Drp1 in HUVECs at the

perinucleus and in the cytosol (Figure 6C). Moreover, a BiFC

(bimolecular fluorescence complementation) assay shows that

yellow fluorescence protein (YFP) fluorescence was increased

by co-transfection of the Venus-N-terminal vector expressing

PDIA1 (VN-PDIA1) and the Venus-C-terminal vector expressing

Drp1 (VC-Drp1) but not VC-expressing scrambled peptide

(negative control) (Figure 6D). In addition, we confirmed that

VN-PDIA1 associates with VC-Drp1 by co-immunoprecipitation

analysis (Figure 6E).

EC-Specific PDIA1 Gene Transfer Rescues Impaired
Wound Healing in Type 2 Diabetes Mice
We then examined the functional role of PDIA1 in vivo using a

mouse skin wound healing model with type 2 diabetes mellitus

(T2DM), in which endothelial cell senescence plays a role in its

pathogenesis (Palmer et al., 2015). We found that PDIA1 protein

expression was markedly downregulated in skins of db/db mice

compared with control mice (Figures S6A and S6B). Gene trans-

fer of PDIA1-WT with EC-specific vascular endothelial (VE)-cad-
Figure 3. PDIA1 Knockdown Induces Mitochondrial Fragmentation a

in ECs

(A and B) HUVECs were transfected with siCont or siPDIA1.

(A) Mitochondrial morphology visualized by pMito-dsRed or Mito-Tracker Green

microscopy (TEM). Shown are quantification for mitochondrial length and mitoc

mented cells (for Mito-Tracker), and the number of mitochondria and mitochond

(B) Real-time imaging of mitochondrial dynamics visualized by the TMRM pro

connection or dynamic disruption of the mitochondrial network in the siCont or s

(C and D) PDIA1 depletion in ECs does not alter mitochondrial fusion. HUVECs tr

GFP and then incubated with Mito-Tracker Red. Live-cell imaging was performed

with a 405 nm laser using confocal microscopy.

(C) On the left in each siCont and siPDIA1 group merged images are shown of M

group mito-PA-GFP is shown.

(D) A decrease in the mean intensity of GFP fluorescence was measured as fus

images and averaged fluorescence intensities are from three independent exper

(E and F) Ectopic expression of human siRNA-resistant FLAG-rat PDIA1 (rPDIA1-

HUVECs.

(E) Mitochondrial morphology visualized by Mito-Tracker and Mito-dsRed was q

respectively.

(F) Quantification of mitochondrial redox status (mtROS) measured by Mito-Tra

cence, and capillary-like network formation.

Data are mean ± SEM (n = 3–5). *p < 0.05, **p < 0.001 versus siCont.
herin promoter (EC-PDIA1-WT), but not inactive EC-PDIA1-CS,

in wound sites of db/db mice rescued reduced PDIA1 protein

expression (Figure S6B) and activity (Figure 7A) as well as

wound healing (Figure 7B). We confirmed that CD31+ capillary

density was decreased in db/db mice, which was restored by

EC-PDIA1-WT gene transfer (Figures 7C and S6C), and that

EC-PDIA1-WT was specifically expressed in ECs (Figure S7A).

We also verified that similar results were obtained with high-fat

diet-induced T2DM mice (Figures S7B–S7D).

Drp1-DN or Drp1-C644A Mutant Gene Transfer Rescues
Impaired Wound Healing in T2DM or PDIA1+/� Mice
To gain insight into the role of the PDIA1-Drp1 axis in wound

healing, we used PDIA1+/� and db/db mice. We found that

wound healing was significantly impaired in PDIA1+/� mice (Fig-

ure 7D) and db/db mice (Figure 7F) compared with control mice

injected with b-galactosidase (LacZ). However, gene transfer of

Drp1-DN or Drp1-C644A to the wounded tissue significantly

restored blunted wound healing and CD31+ capillary density in

PDIA1+/� mice (Figures 7E and S6D). We then examined the

role of Drp1 in impaired wound healing in T2DM mice and found

that gene transfer of Drp1-DN or Drp1-C644A in wounded tissues

of db/db mice rescued impaired wound healing and angiogen-

esis (CD31+ capillary density) compared with LacZ (Figures 7F

and 7G and S6E). These results suggest that targeting the

PDIA1-Drp1 axis is an important therapeutic strategy for

restoring impaired wound repair in T2DM.

DISCUSSION

How redox signals organize coupling mitochondrial dynamics/

morphology to EC function has remained unclear. In this study,

we provide a mechanism of redox regulation of mitochondrial

fission via PDIA1 that functions as a thiol reductase for Drp1,

which maintains healthy mitochondrial and endothelial function.

Here we show that: (1) PDIA1 depletion in human ECs drives

senescence or impaired endothelium-dependent vasodilation
nd Endothelial Dysfunction in a Redox Activity-Dependent Manner

using super-resolution microscopy (1003) as well as by transmission electron

hondrial fragmentation count (MFC) (for pMito-dsRed), mitochondrially frag-

ria area (for TEM).

be (50 nM) using confocal microscopy (1003). Each arrow shows a stable

iPDIA1 group, respectively.

ansfected with siCont or siPDIA1 were infected with adenovirus (Ad).mito-PA-

before and after photoactivation of the minimum region (400 mm2, white circle)

ito-Tracker Red (red) and mito-PA-GFP (green), whereas on the right in each

ion. The objective magnification was 633 with 23 zoom. The representative

iments.

WT) or FLAG-rat PDIA1-CS (inactive mutant) in siCont- or siPDIA1-transfected

uantified by mitochondrially fragmented cells, mitochondrial length, and MFC,

cker CMTMRos fluorescence, which was abolished by mito-catalase, senes-
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Figure 4. PDIA1 Knockdown Induces Endo-

thelial Dysfunction by IncreasingDrp1 Activ-

ity in ECs

(A–C) HUVECs were transfected with siCont or

siPDIA1.

(A) Lysates immunoprecipitated with anti-Drp1

antibody were used to measure Drp1 GTPase

enzyme activity.

(B and C) Cells were infected with empty adeno-

virus (Ad.cont) or Ad.Drp1-K38A (Ad.Drp1-DN)

and used to measure mitochondrial morphology

visualized by Mito-Tracker and Mito-dsRed (B),

mitochondrial redox status (mtROS) measured by

Mito-Tracker CMTMRos, cell senescence, and

capillary-like network formation (C).

(D) ACh-induced endothelium-dependent and SNP-

induced endothelium-independent vasorelaxation

in PDIA1+/� mice aorta transfected with Ad.LacZ

(control) or Ad.Drp1-DN.

Data are mean ± SEM (n = 3–4). *p < 0.05, **p <

0.001 versus siCont or Ad.cont.
or angiogenesis without inducing ER stress; (2) these PDIA1

knockdown-induced EC phenotypes are rescued by expression

of PDIA1-WT or Drp1-DN, which prevents mitochondrial fission,

but not by the inactive PDIA1-CS mutant; (3) mechanistically,

PDIA1 associates with Drp1 to reduce its redox status, whereas

loss of PDIA1 increases sulfenylation of Drp1 at Cys644 and Drp1

activity, promoting mitochondrial fragmentation and mtROS,

leading to endothelial dysfunction; and (4) defective wound heal-

ing and angiogenesis in T2DMmice, which have reduced PDIA1

expression, or in PDIA1+/� mice are rescued by gene transfer of

EC-targeted PDIA1 or Drp1 DN or Drp1 Cys644A mutant. These

results suggest that sulfenylation of Drp1 at Cys644 induced by

dysregulation of PDIA1 links excessive mitochondrial fission to

EC senescence, involved in aging-associated vascular diseases

such as diabetes (Figure 7H).

A loss-of-function approach and rescue experiments with

siRNA-resistant PDIA1-WT or inactive PDIA1-CS mutant reveal

that endogenous PDIA1 redox activity is required to protect
3572 Cell Reports 23, 3565–3578, June 19, 2018
against EC senescence. Because PDIs

are known to facilitate the proper folding

of nascent proteins in the ER (Eletto

et al., 2014), it is generally considered

that PDIs prevent ER stress in neurode-

generative and other diseases (Walker

et al., 2010). However, we found that

PDIA1 depletion promotes ECs dysfunc-

tion, including EC senescence or

impaired endothelium-dependent vaso-

dilation or angiogenesis without inducing

ER stress. This may be due to the pres-

ence of other ER chaperone proteins

and PDI families that are insensitive to

siPDIA1. Consistent with our result, Rut-

kevich et al. (2010) reported that deple-

tion of PDI or other PDI family members

does not increase unfolded protein re-

sponses. Thus, ER stress induction by
loss of PDI function might be cell type- and context-specific

and depends on expression of other PDI families and ER chap-

erones (Laurindo et al., 2014).

Our study demonstrates that PDIA1 depletion in human ECs

increases fragmentation of mitochondria and mtROS, inducing

endothelial dysfunction, such as EC senescence and impaired

EDR and angiogenesis. Real-time imaging of mitochondrial

dynamics using a low concentration of TMRM and mito-PA-

GFP reveals that PDIA1-depleted ECs activate mitochondrial

fission without altering mitochondrial fusion. Of note, the

siPDIA1-induced increase in mtROS is unexpected because

PDIA1 has been shown to be involved in agonist-induced NOX

activation in VSMCs and macrophages (Laurindo et al., 2012).

Camargo et al. (2013) reported that PDIA1 or the PDI family

member ERp46 mediates cytokine tumor necrosis factor alpha

(TNF-a)-induced NOX activation in ECs. By contrast, we found

that PDIA1 depletion in unstimulated ECs slightly increases cyto-

solic H2O2, which may be diffused from the mitochondria.



Furthermore, silencing of ERp46 in ECs does not increase

mtROS at the basal state, suggesting that the effects on mtROS

and mitochondrial function are specific to PDIA1.

The next question is how PDIA1 knockdown increases Drp1

GTPase activity, which is the key response to induce mitochon-

drial fragmentation and EC senescence. It has been shown that

Drp1 GTPase activity is regulated by various PTMs, such as

phosphorylation (Elgass et al., 2013; Westermann, 2010); how-

ever, we found that Drp1-pSer616 or Drp1-pSer637, which in-

creases or decreases Drp1 activity, respectively, is not altered,

whereas total Drp1 protein is rather decreased by PDIA1 knock-

down in ECs. Sulfenylation (Cys-OH formation) is a reversible

initial step in ROS-mediated oxidation of reactive Cys residues

of proteins (Paulsen and Carroll, 2010; Poole and Nelson,

2008). Given that Drp1 has a reactive Cys residue, Cys644 (Cho

et al., 2009), we examined whether Drp1 is oxidized in PDIA1-

depleted ECs. Experiments using a biotin-labeled Cys-OH trap-

ping probe and Drp1 Cys oxidation-defective mutant, Drp1-

C644A, reveal that loss of PDIA1 increases Drp1 sulfenylation at

Cys644, promoting Drp1 GTPase activity and mitochondrial frag-

mentation, which drives mtROS elevation and EC dysfunction.

Of note, NO has been shown to induce a fragmented mitochon-

drial phenotype through Drp1-SNO formation via increasing

Drp1 activity in neurodegenerative diseases (Cho et al., 2009).

However, this evidence seems to be controversial because

Bossy et al. (2010) reported that Drp1-SNO does not increase

GTPase activity. Thus, our evidence for sulfenylation of Drp1 at

Cys644 may implicate a new mechanism for redox regulation of

Drp1 activity and mitochondrial fission. In this study, Drp1-

C644A may act as a dominant-negative mutant and, thus,

compete with endogenous sulfenylated Drp1, limiting mitochon-

drial fragmentation in PDIA1-depleted ECs. However, we cannot

eliminate the possibility that mutation of Cys644 may induce a

conformational change to regulate Drp1 activity independent of

inhibiting Cys oxidation. Furthermore, PDIA1 may induce Cys

oxidation at other sites or PTM of Drp1, such as S-glutathionyla-

tion, sumoylation, ubiquitination, and acetylation (Elgass et al.,

2013) or regulate other fission and fusion proteins.

Although it is difficult to demonstrate the causality between

mitochondrial fission and mtROS elevation induced by PDIA1

knockdown, it has been reported that mitochondrial fragmenta-

tion increases ROS (Yu et al., 2006) or mtROS levels (Kluge et al.,

2013; Shenouda et al., 2011) in pathological conditions such as

diabetes. Consistently, we show that loss of PDIA1-induced

mitochondrial fragmentation and mtROS as well as defective

EC phenotypes are rescued by Drp1-DN or the Drp1 inhibitor

Mdivi1 (Cassidy-Stone et al., 2008). These results support the

notion that Drp1-mediated mitochondrial fragmentation is

causal for mtROS elevation and EC dysfunction in PDIA1-

depleted ECs. However, we also found that reducing mtROS in-

hibits mitochondrial fragmentation, respiratory deficit, or Drp1-

SOH formation induced by PDIA1 knockdown. Taken together,

there seems to be a positive feedforward mechanism by which

Drp1 sulfenylation promotes mitochondrial fragmentation and

mtROS, which, in turn, further enhances Drp1 sulfenylation,

leading to EC senescence (Figure 7H). Moreover, we cannot

exclude the possibility that mtROS elevation is the proximal

event for inducing Drp1 sulfenylation.
Evidence suggests that PDI functions as a redox adaptor and

organizer (Soares Moretti and Martins Laurindo, 2017) and that

the majority of PDI in quiescent ECs is in a reduced form and

functions as a thiol reductase (Wilkinson and Gilbert, 2004). In

line with this notion, we show that PDIA1 binds to Drp1 to reduce

its redox status, inhibiting GTPase activity and mitochondria

fragmentation, which maintains normal mitochondrial dynamics

and EC function. To keep Drp1 and PDIA1 in the reduced state,

intracellular glutathione (GSH) levels may also play an important

role. It has been shown that GSH, its oxidation to glutathione di-

sulfide (GSSG), and the consequent change in the GSH/GSSG

ratio regulate mitochondrial morphology (Costa et al., 2003;

Schafer and Buettner, 2001). Shutt et al. (2012) reported that

GSSG induces mitochondrial fusion via formation of disulfide

bond-mediated mitofusin oligomers, which protects against

stress-induced apoptosis and mitophagy. In contrast, our study

demonstrates that PDIA1 functions as a reductase for Drp1 and

that PDIA1 depletion-induced sulfenylation of Drp1 promotes the

formation of disulfide-mediated Drp1 multimers and consequent

mitochondrial fragmentation, which drives mtROS elevation and

EC senescence. The relationship between redox-dependent

modulation of mitochondrial fission and fusion should be clari-

fied in a future study.

Based on our co-localization and BiFC assays as well as

previous reports showing that inactive Drp1 is mainly localized

in the cytosol (Chang and Blackstone, 2010), it is likely that

PDIA1 associates with Drp1 in the cytosol to reduce its redox

status. Although the cytoplasmic localization of PDIA1 remains

controversial (Soares Moretti and Martins Laurindo, 2017), cell

fractionation studies demonstrate that PDI is localized in the

cytosol in resting and activated ECs (Jasuja et al., 2010).

PDIA1 has been shown to interact with cytosolic proteins,

such as SOD1 (Atkin et al., 2017), guanylate cyclase (Heckler

et al., 2013), RhoA or RhoGDI (Laurindo et al., 2012; Pescatore

et al., 2012), p47phox (de A Paes et al., 2011), Rac1 (Pesca-

tore et al., 2012), or b-actin Cys374 (Sobierajska et al., 2014),

to regulate their activity and/or redox status. Although it is un-

clear how PDIA1 can localize in the cytosol, it is possible that a

part of total PDIA1 localized at the ER may be released into the

cytosol and that PDIA1 secreted from ECs may reenter the

cytosol, thereby reducing Drp1. Furthermore, endothelial sur-

face PDIA1 has been shown to promote thrombus formation

(Jasuja et al., 2010). However, we found that neutralizing the

anti-PDIA1 antibody does not induce mitochondrial fission or

senescence in ECs (unpublished data), eliminating the role of

cell-surface PDIA1 in regulating mitochondrial dynamics and

function.

The clinical implication of this study is related to the fact that, in

pathological conditions such as diabetes, mitochondrial frag-

mentation has been shown to contribute to endothelial dysfunc-

tion (Kluge et al., 2013; Shenouda et al., 2011). However, the un-

derlying mechanisms and functional significance in vivo were

unknown. The present study shows that defective wound healing

in T2DM mice, which have reduced PDIA1 expression, or

PDIA1+/� mice is rescued by gene transfer of EC-targeted

PDIA1, Drp1 DN, or Drp1 Cys644 mutant. Thus, enhancing

endothelial PDIA1 function or inhibiting Drp1 Cys oxidation and

activity restores impaired angiogenesis in diabetic vascular
Cell Reports 23, 3565–3578, June 19, 2018 3573
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Figure 5. PDIA1 Knockdown Increases Drp1 Cys644 Oxidation and GTPase Activity in ECs
(A and B) HUVECs were transfected with siCont or siPDIA1.

(A) DCP-Bio1-labeled lysates were pulled down with streptavidin beads and then immunoblotted with Drp1 or actin antibody to detect their Cys-OH formation.

(B) Cells were also transfected with FLAG empty vector, FLAG-rPDIA1-WT, or FLAG-rPDIA1-CS (inactive form) and used to measure Cys-OH formation of Drp1

as in (A).

(C and D) PDIA1 siRNA-transfected HUVECs were infected with Ad expressing c-Myc-Drp1-WT or c-Myc-Drp1-C644A.

(C) DCP-Bio1-labeled lysates were pulled down with streptavidin beads and immunoblotted with c-Myc antibody to measure Cys-OH-formed c-Myc-Drp1.

(D) Cells immunoprecipitated with anti-c-Myc antibody were used to measure Drp1 GTPase activity.

(legend continued on next page)
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Figure 6. PDIA1 Binds to Drp1 and Reduces

GTPase Activity

(A and B) HUVECs infected with Ad.cont or Ad.

c-Myc-Drp1-WT were immunoprecipitated with

c-Myc antibody, and lysates were incubated with

or without human recombinant PDIA1 protein.

Mixtures were subjected to SDS-PAGE under non-

reducing (�DTT) and reducing (+DTT) conditions

and used for immunoblotting with anti-c-Myc

antibody to measure the redox status of c-Myc-

Drp1 (A) or Drp1 GTPase activity (B). Data are

shown as mean ± SEM (n = 3–5). *p < 0.05.

(C) Co-localization of PDIA1 and Drp1 in HUVECs,

showing yellow fluorescence in merged images,

was analyzed by comparing the fluorescence in-

tensity for each protein (white line on enlarged

image).

(D) BiFC assay. Co-transfection of N-terminal

Venus-PDIA1 (VN-PDIA1) + C-terminal Venus-HA-

Drp1 (VC-Drp1) + protein expressing enhanced

cyanide fluorescent protein (pECFP) (transfection

positive control) and VN-PDIA1 + C-terminal

Venus-negative peptide (VC-peptide) + pECFP in

Cos1 cells. The YFP signal shows interaction of

PDIA1 and Drp1.

(E) HEK293T cells co-transfected with the Venus

vectors described in (D) were immunoprecipitated

with HA antibody, and immunoprecipitation (IP) or

non-IP lysates were separated by SDS-PAGE,

followed by immunoblotting with the indicated

antibodies.

Shown are representative images or blots from 3–4

different experiments.
complications (Figure 7H). Addressing the mechanism by which

PDIA1 is downregulated in diabetic tissues is the beyond the

scope of this study. In contrast, platelet-specific PDIA1 knockout

mice show that platelet extracellular PDIA1 is involved in injury-

induced thrombus formation (Kim et al., 2013). Thus, PDIA1

function becomes protective or pathological, depending on the

cell type, subcellular localization, redox environment, or disease

model. In addition to expression level, PTM of PDI mediated

through redox modification such as S-gluthathionylation (Town-

send et al., 2009), S-nitrosylation (Uehara et al., 2006), or sulfe-

nylation (Kenche et al., 2016) may regulate PDI activity and

function.

In summary, our findings demonstrate a link between PDIA1

and Drp1 oxidoreduction, which protects against excess mito-
(E and F) PDIA1 siRNA-transfected HUVECs infected with Ad.cont or Ad.Drp1-C644A.

(E) Cells were used to measure mitochondrial morphology visualized by Mito-Tracker (top) and Mito-dsRed (b

fragmented cells, mitochondrial length, and MFC, respectively.

(F) Quantification of mitochondrial redox status (mtROS) measured by Mito-Tracker CMTMRos, senescenc

Data are mean ± SEM (n = 3–4). *p < 0.05, **p < 0.001.

Cell R
chondrial fission and ROS elevation, lead-

ing to endothelial dysfunction in diabetic

vascular complications (Figure 7H). These

findings provide insights into restoring

the endothelial PDIA1-Drp1 axis and/or

targeting Cys oxidation of key proteins
regulating mitochondrial dynamics and functions as attractive

therapeutic strategies for various diseases associated with

endothelial senescence, such as diabetes, atherosclerosis,

and aging-related disorders.

EXPERIMENTAL PROCEDURES

Cell Culture

Primary HUVECs were cultured in EndoGRO (EMD Millipore) with 5% fetal

bovine serum (FBS) and used for experiments until passage 6.

Fibrin Bead Angiogenesis Assay

HUVECs infected with lenti-red fluorescence protein (RFP) were used for a 3D

fibrin bead assay to analyze capillary tube formation and sprouting, as re-

ported previously (Tung and Kitajewski, 2010).
ottom) and quantified (percent) for mitochondrially

e, and capillary-like network formation.
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Figure 7. EC-Specific PDIA1, Drp1-DN, or Drp1-C644A Mutant Gene Transfer Rescues Impaired Wound Healing in T2DM or PDIA1+/� Mice

(A–C) Control (Cont) and db/db mice were wounded on the back skin, and wound regions were overlaid with Ad.LacZ, Ad.EC-PDIA1-WT (PDIA1 with the

VE-cadherin promoter), or Ad.EC-PDIA1-CS, and then the wound closing rate was measured for 7 days. The wounded skin tissues were used to analyze PDIA1

enzyme activity (A) or wound area, expressed as percent of that measured right after the wounding (B), or CD31+ cells using CD31 antibody (C).

(D–G) Ad.LacZ, Ad.Drp1-DN, or Ad.Drp1-C644A was overlaid on the wound regions inWT or PDIA1+/� (D) or control or db/dbmice (F), and then the wound closing

rate was measured for 11 days.

(E and G) Wounded skin tissues were used to measure CD31+ cells. Data are mean ± SEM (n = 3). *p < 0.05.

(H) Proposed model showing that PDIA1 binds to Drp1 in the cytosol and functions as a thiol reductase for Drp1 to keep it in a reduced and inactive state,

maintaining normal mitochondrial dynamics and EC function in resting ECs. Under pathological conditions such as diabetes, PDIA1 dysfunction increases

sulfenylation of Drp1 and activity, enhancing mitochondrial fragmentation, which drives mtROS elevation and endothelial senescence and dysfunction.
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Mitochondrial Structure Analysis

The Mito-dsRed vector with the mitochondrial targeting sequence and Mito-

Tracker Green FM (Invitrogen) were used to visualize and analyze mitochon-

drial structure. Images were taken by super-resolution microscopy (Nikon) or

confocal microscopy (Zeiss LSM710). For live-cell imaging of mitochondria dy-

namics, 50 nM TMRM (Invitrogen) was used (Papanicolaou et al., 2011). For

mitochondrial fusion live-cell imaging, mito-PA-GFP was used as reported

previously (Rehman et al., 2012).

DCP-Bio1 Assay to Detect Sulfenylated Proteins

HUVECs were lysed in the presence of 200 mMDCP-Bio1 (KaraFast, USA, and

Dr. Leslie Poole at Wake Forest University), and DCP-Bio1-bound sulfenylated

proteins were pulled down with streptavidin beads, followed by immunoblot-

ting, as we reported previously (Kaplan et al., 2011).

BiFC Assay

COS1 cells were transfected with N-terminal Venus-PDIA1 and C-terminal

Venus-Drp1 or negative control peptide. The positive YFP signals showed

interaction between PDIA1 andDrp1, as reported previously (Okur et al., 2014).

Animals

All animal studies followed protocols approved by the Animal Care and Insti-

tutional Biosafety Committee of the University of Illinois at Chicago and the

Medical College of Georgia at Augusta University. Mice were used at

8–12 weeks for C57Bl6 (WT) and PDIA1+/� mice (Hahm et al., 2013) or

13–16 weeks for db/db T2DM mice and C57Bl6 (control) mice. Both males

and females were used.

Mouse Wound Healing Angiogenesis Model

The backside of the skin of mice was wounded using a 3-mm punch, and the

wound closure rate was measured. To evaluate rescue effects, adenoviruses

expressing EC-specific PDIA1-WT, Drp1-DN, Drp1-C644A, LacZ (control) were

overlaid on the wounded region of db/db mice, and the wound closure rate

was measured.

Statistical Analysis

Statistical significance was assessed by two-tailed paired/unpaired Student’s

t test or ANOVA on untransformed data, followed by comparison of group av-

erages by contrast analysis using the Super ANOVA statistical program

(Abacus Concepts, Berkeley, CA). p < 0.05 was considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and four videos and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.05.054.

ACKNOWLEDGMENTS

This research was supported by NIH R01HL135584 (to M.U.-F.), NIH

R21HL112293 (to M.U.-F.), NIH R01HL133613 (to T.F. and M.U.-F.),

NIH R01HL116976 (to T.F. and M.U.-F.), NIH R01HL070187 (to T.F.),

NIH R01HL112626 (to J.K.), Department of Veterans Affairs Merit Review

Grant 2I01BX001232 (to T.F.), AHA 16GRNT31390032 (to M.U.-F.), AHA

15SDG25700406 (to S.V.), AHA 16POST27790038 (to A.D.), and NIH

T32HL07829 (to R.C.). We thank Mr. Kyle Taylor at Keyence Corporation for

assisting with taking images using the Keyence microscope; Dr. John O’Bryan

at UIC for assisting with the BiFC assays; Dr. Leslie Poole at Wake Forest Uni-

versity for providing DCP-Bio1, as well as Dr. Jody Martin and the Center for

Cardiovascular Research-supported Vector Core Facility at UIC for amplifying

adenoviruses.

AUTHOR CONTRIBUTIONS

Conceptualization, M.U.-F. and Y.-M.K.; Investigation, Y.-M.K., S.-W.Y., V.S.,

R.C., A.D., and H.C.G.; Methodology, J. Kweon, S.L., and L.H.; Resources,
J.R., Y.Y., and J.C.; Analysis, Y.-M.K., S.-W.Y., V.S., and R.C.; Supervision,

M.U.-F., H.C.G., J. Kitajewski, J.R., P.T.T., Y.Y., J.C., and T.F.; Writing-Review

& Editing, Y.-M.K., J.C., T.F., and M.U.-F.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 11, 2017

Revised: February 28, 2018

Accepted: May 16, 2018

Published: June 19, 2018

REFERENCES

Atkin, J.D., Farg, M.A., Turner, B.J., Tomas, D., Lysaght, J.A., Nunan, J., Re-

mbach, A., Nagley, P., Beart, P.M., Cheema, S.S., and Horne, M.K. (2017).

Retraction. J. Biol. Chem. 292, 12007.

Benham, A.M. (2012). The protein disulfide isomerase family: key players in

health and disease. Antioxid. Redox Signal. 16, 781–789.

Bossy, B., Petrilli, A., Klinglmayr, E., Chen, J., L€utz-Meindl, U., Knott, A.B.,

Masliah, E., Schwarzenbacher, R., and Bossy-Wetzel, E. (2010). S-Nitrosyla-

tion of DRP1 does not affect enzymatic activity and is not specific to Alz-

heimer’s disease. J. Alzheimers Dis. 20 (Suppl 2), S513–S526.

Camargo, Lde.L., Babelova, A., Mieth, A., Weigert, A., Mooz, J., Rajalingam,

K., Heide, H., Wittig, I., Lopes, L.R., and Brandes, R.P. (2013). Endo-PDI is

required for TNFa-induced angiogenesis. Free Radic. Biol. Med. 65, 1398–

1407.

Cassidy-Stone, A., Chipuk, J.E., Ingerman, E., Song, C., Yoo, C., Kuwana, T.,

Kurth, M.J., Shaw, J.T., Hinshaw, J.E., Green, D.R., and Nunnari, J. (2008).

Chemical inhibition of the mitochondrial division dynamin reveals its role in

Bax/Bak-dependent mitochondrial outer membrane permeabilization. Dev.

Cell 14, 193–204.

Chan, D.C. (2006). Mitochondrial fusion and fission in mammals. Annu. Rev.

Cell Dev. Biol. 22, 79–99.

Chang, C.R., and Blackstone, C. (2010). Dynamic regulation of mitochondrial

fission through modification of the dynamin-related protein Drp1. Ann. N Y

Acad. Sci. 1201, 34–39.

Cho, D.H., Nakamura, T., Fang, J., Cieplak, P., Godzik, A., Gu, Z., and Lipton,

S.A. (2009). S-nitrosylation of Drp1 mediates beta-amyloid-related mitochon-

drial fission and neuronal injury. Science 324, 102–105.

Costa, N.J., Dahm, C.C., Hurrell, F., Taylor, E.R., and Murphy, M.P. (2003). In-

teractions of mitochondrial thiols with nitric oxide. Antioxid. Redox Signal. 5,

291–305.

de A Paes, A.M., Verı́ssimo-Filho, S., Guimar~aes, L.L., Silva, A.C., Takiuti, J.T.,

Santos, C.X., Janiszewski, M., Laurindo, F.R., and Lopes, L.R. (2011). Protein

disulfide isomerase redox-dependent association with p47(phox): evidence

for an organizer role in leukocyte NADPH oxidase activation. J. Leukoc. Biol.

90, 799–810.

El Hindy, M., Hezwani, M., Corry, D., Hull, J., El Amraoui, F., Harris, M., Lee, C.,

Forshaw, T., Wilson, A., Mansbridge, A., et al. (2014). The branched-chain

aminotransferase proteins: novel redox chaperones for protein disulfide isom-

erase–implications in Alzheimer’s disease. Antioxid. Redox Signal. 20, 2497–

2513.

Eletto, D., Chevet, E., Argon, Y., and Appenzeller-Herzog, C. (2014). Redox

controls UPR to control redox. J. Cell Sci. 127, 3649–3658.

Elgass, K., Pakay, J., Ryan, M.T., and Palmer, C.S. (2013). Recent advances

into the understanding of mitochondrial fission. Biochim. Biophys. Acta

1833, 150–161.

Erusalimsky, J.D. (2009). Vascular endothelial senescence: from mechanisms

to pathophysiology. J. Appl. Physiol. (1985) 106, 326–332.

Friedman, J.R., Lackner, L.L., West, M., DiBenedetto, J.R., Nunnari, J., and

Voeltz, G.K. (2011). ER tubules mark sites of mitochondrial division. Science

334, 358–362.
Cell Reports 23, 3565–3578, June 19, 2018 3577

https://doi.org/10.1016/j.celrep.2018.05.054
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref1
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref1
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref1
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref2
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref2
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref3
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref3
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref3
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref3
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref3
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref4
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref4
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref4
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref4
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref5
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref5
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref5
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref5
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref5
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref6
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref6
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref7
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref7
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref7
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref8
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref8
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref8
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref9
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref9
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref9
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref10
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref11
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref11
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref11
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref11
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref11
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref12
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref12
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref13
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref13
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref13
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref14
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref14
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref15
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref15
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref15


Hahm, E., Li, J., Kim, K., Huh, S., Rogelj, S., and Cho, J. (2013). Extracellular

protein disulfide isomerase regulates ligand-binding activity of alphaMbeta2

integrin and neutrophil recruitment during vascular inflammation. Blood 121,

3789–3800.

Heckler, E.J., Crassous, P.A., Baskaran, P., and Beuve, A. (2013). Protein di-

sulfide-isomerase interacts with soluble guanylyl cyclase via a redox-based

mechanism and modulates its activity. Biochem. J. 452, 161–169.

Jasuja, R., Furie, B., and Furie, B.C. (2010). Endothelium-derived but not

platelet-derived protein disulfide isomerase is required for thrombus formation

in vivo. Blood 116, 4665–4674.

Kaplan, N., Urao, N., Furuta, E., Kim, S.J., Razvi, M., Nakamura, Y., McKinney,

R.D., Poole, L.B., Fukai, T., and Ushio-Fukai, M. (2011). Localized cysteine sul-

fenic acid formation by vascular endothelial growth factor: role in endothelial

cell migration and angiogenesis. Free Radic. Res. 45, 1124–1135.

Kenche, H., Ye, Z.W., Vedagiri, K., Richards, D.M., Gao, X.H., Tew, K.D.,

Townsend, D.M., and Blumental-Perry, A. (2016). Adverse Outcomes Associ-

ated with Cigarette Smoke Radicals Related to Damage to Protein-disulfide

Isomerase. J. Biol. Chem. 291, 4763–4778.

Kim, K., Hahm, E., Li, J., Holbrook, L.M., Sasikumar, P., Stanley, R.G., Ushio-

Fukai, M., Gibbins, J.M., and Cho, J. (2013). Platelet protein disulfide isom-

erase is required for thrombus formation but not for hemostasis in mice. Blood

122, 1052–1061.

Kluge, M.A., Fetterman, J.L., and Vita, J.A. (2013). Mitochondria and endothe-

lial function. Circ. Res. 112, 1171–1188.

Laurindo, F.R., Pescatore, L.A., and Fernandes, Dde.C. (2012). Protein disul-

fide isomerase in redox cell signaling and homeostasis. Free Radic. Biol.

Med. 52, 1954–1969.

Laurindo, F.R., Araujo, T.L., and Abrah~ao, T.B. (2014). Nox NADPH oxidases

and the endoplasmic reticulum. Antioxid. Redox Signal. 20, 2755–2775.

Okur, M.N., Russo, A., and O’Bryan, J.P. (2014). Receptor tyrosine kinase

ubiquitylation involves the dynamic regulation of Cbl-Spry2 by intersectin 1

and the Shp2 tyrosine phosphatase. Mol. Cell. Biol. 34, 271–279.

Palmer, A.K., Tchkonia, T., LeBrasseur, N.K., Chini, E.N., Xu, M., and Kirkland,

J.L. (2015). Cellular Senescence in Type 2 Diabetes: A Therapeutic Opportu-

nity. Diabetes 64, 2289–2298.

Papanicolaou, K.N., Khairallah, R.J., Ngoh, G.A., Chikando, A., Luptak, I.,

O’Shea, K.M., Riley, D.D., Lugus, J.J., Colucci, W.S., Lederer, W.J., et al.

(2011). Mitofusin-2 maintains mitochondrial structure and contributes to

stress-induced permeability transition in cardiac myocytes. Mol. Cell. Biol.

31, 1309–1328.

Parakh, S., and Atkin, J.D. (2015). Novel roles for protein disulphide isomerase

in disease states: a double edged sword? Front. Cell Dev. Biol. 3, 30.

Paulsen, C.E., and Carroll, K.S. (2010). Orchestrating redox signaling networks

through regulatory cysteine switches. ACS Chem. Biol. 5, 47–62.

Pescatore, L.A., Bonatto, D., Forti, F.L., Sadok, A., Kovacic, H., and Laurindo,

F.R. (2012). Protein disulfide isomerase is required for platelet-derived growth

factor-induced vascular smooth muscle cell migration, Nox1 NADPH oxidase

expression, and RhoGTPase activation. J. Biol. Chem. 287, 29290–29300.

Poole, L.B., and Nelson, K.J. (2008). Discovering mechanisms of signaling-

mediated cysteine oxidation. Curr. Opin. Chem. Biol. 12, 18–24.

Rehman, J., Zhang, H.J., Toth, P.T., Zhang, Y., Marsboom, G., Hong, Z., Sal-

gia, R., Husain, A.N., Wietholt, C., and Archer, S.L. (2012). Inhibition of mito-

chondrial fission prevents cell cycle progression in lung cancer. FASEB J.

26, 2175–2186.
3578 Cell Reports 23, 3565–3578, June 19, 2018
Rutkevich, L.A., Cohen-Doyle, M.F., Brockmeier, U., andWilliams, D.B. (2010).

Functional relationship between protein disulfide isomerase family members

during the oxidative folding of human secretory proteins. Mol. Biol. Cell 21,

3093–3105.

Schafer, F.Q., and Buettner, G.R. (2001). Redox environment of the cell as

viewed through the redox state of the glutathione disulfide/glutathione couple.

Free Radic. Biol. Med. 30, 1191–1212.

Shenouda, S.M., Widlansky, M.E., Chen, K., Xu, G., Holbrook, M., Tabit, C.E.,

Hamburg, N.M., Frame, A.A., Caiano, T.L., Kluge, M.A., et al. (2011). Altered

mitochondrial dynamics contributes to endothelial dysfunction in diabetes

mellitus. Circulation 124, 444–453.

Shutt, T., Geoffrion, M., Milne, R., and McBride, H.M. (2012). The intracellular

redox state is a core determinant of mitochondrial fusion. EMBO Rep. 13,

909–915.

Soares Moretti, A.I., and Martins Laurindo, F.R. (2017). Protein disulfide isom-

erases: Redox connections in and out of the endoplasmic reticulum. Arch. Bio-

chem. Biophys. 617, 106–119.

Sobierajska, K., Skurzynski, S., Stasiak, M., Kryczka, J., Cierniewski, C.S., and

Swiatkowska, M. (2014). Protein disulfide isomerase directly interacts with

b-actin Cys374 and regulates cytoskeleton reorganization. J. Biol. Chem.

289, 5758–5773.

Townsend, D.M., Manevich, Y., He, L., Xiong, Y., Bowers, R.R., Jr., Hutchens,

S., and Tew, K.D. (2009). Nitrosative stress-induced s-glutathionylation of pro-

tein disulfide isomerase leads to activation of the unfolded protein response.

Cancer Res. 69, 7626–7634.

Tung, J.J., and Kitajewski, J. (2010). Chloride intracellular channel 1 functions

in endothelial cell growth and migration. J. Angiogenes. Res. 2, 23.

Turano, C., Coppari, S., Altieri, F., and Ferraro, A. (2002). Proteins of the PDI

family: unpredicted non-ER locations and functions. J. Cell. Physiol. 193,

154–163.

Uehara, T., Nakamura, T., Yao, D., Shi, Z.Q., Gu, Z., Ma, Y., Masliah, E., No-

mura, Y., and Lipton, S.A. (2006). S-nitrosylated protein-disulphide isomerase

links protein misfolding to neurodegeneration. Nature 441, 513–517.

Vandekeere, S., Dewerchin, M., and Carmeliet, P. (2015). Angiogenesis Revis-

ited: An Overlooked Role of Endothelial Cell Metabolism in Vessel Sprouting.

Microcirculation 22, 509–517.

Walker, A.K., Farg, M.A., Bye, C.R., McLean, C.A., Horne, M.K., and Atkin, J.D.

(2010). Protein disulphide isomerase protects against protein aggregation and

is S-nitrosylated in amyotrophic lateral sclerosis. Brain 133, 105–116.

Westermann, B. (2010). Mitochondrial fusion and fission in cell life and death.

Nat. Rev. Mol. Cell Biol. 11, 872–884.

Wilkinson, B., and Gilbert, H.F. (2004). Protein disulfide isomerase. Biochim.

Biophys. Acta 1699, 35–44.

Wroblewski, V.J., Masnyk, M., Khambatta, S.S., and Becker, G.W. (1992).

Mechanisms involved in degradation of human insulin by cytosolic fractions

of human, monkey, and rat liver. Diabetes 41, 539–547.

Xu, S., Sankar, S., andNeamati, N. (2014). Protein disulfide isomerase: a prom-

ising target for cancer therapy. Drug Discov. Today 19, 222–240.

Yu, T., Robotham, J.L., and Yoon, Y. (2006). Increased production of reactive

oxygen species in hyperglycemic conditions requires dynamic change of mito-

chondrial morphology. Proc. Natl. Acad. Sci. USA 103, 2653–2658.

http://refhub.elsevier.com/S2211-1247(18)30800-3/sref16
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref16
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref16
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref16
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref17
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref17
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref17
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref18
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref18
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref18
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref19
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref19
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref19
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref19
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref20
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref20
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref20
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref20
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref21
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref21
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref21
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref21
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref22
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref22
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref23
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref23
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref23
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref24
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref24
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref24
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref25
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref25
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref25
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref26
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref26
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref26
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref27
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref27
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref27
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref27
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref27
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref28
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref28
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref29
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref29
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref30
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref30
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref30
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref30
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref31
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref31
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref32
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref32
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref32
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref32
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref33
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref33
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref33
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref33
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref34
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref34
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref34
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref35
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref35
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref35
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref35
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref36
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref36
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref36
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref37
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref37
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref37
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref38
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref38
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref38
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref38
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref39
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref39
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref39
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref39
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref40
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref40
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref41
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref41
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref41
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref42
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref42
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref42
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref43
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref43
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref43
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref44
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref44
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref44
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref45
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref45
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref46
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref46
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref47
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref47
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref47
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref48
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref48
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref49
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref49
http://refhub.elsevier.com/S2211-1247(18)30800-3/sref49

	Redox Regulation of Mitochondrial Fission Protein Drp1 by Protein Disulfide Isomerase Limits Endothelial Senescence
	Introduction
	Results
	PDIA1 Knockdown Induces Senescence and Endothelial Dysfunction
	Silencing of PDIA1 Induces mtROS Elevation and Mitochondrial Dysfunction in ECs
	PDIA1 Knockdown Induces Mitochondrial Fragmentation in a PDI Redox Activity-Dependent Manner
	PDIA1 Knockdown Increases Mitochondrial Fragmentation and mtROS Levels by Increasing Drp1 Activity in ECs
	PDIA1 Knockdown Induces Sulfenylation of Drp1 at Cys644, Increasing Mitochondrial Fragmentation, mtROS, and EC Dysfunction
	PDIA1 Binds to Drp1 to Reduce Its Redox Status and Activity
	EC-Specific PDIA1 Gene Transfer Rescues Impaired Wound Healing in Type 2 Diabetes Mice
	Drp1-DN or Drp1-C644A Mutant Gene Transfer Rescues Impaired Wound Healing in T2DM or PDIA1+/− Mice

	Discussion
	Experimental Procedures
	Cell Culture
	Fibrin Bead Angiogenesis Assay
	Mitochondrial Structure Analysis
	DCP-Bio1 Assay to Detect Sulfenylated Proteins
	BiFC Assay
	Animals
	Mouse Wound Healing Angiogenesis Model
	Statistical Analysis

	Supplemental Information
	Acknowledgments
	References


