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Role of DJ-1 in Modulating Glycative Stress in Heart Failure

Yuuki Shimizu, MD, PhD; Chad K. Nicholson, MD; Rohini Polavarapu, BS; Yvanna Pantner, BS; Ahsan Husain, PhD; Nawazish Naqvi, PhD;
Lih-Shen Chin, PhD; Lian Li, PhD; John W. Calvert, PhD

Background—DJ-1 is a ubiquitously expressed protein typically associated with the development of early onset Parkinson disease.
Recent data suggest that it also plays a role in the cellular response to stress. Here, we sought to determine the role DJ-1 plays in
the development of heart failure.

Methods and Results—Initial studies found that DJ-1 deficient mice (DJ-1 knockout; male; 8—10 weeks of age) exhibited more
severe left ventricular cavity dilatation, cardiac dysfunction, hypertrophy, and fibrosis in the setting of ischemia-reperfusion—
induced heart failure when compared with wild-type littermates. In contrast, the overexpression of the active form of DJ-1 using a
viral vector approach resulted in significant improvements in the severity of heart failure when compared with mice treated with a
control virus. Subsequent studies aimed at evaluating the underlying protective mechanisms found that cardiac DJ-1 reduces the
accumulation of advanced glycation end products and activation of the receptor for advanced glycation end products—thus,
reducing glycative stress.

Conclusions—These results indicate that DJ-1 is an endogenous cytoprotective protein that protects against the development of
ischemia-reperfusion—induced heart failure by reducing glycative stress. Our findings also demonstrate the feasibility of using a
gene therapy approach to deliver the active form of DJ-1 to the heart as a therapeutic strategy to protect against the consequences
of ischemic injury, which is a major cause of death in western populations. (/ Am Heart Assoc. 2020;9:e014691. DOI: 10.1161/

JAHA.119.014691.)
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espite a great deal of research into the mechanisms of

left ventricular (LV) remodeling following the onset of
ischemia-reperfusion (I/R) injury, we are still without an
effective therapeutic strategy to coincide with timely reper-
fusion.! While viable treatment options remain an unmet
need, research efforts have revealed a great deal about the
complexity of LV remodeling. For instance, it is known that
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the temporal sequence of events occurring after the onset of
I/Rinjury must be finely tuned to promote healing while at the
same time minimizing adverse remodeling.? As such, the
capacity of cardiac myocytes to maintain homeostasis
following ischemic injury resides in their ability to activate
or induce protective proteins that can harness the beneficial
aspects of remodeling.®> DJ-1, aka Park7 (Parkinson Disease
autosomal recessive, early onset 7) is a cytoprotective protein
that is activated in response to various pathological stimuli.*®
Because of the association of DJ-1 with Parkinson Disease,
most studies aimed at investigating its cellular actions have
been confined to the brain or neuronal cells. Typically, these
studies have used various model systems to characterize its
actions and relate the loss of these actions to the symptoms
of Parkinson Disease. However, DJ-1 is expressed in many
other tissues, including the heart,6 where it possesses
cytoprotective actions.®®

The cellular mechanisms underlying the reported actions of
DJ-1 remain largely unknown. Studies indicate that DJ-1 plays
an important role in multiple cellular processes, including
oxidative stress response, anti-apoptotic signaling, and tran-
scriptional regulation.>® Given that DJ-1 is a small single-
domain protein, it either possesses multiple functions to
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Clinical Perspective

What Is New?

Our study demonstrates that the cleaved form of DJ-1 is
sufficient to provide protection against myocardial ischemia-
reperfusion injury by modulating glycative stress.

Our findings have uncovered the physiological role for the
protease activity of DJ-1.

* Delayed treatment of the cleaved form of DJ-1 abrogated
the progression of heart failure.

What Are the Clinical Implications?

Therapeutic designed to induce the cleaved form DJ-1 may
serve as a viable treatment option for heart failure.

account for these actions or there is a single biochemical
activity to explain them all.’® DJ-1 shares sequence homology
with the Pfpl family of bacterial proteases and with heat-shock
protein 31, an E coli chaperone that possesses protease
activity.” Proteases perform essential functions in regulating
diverse cellular processes by catalyzing the cleavage of
peptide bonds. To avoid potentially hazardous consequences
of unregulated protease activity, proteases generally reside in
cells as latent precursors called zymogens. In response to
stimuli, a zymogen is converted into an active protease.
Evidence shows that DJ-1 possesses proteolytic activity.®
More specifically, the cleavage of DJ-1 in response to
oxidative stress converts it into an active protease that has
a 26-fold greater catalytic efficiency than the zymogen
(full-length form) and is more effective in providing cytoprotec-
tion.” However, neither endogenous targets nor a physiological
role for the protease activity of DJ-1 have been elucidated.
o-oxaldehydes, including glyoxal and methylglyoxal, are
reactive dicarbonyls produced by glucose oxidation and lipid
peroxidation."” They react non-enzymatically with amino
groups of proteins by a process termed glycation or non-
enzymatic glycosylation to form advanced glycation end
products (AGEs).'"'? AGEs interact with the receptor for
AGEs (RAGE) resulting in the propagation of stress signals and
activation of mitogen-activated protein kinases, nuclear
factor-kB, and several proapoptotic pathways.'>'* The upreg-
ulation of RAGE also augments reactive oxygen species
production, which further contributes to AGE generation and
enhanced RAGE expression.'® This AGE-RAGE signaling
perpetuates a vicious cycle resulting in glycative stress and
ultimately cellular and tissue injury.'® Experiments in animal
models show that RAGE and its ligands are upregulated in key
injuries to the heart."'”'® Pharmacological antagonism of
RAGE or genetic deletion of the receptor in mice is
protective.'®'*'® Data from human studies suggest that the

AGE-RAGE axis is implicated in heart failure'®?° and it is

predicted that therapeutic antagonism of this axis might be a
unique target for therapeutic intervention.'® Recent in vitro
work indicates that through its proteolytic activity DJ-1 acts to
oppose glycative stress.'' However, it is currently unknown if
DJ-1 acts in this manner in the heart, much less in the setting
of heart failure. Therefore, the purpose of this study was to
determine if DJ-1 affords protection in the setting of ischemia-
reperfusion (I/R)-induced heart failure by modulating glycative
stress.

Methods

Data will be available from the authors on reasonable request.

Animals

C57BL/6) mice and DJ-1 deficient (DJ-1 knockout) mice?’
(male; 8—12 weeks of age) were used in all experiments. Sex
influences the development of cardiovascular disease.?” As
such, we only used male mice in our studies. This allowed for
the evaluation of DJ-1 in a well-controlled experimental
system. All experimental protocols were approved by the
Institute for Animal Care and Use Committee at Emory
University and conformed to the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes of
Health (Publication No. 86-23, revised 1996), and with federal
and state regulations. Approximately 275 mice were included
in the present study after accounting for animal deaths. All
mice were randomly assigned to the treatment groups. No
animals were excluded from the study.

Patient Samples

Left ventricular samples were procured from patients with
advanced ischemic heart failure undergoing a heart transplant
at Emory University in accordance with Institution Review
Board protocols. Additional non-failing heart failure samples
were obtained from LifeLink. All patient identifiers were
removed to strictly maintain donor confidentiality and
anonymity. Both sample sets included male and female
patients. Patient characteristics for these samples have
previously been reported.?®

Materials

Aminoguanidine was purchased from Sigma Aldrich (St. Louis,
MO). Aminoguanidine was administered to mice in the
drinking water at a concentration of 1 g/L?* starting
24 hours after reperfusion. Treatment continued for up to
7 days of reperfusion. Control mice received standard
drinking water.
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Heart Failure

Heart failure was induced by subjecting mice to 60 minutes of
left coronary artery occlusion followed by reperfusion for up
to 4 weeks. Surgical ligation of the left coronary artery was
performed under anesthesia (ketamine, 100 mg/kg; sodium
pentobarbital, 20 mg/kg) as previously described.?® All
animals received prophylactic antibiotic therapy with cefazolin
(20 mg/kg) and buprenorphine (0.05 mg/kg) for pain.

Echocardiographic Analysis

Transthoracic echocardiography was performed at baseline
and 4 weeks after reperfusion using the Vevo 2100 with a 38-
MHz linear array scanhead.?

Production of Adeno-Associated Viruses

Plasmid containing a truncated form of human DJ-1 lacking the
C-terminal 15 amino acids (DJ1AC) has been previously
described.” The DJ1AC cDNAs was used to generate the
recombinant adeno-associated viral expression vector (AAV9)
for expression of cleaved human DJ-1 (AAV9-DJ1AC) under the
control of the cytomegaolovirus promoter. pAAV2 /9 containing
AAV2 rep and AAV9 capsid genes was kindly provided by the
Penn Vector Core (University of Pennsylvania School of
Medicine). Recombinant AAV-DJ1AC viruses were produced
by Emory Viral Vector Core, using the triple transfection method
with HEK 293T cells as previously described.?® The extracted
recombinant AAV9 viruses were purified by an iodixanol
gradient and was dialyzed using an Amicon 15 100000 MWCO
concentration unit. The titer was determined by quantitative
polymerase chain reaction. AAV9-green fluorescent protein
(GFP) also was packaged and used as a control.

AAV9 Infection

For assessment of efficiency, specificity, and dose-depen-
dence of AAV9-mediated transduction, 1x 10" 2x 10" and
5x10"" genome copy/mL of AAV9-GFP were administered
from the femoral vein. For experiments performed in the heart
failure model, 2x10"" genome copy/mL of AAV9-GFP or
AAV9-DJ1Ac in 50 pL of PBS were administered 2 weeks
before myocardial ischemia via femoral vein injections.

Cell Culture

H9c2 cardiomyocytes were purchased from ATCC (Rockville,
MD). Cells (passages 2—-9) were grown in ATCC-formulated
DMEM catalog# 30-2002 with 10% fetal bovine serum. Cells
were maintained in this media until 80% confluent. Cells were
then maintained in DMEM with 0.5% fetal bovine serum for

12 hours. Cells were then transfected with siRNA (10 pmol/
L) against: DJ-1 (ID:4390815; ThermoFisher Scientific) or
scrambled sequence (negative control) (ID:4390843; Thermo-
Fisher Scientific). Transfections were carried out with Lipo-
fectamine RNAi Max (ThermoFisher Scientific) by incubating
the H9c2 cells with the respective siRNA for 24 hours.
Afterwards, media containing the transfecting siRNA agent
was removed. The cells were washed twice with cold PBS and
replenished with fresh DMEM with 0.5% fetal bovine serum.
After 48 hours, the cells were washed 3 times with PBS and
incubated in glucose free media (A14430-01; Gibco) to induce
energy stress.?” Cells were incubated in the glucose free
media for up to 18 hours. A cohort of cells was administered
aminoguanidine (100 pmol/L).2% Cell viability was evaluated
at 18 hours using the MMT Assay Kit (ab211091; Abcam)
according to the manufacturer’s instructions.

Cardiomyocyte Isolation

Adult cardiomyocytes and non-myocytes were isolated as
previously described.?’ Briefly, hearts were perfused with
perfusion buffer for 4 minutes and then with perfusion buffer
containing 2 mg/mL collagenase (Worthington) for ~15 min-
utes at 37°C. The heart was placed in stop buffer comprising
perfusion buffer plus 10% vol/vol bovine calf serum. The
perfused heart was gently disaggregated by teasing apart the
tissue with scissors followed by passage through pipettes of
progressively smaller diameters. The cardiomyocytes and
non-myocytes were separated through density centrifugation
by spinning at a low speed (18g) for 5 minutes. Cardiomy-
ocytes sediment at this speed, but the majority of non-
myocytes (eg, fibroblasts, endothelial cells) remain in the
supernatant. The supernatant was transferred into a new tube
and centrifuged at 340g for 5 minutes to collect the non-
myocyte pellet. Both cardiomyocyte and non-myocyte pellets
were washed once with PBS and then snap frozen in liquid
nitrogen until use.

Western Blot Analysis

Whole cell fractions were obtained as previously described.?®
Protein concentrations were measured with the DC protein
assay (Bio-Rad Laboratories, Hercules, CA). Equal amounts of
protein were loaded into lanes of CriterionTGX (Tris-Glycine
eXtended) Stain-Free PAGE gels (BioRad). The gels were
electrophoresed and activated using a ChemiDoc MP Visual-
ization System (BioRad). The protein was then transferred to a
polyvinylidene difluoride membrane. The membranes were
then imaged using a ChemiDoc MP Visualization System to
obtain an assessment of proper transfer and to obtain total
protein loads. The membranes were then blocked and probed
with primary antibodies overnight at 4°C. Immunoblots were
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next processed with secondary antibodies (Cell Signaling) for
1 hour at room temperature. Immunoblots were then probed
with a Super Signal West Dura kit (Thermo Fisher Scientific) to
visualize signal, followed by visualization using a ChemiDoc
MP Visualization System (BioRad). Data were analyzed using
Image Lab (BioRad). The total protein images were used as
loading controls. For each protein of interest, the portion of
the protein load image corresponding to the molecular weight
of the protein of interest was used as the loading control.?®

Histological Analysis

Hearts were harvested and fixed in 10% formalin and
embedded in paraffin. Slices were cut at 7 um and stained
with Masson trichrome (Millipore Sigma, Burlington, MA).
Fibrosis area was quantitatively analyzed with National
Institutes of Health Image software.

Wheat Germ Agglutinin Staining

Cross-sectional area (um?) was analyzed by staining cardiac
cryosections with wheat germ agglutinin-Texas Red-X conjugate
(Life Technologies) to show myocyte membranes in histological
sections. Cryosections were first washed in 1XPBS and then
incubated in 10 pg wheat germ agglutinin-Texas Red-X conju-
gate for 1 hour at room temperature followed by additional
washes in 1XPBS. Slides were mounted with VectaShield
mounting medium (Vector Labs) and sealed. Digital images were
captured, and cell surface area was assessed with Nikon NIS-
Elements Imaging Software (version 3.22.11) in at least 5
animals per group with at least 3 randomly taken sections per
heart and at least 100 myocytes were counted per animal.

Oxidative Stress

Concentrations of malondialdehyde in the heart were mea-
sured using the OxiSelect MDA Adduct Competitive ELISA kit
(STA-832; Cell Biolabs, Inc, San Diego, CA) according to the
manufacturer’s instructions.

Glycative Stress

Concentrations of methylglyoxal, advanced glycation end
products, and carboxymethyllysine in the heart tissue or cell
homogenates was measured using the OxiSelect Methylgly-
oxal Competitive ELISA kit (STA-811), OxiSelect Advanced
Glycation End Product Competitive ELISA kit (STA-817), and
OxiSelect N-epsilon-(Carboxymethyl) Lysine Competitive
ELISA kit (STA-816), respectively, according to the manufac-
turer’s (Cell Biolabs, Inc, San Diego, CA) instructions.
Concentrations of RAGE in the heart tissue or cell
homogenates were measured using the Mouse RAGE/AGER

Elisa Kit (RABO008) or Rat RAGE/AGER Elisa Kit (RAB0009),
respectively, according to the manufacturer’s (Sigma Aldrich,
St. Louis, MO) instructions.

Glyoxylase Activity

The activity of cardiac Glo1 was evaluated using the
Glyoxylase | Activity Assay (MAK114; Sigma Aldrich, St.
Louis, MO) according to the manufacturer’s instructions.

Caspase-3/7 Activity

The activity of caspase-3/7 in the heart tissue or cell
homogenates was evaluated using the Caspase-3 Assay Kit
(ab39401; Abcam) or Apo-One Homogeneous Caspase-3/7
Assay kit (G7790; Promega) according to the manufacturer’s
instructions.

Inducible Nitric Oxide Synthase

Concentrations of inducible nitric oxide synthase in heart
tissue or cell homogenates was evaluated using the Mouse
iNOS ELISA kit (ab253219; Abcam) or NOS2 /iNOS (Rat) Elisa
Kit (E4649; BioVision) according to the manufacturer’s
instructions.

Tissue Processing for Histology

All tissues for histology were fixed with 4% paraformaldehyde
(v/v in PBS) for 3 hours at room temperature washed with
PBS and incubated in a 30% sucrose solution (w/v in PBS)
overnight at 4°C. After tissues sunk down to the bottom of
specimen tubes, they were trimmed, embedded in optimal
cooling temperature compound and frozen with a slurry of dry
ice and Isopentane. Blocks were cut into 7-pm-thick sections.
Sections were mounted on Fisherbrand Superfrost Plus
Microscope slides (Fischer Scientific). Blocks and slides were
stored at —80°C until further use.

Immunohistochemistry

To quantify GFP-labeling of cardiomyocytes on histological
sections, Cryosections were stained with an antibody to GFP
(183734; Abcam). The sections were then counterstained
with an antibody to wheat germ agglutinin conjugated to
Texas Red-X (ThermoFisher) and DAPI. Images were acquired
using a Leica DMZ6000 microscope.

TUNEL Staining

Apoptosis assay was performed by using the TUNEL Assay Kit
BrdU-Red (Abcam; ab66110) as per the manufacturer’s
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protocol that is based on the principle of terminal deoxynu-
cleotidyl transferase (TdT)-mediated dUTP nick end-labeling
(TUNEL). Sections were counterstained with an anti-Cardiac
Troponin T-FITC antibody (Miltenyi Biotec, 130-119-674) to
label cardiomyocytes and DAPI to label nuclei. Images were
acquired with a Leica DMZ6000 microscope using a 40x
objective. Images were taken of fields containing both the scar
area and infarct border zone. The number of TUNEL positive
cells per field of view was counted with Image J. Quantification
of TUNEL positive cells was calculated as follows: (1) percent-
age of TUNEL positive cells per nuclei; (2) percentage of TUNEL
positive cells per nuclei in non-cardiomyocytes (troponin
negative), and (3) percentage of TUNEL positive cells per nuclei
in cardiomyocytes (troponin positive).

Statistical Analysis

All data are expressed as mean 4+ SEM. The data were first
evaluated for normal distribution using the D’Agostina and
Pearson omnibus normality test. Subsequent, statistical
significance was evaluated as follows: (1) unpaired Student ¢
test for comparison between 2 means; (2) a 1-way ANOVA
with a Tukey test or Dunnett test as the post hoc analysis for
comparison among >3 groups; and (3) a 2-way ANOVA with a
Tukey test as the post hoc analysis for comparison among the
means from groups of wild-type (WT) and DJ-1 knockout mice.
For the echocardiography data, a 2-way repeated measures
ANOVA with a Bonferroni test as the post hoc analysis was
used. The following comparisons were made separately: (1)
baseline versus post-baseline measurements for each group,
(2) differences between each groups baseline measurements,
and (3) differences between each groups post-baseline
measurements. The P value for these evaluations was
adjusted by applying the Bonferroni correction for multiple
comparisons. A value of P<0.05 denoted statistical signifi-
cance and P values were 2-sided. All statistical analyses were
performed using Prism 7 (GraphPad Software Inc).

Results

DJ-1 Plays a Protective Role in the Setting of I/R-
Induced Heart Failure

We recently provided the first evidence that the cleaved form of
DJ-1 is induced acutely following the onset of myocardial I /R.?’
Here we found that the cleaved form of DJ-1 persisted for the
first 7 days of reperfusion (Figure 1A through 1C). To deter-
mine the role of DJ-1 in heart failure, DJ-1 knockout, and WT
mice were subjected to 60 minutes of ischemia followed by
4 weeks of reperfusion. Echocardiography revealed that DJ-1
knockout mice exhibited enhanced LV cavity dilatation (Fig-
ure 2A and 2B) and exacerbated cardiac dysfunction (Fig-
ure 2C) following I/R when compared with WT mice. DJ-1
knockout also exhibited significantly greater cardiac enlarge-
ment (Figure 2D and 2E), myocyte hypertrophy (Figure 2F and
2G), and fibrosis (Figure 2H and 2l). Together these data
indicate that a deficiency in DJ-1 exacerbates |/R-induced
heart failure.

Next, we asked whether overexpressing the cleaved form
of DJ-1 would attenuate the development of |/R-induced heart
failure. For these experiments, we created a viral vector to
express human cleaved DJ-1 (AAV9-DJ1Ac) under the control
of the cytomegaolovirus promoter (pAAV2 /9 containing AAV2
rep and AAV9 capsid genes). To test the efficiency, specificity,
and dose-dependence of AAV9-mediated transduction, we
injected various doses of AAV9-GFP into the femoral vein of
C57BL/6) mice. GFP levels were measured in heart, liver,
brain, and lung tissue 2 weeks after injection using an ELISA
kit. A dose-dependent increase in GFP levels was observed in
the heart with 2x10'" vg/mL achieving maximal delivery to
the heart with minimal delivery to other tissue (Figure S1A).
Further analysis of isolated cardiomyocytes and non-cardio-
myocytes revealed that the transduced gene was restricted to
cardiomyocytes (Figure S1B). Finally, GFP-stained sections of
heart tissue indicated that a substantial proportion of
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Figure 1. Ischemia-reperfusion induced cleavage of DJ-1. A, Immunoblots and analysis of the cardiac expression of the (B) full-length and (C)
cleaved forms of DJ-1 following 60 minutes of ischemia and different periods of reperfusion. Values are means£=SEM. One-way ANOVA with

Dunnett. *P<0.05, **P<0.01, and ***P<0.001 vs sham.
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Figure 2. DJ-1 Deficiency exacerbates ischemia-reperfusion—induced heart failure. A, Left ventricular end-diastolic diameter, (B) left
ventricular end-systolic diameter, and (C) left ventricular ejection fraction from wild-type and DJ-1 deficient mice (DJ-1 knockout). Values are
means+SEM. Two-way repeated measures ANOVA with Bonferroni. ***P<0.001 vs baseline. D, Ratios of ventricular weight to body weight and
(E) ventricular weight to tibia length were used as a measure of cardiac hypertrophy. F, Wheat germ agglutinin stained hearts. G, Summary of
myocyte cross-sectional area. Scale bar equals 100 um. H, Masson Trichrome stained hearts. I, Summary of fibrosis area. Scale bar equals
100 pum. All measurements were performed in heart samples collected at 4 weeks of reperfusion. Number in bars represents sample size.
Values are means+SEM. Two-way ANOVA with Tukey. LV indicates left ventricle; LVEDD, left ventricular end-diastolic diameter; LVESD, left
ventricular end-systolic diameter; VW:BW, ventricular weight to body weight; VW: TL, ventricular weight to tibia length, WGA, wheat germ

agglutinin. *P<0.05, **P<0.01, and ***P<0.001 vs wild-type sham.

cardiomyocytes expressed the transduced gene (Figure S1C).
Next, we found that delivery of AAV9-DJ1Ac to uninjured
hearts increased the cleaved form of cardiac DJ-1 by 2-fold
without altering the expression of the full-length form
(Figure S2A and S2B). Further analysis revealed that these
changes in DJ-1 expression were restricted to cardiomy-
ocytes, as no changes were evident in non-cardiomyocytes or
liver tissue (Figure S2C through S2F).

Next, we evaluated the effects of AAV9-DJ1Ac on the
development of I/R-induced heart failure. Mice treated with
AAV9-GFP or AAV9-DJ1Ac were followed for 2 weeks and then
subjected to 60 minutes of ischemia and 4 weeks of

reperfusion. Analysis revealed that AAV9-DJ1Ac significantly
improved LV function, reduced hypertrophy, and reduced fibrosis
when compared with AAV9-GFP in the setting of |/R-induced
heart failure (Figure 3). Similar to the observations in the WT
mice, AAV9-D) 1Ac improved cardiac dilatation and LV functionin
DJ-1 knockout mice (Figure S3). Together these data indicate a
protective role for DJ-1in the setting of | /R-induced heart failure.

DJ-1 Alters 1/R-Induced Glycative Stress

Glycative stress (ie, accumulation of AGE and activation of
RAGE) contributes to I/R-induced cardiac injury.'®'”"'® Given
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Figure 3. Overexpression of cleaved form of DJ-1 attenuates ischemia-reperfusion—induced heart failure. A, Left ventricular end-diastolic
diameter, (B) left ventricular end-systolic diameter, and (C) left ventricular ejection fraction. Values are means+SEM. Two-way repeated
measures ANOVA with Bonferroni. *P<0.05 and ***P<0.001 vs baseline. D, Ratios of ventricular weight to body weight and ventricular weight
to tibia length. E, Wheat germ agglutinin stained and Masson Trichrome stained hearts. Scale bar equals 100 pm. F, Summary of myocyte cross-
sectional area (CSA) and summary of fibrosis area. All measurements were performed in samples collected at 4 weeks of reperfusion from mice
treated with either a recombinant adeno-associated virus expressing AAV9-GFP (green fluorescent protein) or a recombinant adeno-associated
virus expressing cleaved DJ-1. Values are means£SEM. t test. AAV9-DJ1AC indicates recombinant adeno-associated virus expressing cleaved
DJ-1; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; VW:BW, ventricular weight to body weight;
VW: TL, ventricular weight to tibia length. **P<0.01, and ***P<0.001 vs AAV9-GFP.

the observations that DJ-1 possesses anti-glycative actions in
cell culture,""3%3" we sought to determine if the protective
actions of cardiac DJ-1 were associated with alterations in
glycative stress. Initial analysis at 3 days of reperfusion
revealed significant accumulations of methylglyoxal, AGE,
carboxymethyllysine (a specific AGE), and RAGE in the hearts
of WT mice (Figure 4A through 4D). The levels of all 4 were
further increased in DJ-1 knockout hearts indicating enhanced
glycative stress. Glycative stress is associated with apoptosis
and inflammation. Consistent with the enhanced levels of
glycative stress, hearts from DJ-1 knockout hearts displayed
increased levels of caspase-3/7 activity (Figure 4E), as well as
an increased number of apoptotic cells (TUNEL staining)—non-
myocytes in the scar area and infarct border zone, as well as
cardiomyocytes in the infarct border zone (Figure S4). Further-
more, markers of inflammation and levels of oxidative stress
were also enhanced in DJ-1 knockout hearts (Figure S5 and
Figure 4F). Together these data indicate that hearts from DJ-1
knockout mice experience more chronic injury compared with
hearts from WT mice.

AGE-RAGE signaling induces ischemic injury in the heart via
inducible nitric oxide synthase (iNOS).3? In agreement with this
finding, the iINOS inhibitor, aminoguanidine, is routinely used as

an antiglycation agent.?* To determine if enhanced glycative
stress contributed to the more severe heart failure observed in
DJ-1 knockout mice, WT and DJ-1 knockout mice subjected to
myocardial |/R were administered aminoguanidine (1 g/L)**in
drinking water starting at 24 hours of reperfusion. Treatment
continued daily through the first 7 days of reperfusion. At
3 days of reperfusion, analysis revealed that |/R-induced iNOS
levels were enhanced in DJ-1 knockout hearts (Figure S5D).
Aminoguanidine reduced iNOS levels, glycative stress, cell
death (caspase-3/7 activity and TUNEL positive cells) inflam-
mation, and oxidative stress in both WT and DJ-1 knockout
hearts (Figure 4 and Figures S4 and S5). Importantly,
aminoguanidine improved LV function in DJ-1 knockout mice
compared with vehicle treated DJ-1 knockout mice (Figure 4G
through 41) In a similar manner, AAV9-DJ1Ac decreased |/R-
induced glycative stress, cell death (caspase-3/7 activity and
TUNEL positive cells) inflammation, and oxidative stress in both
WT and DJ-1 knockout mice (Figure 5 and Figure S4). Together,
these data indicate that aminoguanidine and AAV9-DJ1Ac
promote cardiac healing.

To delve further into the role cardiac DJ-1 plays in
modulating glycative stress, we used an in vitro model of
energy stress®? using H9¢2 cells. Initial experiments validated
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Figure 4. Deficiency of DJ-1 enhances ischemia-reperfusion—induced glycative stress. Cardiac levels of (A) methylglyoxal, (B) advanced

glycation end-product, (C)

carboxymethyllysine, and (D) receptor for AGE. E, Cleaved caspase-3/7 activity. F, Malondialdehyde levels. All

measurements were performed in heart samples collected at 3 days of reperfusion from wild-type and DJ-1 knockout mice administered vehicle
or aminoguanadine (AG; 1 g/L). Values are means=SEM. Two-way ANOVA with Tukey. *P<0.01 and ***P<0.001 vs wild-type sham. #*#P<0.01
and ###P<0.001 vs DJ-1 knockout sham. G, Left ventricular end-diastolic diameter, (H) left ventricular end-systolic diameter, and (I) left
ventricular ejection fraction. All measurements were performed on hearts from wild-type and DJ-1 knockout mice administered vehicle or AG
(1 g/L) at 4 weeks of reperfusion. Values are means£SEM. Two-way repeated measures ANOVA with Bonferroni. AGE indicates advanced
glycation end-product; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; RAGE, receptor for AGE; WT,

wild-type. *P<0.05 and ***P<0.001 vs baseline.

this approach, as exposure of cells to glucose deprivation
induced the cleavage of DJ-1, as well as increased glycative
stress and cell death (Figure S6). To mimic our in vivo
conditions, DJ-1 levels were reduced by transfecting cells with
siRNA to DJ-1 (siRNA-DJ1) (Figure S6D). Remarkably, the loss
of DJ-1 was sufficient to induce glycative stress and cell death
under control conditions. In response to glucose deprivation,
the loss of DJ-1 was found to further increase the levels of
glycative stress and cell death when compared with cells
transfected with control siRNA (siRNA-scr). Importantly,
treatment with aminoguanidine (100 umol/L) reduced glyca-
tive stress and cell death in siRNA-DJ1 transfected cells under

both control and glucose deprivation conditions. Together
these data provide further support that cardiac DJ-1 pos-
sesses anti-glycative actions.

DJ-1 Does Not Alter the Expression or Activity of
Glo-1

The glyoxalase system, in which the enzyme glyoxalase-l (Glo-) is
the rate-limiting step, detoxifies highly reactive carbonyls and
AGE precursors to prevent the formation and accumulation of
AGEs.'? The above evidence indicates that cardiac DJ-1
possesses anti-glycative actions in the setting of I/R-induced
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Figure 5. Overexpression of cleaved form of DJ-1 reduces ischemia-reperfusion—induced glycative stress. Cardiac levels of (A) methylglyoxal
(MG), (B) advanced glycation end-product (AGE), (C) carboxymethyllysine (CML), and (D) receptor for AGE (RAGE). E, Cleaved caspase-3/7 activity.
Cardiac levels of (F) tumor necrosis factor o (TNFa), (G) interleukin 6 (IL-6), and (H) interleukin-1p (IL-1B). I, Cardiac levels of malondialdehyde, a
marker of oxidative stress. All measurements were performed in samples collected at 3 days of reperfusion from wild-type and DJ-1 knockout (KO)
mice treated with either a recombinant adeno-associated virus expressing green fluorescent protein (GFP) or a recombinant adeno-associated
virus expressing cleaved D) 1Ac. Values are means+SEM. One-way ANOVA with Tukey. AGE indicates advanced glycation end-product; LVEDD, left
ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; RAGE, receptor for AGE; WT, wild-type. **P<0.01 and

**%Pp<0.001 vs sham. ¥#P<0.001 vs DJ-1 knockout sham.

heart failure. Additional experiments were performed to evaluate
if DJ-1 influenced the expression and/or activity of Glo1. In WT
hearts, | /R injury did not alter the protein expression of Glo 1, but
it did increase Glo 1 activity (Figure S7). A similar increase in Glo 1
activity was evident in the hearts of DJ-1 knockout mice and in WT
hearts treated with AAV9-DJ1Ac. Together this suggests that DJ-
1 does not influence the expression or activity of Glo1 in
response to myocardial | /R injury.

Delayed Treatment With AAV9-D)J1Ac Attenuates
the Progression of I/R-Induced Heart Failure

As noted, data from human studies suggest that the AGE-
RAGE axis is implicated in heart failure'*?° and it is predicted

that therapeutic antagonism of this axis might be a unique
target for therapeutic intervention."® This led us to evaluate
the association between glycative stress and DJ-1 expression
in the setting of chronic heart failure. Using left ventricular
samples obtained from end-stage heart failure patients at the
time of transplant,?® we found significantly lower levels of
both the full-length form and cleaved form of DJ-1 compared
with non-failing control samples (Figure 6A). This was asso-
ciated with elevated levels of AGE, carboxymethyllysine, and
RAGE (Figure 6C and 6D). Similar results were found in hearts
of mice collected at 4 weeks of reperfusion (Figure 7A
through 7C). We, therefore, sought to determine if restoring
the cleaved form of DJ-1 in this chronic state would alter
glycative stress and influence the development of I/R-induced
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Figure 6. DJ-1 expression is diminished in left-ventricular samples collected from end-stage heart failure
patients. A, Immunoblots and (B) analysis of the expression of the full-length and cleaved forms of DJ-1. C,
Immunoblots and (D) analysis of the expression of advanced glycation end-product, carboxymethyllysine(,
and receptor for AGE. Measurements were performed in left ventricular samples collected from non-failing
and end-stage heart failure patients. Values are means+SEM. t test. AGE indicates advanced glycation end-
product; RAGE, receptor for AGE. *P<0.05, **P<0.01, and ***P<0.001 vs non-failing.

heart failure. For these experiments, mice subjected to I/R
were administered AAV9-GFP or AAV9-DJ1Ac at 1 week of
reperfusion. They were then followed for an additional
7 weeks. Our analysis revealed that AAV9-DJ1Ac increased
the expression of the cleaved form of DJ-1 and decreased
glycative stress when compared with AAV9-GFP (Figure 7A
through 7C). This was associated with improved LV function
and reduced hypertrophy compared with AAV9-GFP (Fig-
ure 7D through 71), indicating that delayed treatment with
AAV9-DJ1Ac attenuates the progression of 1/R-induced heart
failure. Interestingly, these improvements occurred in the
absence of a change in fibrosis (Figure 7H through 71).

Discussion

Although in vitro and cell-free systems are important for
identifying the intrinsic function/properties of a protein, they
do not always provide an accurate assessment of the

biological /physiological role of the protein. In fact, there are
numerous examples in the literature where the reported
in vitro functions of a protein have not been confirmed by
in vivo studies (ie, pore forming ability of a-synuclein®?). As
such, it is necessary to evaluate the biological role of proteins
using in vivo models to apply the acquired knowledge properly
and accurately. For instance, the cytoprotective actions of DJ-
1 have been reported in various model systems ranging from
in vitro oxidative stress-induced cell death’ to ischemic
injury.3* In the heart, DJ-1 deficiency is associated with
enhanced myocardial infarction following ischemia-reperfu-
sion injury,®?' as well as enhanced left ventricular dysfunc-
tion following pressure overload-induced heart failure and
permanent myocardial ischemia.” The evidence presented
here further supports a cardioprotective role for DJ-1 with the
observation that DJ-1 deficiency leads to enhanced cardiac
injury in a model of I/R-induced heart failure, whereas the
overexpression of the cleaved form of DJ-1 lessens cardiac
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Figure 7. Delayed treatment with recombinant adeno-associated virus expressing cleaved DJ-1 reduces progression of ischemia-reperfusion—
induced heart failure. A, Immunoblots and (B) analysis of the expression of the full-length and cleaved forms of DJ-1. C, Cardiac levels of
methylglyoxal (MG), advanced glycation end-product (AGE), and carboxymethyllysine (CML). Values are means+SEM. One-way ANOVA with
Tukey. *P<0.05, **P<0.01, and ***P<0.001 vs Sham. D, Left ventricular end-diastolic diameter, (E) left ventricular end-systolic diameter, and
(F) left ventricular ejection fraction. Values are means£=SEM. Two-way repeated measures ANOVA with Bonferroni. **P<0.01 and ***P<0.001
vs baseline. G, Ratio of ventricular weight to tibia length. H, Wheat germ agglutinin and Masson Trichrome stained hearts. Scale bar equals
100 pum. I, Summary of myocyte cross-sectional area (CSA) and summary of fibrosis area. All measurements were performed in heart samples
collected at 8 weeks of reperfusion from mice a treated with either a recombinant adeno-associated virus expressing green fluorescent protein
(GFP) or a recombinant adeno-associated virus expressing cleaved DJ1Ac at 1 week of reperfusion. Values are means£SEM. t test. AAV9-
DJ1AC indicates recombinant adeno-associated virus expressing cleaved DJ-1; LV, left ventricle; LVEDD, left ventricular end-diastolic diameter;
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injury. Additionally, the current study provides important time period where signaling events are important determi-

insights into the physiological role of DJ-1 and provides a
potential mechanism by which DJ-1 attenuates the develop-
ment of I/R-induced heart failure.

In the current study, we expanded on our initial observa-
tions that DJ-1 is cleaved in response to acute myocardial I/R
injury?" with the finding that the cleaved form of DJ-1 is
present in the heart during the first 7 days of reperfusion. This
is important because the first week of reperfusion is a critical

nants of long-term functional outcome in this model of I/R-
induced heart failure.®>” Currently, the mechanism respon-
sible for the cleavage of DJ-1 is unknown. It is known that this
process is redox sensitive’ and there is evidence that DJ-1 is
oxidized following myocardial ischemia.®® So, the production
of reactive oxygen species during reperfusion could be a
stimulus for the cleavage. Interestingly, the expression of both
the full-length and cleaved forms of DJ-1 were found to be
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depressed in LV samples obtained from end-stage heart
failure patients and in hearts from mice collected at 8 weeks
of reperfusion. This indicates that while DJ-1 is active during
early periods following reperfusion, it is suppressed during the
late stages of heart failure. The cause of this downregulation
is unclear. There is some evidence that DJ-1 can experience
irreversible methionine oxidation,** a process that induces
protein unfolding and degradation.*®*' Furthermore, in addi-
tion to oxidation, protein S-nitrosylation is a post-translational
modification that targets cysteine residues in proteins.*? The
S-nitrosylation of DJ-1 is important in its dimerization**—a
feature that underlies its ability to protect against oxidative
stress.” However, it is unclear if S-nitrosylation directly affects
the cleavage of DJ-1 or only contributes to its dimerization.
Future studies are, therefore, needed to fully understand how
different types or levels of oxidation affect the cleavage and
expression of DJ-1, as well as how post-translational modi-
fications regulate its activity.

Given the cytoprotective effects of DJ-1, therapeutic
strategies designed to enhance its cellular actions are being
investigated. For instance, some use phenylbuturate to target
DJ-1.** While its use can increase the expression of DJ-1,
phenylbuturate has multiple cellular targets.*® Therefore, any
beneficial effects elicited by it can’t be directly attributed to
DJ-1. To overcome this deficiency, we created a viral vector
that expresses the cleaved form of DJ-1. Using both wild-type
and DJ-1 knockout mice, we were able to demonstrate that
the expression of the cleaved form of DJ-1 is sufficient to
promote healing in the setting of I/R-induced heart failure.
More importantly, we found that delayed treatment of the
virus was able to reduce the progression of heart failure. As
such, therapeutic overexpression of cleaved DJ-1 may serve
as a viable treatment option for heart failure.

AGE-RAGE signaling and resultant glycative stress induces
cardiac injury in various experimental models via the activa-
tion of pro-apoptotic and proinflammatory  path-
ways.'®17182846 \While 3 great deal is known about the
consequences of stress-induced AGE-RAGE signaling in the
heart, little is known about how stress affects the anti-
glycation system. With that being said, the activity of Glo-1 is
decreased in the aged heart*” and diabetic heart**—condi-
tions associated with elevated levels of glycative stress.
Importantly, the overexpression of Glo-1 is able to reduced
diabetes mellitus-induced oxidative damage, inflammation and
fibrosis.*® Here, we show that the anti-glycation system is
induced by /R, with the evidence that the activity of Glo-1 is
increased 3 days after the onset of reperfusion. More
importantly, the evidence presented here indicates that DJ-1
alters glycative stress in the setting of heart failure. Because
this effect occurs independently of the 1/R-induced changes
in Glo-1 activity, it suggests that cardiac DJ-1 directly
possesses anti-glycative actions. This notion is further

supported by our in vitro data that the loss of DJ-1 is
sufficient to induce glycative stress and by our in vivo data
demonstrating that the cleaved form of DJ-1 is sufficient to
oppose glycative stress following I/R injury.

There is some debate regarding the anti-glycative actions of
DJ-1. DJ-1 was first reported to be a glutathione-independent
glyoxalase.!' However, recent studies argue that DJ-1 is a
deglycase rather than a glyoxalase.’**' The distinction is
important because a glyoxalase metabolizes the reactive
carbonyl or AGE precursor, whereas a deglycase removes the
glycation moiety from proteins. As a result, a deglycase would
be considered a repair protein. It is important to note that the
argument does not dispute the anti-glycative actions of DJ-1,
just the manner in which it performs the actions. Additionally,
it is important to note that these studies were performed
under cell free conditions, under in vitro conditions, or in C.
elegans using DJ-1 homologs.'"*%3" As such it is unclear if
cardiac DJ-1 opposes glycative stress as a glyoxalase, as a
deglycase, or through a combination of the 2. Future studies
are, therefore, needed to understand whether the 2 proposed
mechanisms by which DJ-1 opposes glycative stress can be
distinguished in the setting of |/R-induced heart failure.

While our current study focused on the ability of DJ-1 to alter
glycative stress, other mechanisms of action are likely involved
given the complexity of post-ischemic cardiac remodeling. For
instance, DJ-1 can alter mitochondrial morphology, inhibit mPTP
opening, influence transcription factors, and bind RNA.*° All of
these actions could contribute to the protective effects of DJ-1.
It is also possible that the anti-glycative actions of
DJ-1 contribute in part to a number of the reported actions of
DJ-1. For instance, by reducing AGE-RAGE signaling, DJ-1 could
reduce glycative stress-induced oxidative stress and apoptosis,
which in turn could result in less mPTP opening. Additionally,
the glycation of nucleotides results in nucleotide AGEs,*° so the
RNA binding actions of DJ-1 could be related to its anti-glycative
effects. Finally, DJ-1 interacts with thioredoxin-1°" and glyca-
tive stress inhibits the antioxidant and cardioprotective
actions'® of thioredoxin-1. So, the antioxidant actions of DJ-1
could be related to its ability to maintain the activity of
thioredoxin. Therefore, future studies are warranted to fully
investigate the actions of DJ-1 in the heart.

In summary, our findings provide novel insights into the
physiological role for the protease activity of DJ-1 and support
the emerging concept that the cleavage of DJ-1 into a proteolytic
active form is an endogenous stress response designed to
protect the heart from injury. Harnessing this activation may be
of clinical importance in the treatment of heart failure.
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SUPPLEMENTAL MATERIAL



Figure S1. Delivery of AAV9-GFP Increases the Expression of GFP in the heart.
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(A) GFP levels in heart, liver, and lung tissue collected from mice administered
different doses of AAV9-GFP. (B) Immunoblots of GFP in cardiomyocytes
and non-cardiomyocytes isolated from mice treated with either PBS or AAV9-
GFP. (C) Representative images of heart sections from PBS and AAV9-GFP
treated mice stained with wheat germ agglutinin (WGA), GFP, and DAPI.
Scale bar equals 100 pm. Values are meanstzSEM. One-way Anova with
Dunnett. *p<0.0, **p<0.01, and ***p<0.001 vs. PBS.



Figure S2. Delivery of AAV9-DJ1 or AAV9-DJ1Ac Increases the Expression of DJ-1 only in the

heart.
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(A) Immunoblots and (B) densitometric analysis of the expression of the full-
length and cleaved forms of DJ-1 from hearts administered AAV9-GFP or
AAV9-DJ1Ac. Values are meanstSEM. t-test. **p<0.01 vs. AAV9-GFP. (C)
Immunoblots and (D) densitometric analysis of the expression of the full-length
and cleaved forms of DJ-1 in cardiomyocytes and non-cardiomyocytes isolated
from mice treated with either AAV9-GFP or AAV9-DJ1AC (DJ1AC). Values are
meanstSEM. Lane in between cardiomyocytes and non-cardiomyocytes was
intentionally left blank. t-test. **p<0.01 vs. AAV9-GFP. (E) Immunoblots and (F)
densitometric analysis of the expression of the full-length and cleaved forms
of DJ-1 in livers collected from mice treated with AAV9-GFP, or AAV9-DJ1AC.
Values are meanstSEM. One-way Anova with Tukey.



Figure S3. Delivery of AAV9-DJ1Ac Attenuates Ischemia-Reperfusion Induced Heart Failure in
DJ-1 Deficient Mice.
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(A) Left ventricular end-diastolic diameter (LVEDD), (B) LV end-systolic
diameter (LVESD), and (C) LV ejection fraction. All measurements were
performed on hearts from AAV9-GFP (GFP) or AAV9-DJ1Ac treated DJ-1
deficient (DJ-1 KO) mice at 4 weeks of reperfusion. Values are meanstSEM.
Two-way Repeated Measures ANOVA with Bonferroni. *p<0.05 and
***p<0.001 vs. Baseline. (D) Improvements in ejection fraction (EF) observed
post-I/R in Wild-Type and DJ-1 KO mice treated with AAV9-DJ1Ac when
compared to matched AAV9-GFP treated mice. Values are meanstSEM. t-test.
*p<0.05 and **p<0.01 vs. AAV9-DJ1.



Figure S4. Aminoguanadine and AAV9-DJ1Ac Reduce Apoptotic Cells in Wild-Type and DJ-1
Deficient Hearts.
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(A) Representative images of heart sections showing TUNEL positive cells (red)
in the scar area and infarct border zone. Nuclei are stained with DAPI (blue) and
cardiomyocytes are stained with cardiac troponin (green). Arrowheads indicate
TUNEL positive nuclei in cardiomyocytes. Scale bar equals 50 um. Control
images to the left represent sections stained with either TUNEL or troponin
antibody only. (B) Summary of percentage of TUNEL positive cells per nuclei in
all cells in the field of interest. (C) Summary of percentage of TUNEL
positive cells per nuclei in non-cardiomyocyte. (D) Summary of percentage of
TUNEL positive cells per nuclei in cardiomyocytes. All measurements were
performed in heart samples collected at 3 days of reperfusion from Wild-Type
and DJ-1 deficient mice (DJ-1 KO) administered vehicle, aminoguanadine
(AG; 1g/L), or AAV9-DJ1Ac. Values are meanszSEM. Two-way ANOVA with
Tukey.



Figure S5. Aminoguanadine Reduces Inflammation and iNOS Levels in Wild-Type and DJ-1
Deficient Hearts.
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Cardiac levels of (A) tumor necrosis factor a (TNFa), (B) interleukin 6 (IL-6),
(C) IL-1B, and (D) inducible nitric oxide synthase (iINOS) levels. All
measurements were performed in heart samples collected at 3 days of
reperfusion from Wild-Type and DJ-1 deficient mice (DJ-1 KO) administered
vehicle or aminoguanadine (AG; 1g/L). Values are meanstSEM. Two-way
ANOVA with Tukey. *p<0.01 and ***p<0.001 vs. Wild-Type Sham. ##p<0.001

vs. DJ-1 KO Sham.



Figure S6. Knockdown of DJ-1 in H9c2 cells Enhances Glycative Stress and Cell Death in
Response to Energy Stress.
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(A) Immunoblots and densitometric analysis of the expression of the (B) full-
length and (C) cleaved forms of DJ-1 in H9c2 cells exposed to glucose free
media for up to 18 hours. Values are meanstSEM. One-way ANOVA with
Dunnett. *p<0.01 and ***p<0.001 vs. Control. (D) Immunoblot and densitometric
analysis of DJ-1 from cells transfected with either control siRNA (siRNA-scr) or
siRNA to DJ-1 (siRNA-DJ1) for 48 hours. Levels of (E) advanced glycation
end-products (AGE), (F) the receptor for AGEs (RAGE), and (G) inducible nitric
oxide synthase (iNOS). (H) Cleaved caspase-3/7 activity. Cells were transfected
with siRNA-scr or siRNA-DJ1. All measurements were performed in samples
exposed to glucose free media for 4 hours in the presence or absence of
aminoguanadine (100 yM). Values are meanstSEM of three independent
experiments of at least three biological replicates.. Two-way ANOVA with
Tukey. (I) Cell viability was determined in samples exposed to glucose free
media for 18 hours. Values are meanstSEM of three independent
experiments of at least three biological replicates. Two-way ANOVA with
Tukey.



Figure S7. DJ-1 Does not Alter the Expression of Activity of Glyoxylase-1.
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(A) Immunoblots and (B) densitometric analysis of the expression of
glyoxylase-1 (Glo1). (C) Glo1 activity. Measurements were performed in heart
samples collected at 3 days of reperfusion from Wild-Type or DJ-1 deficient mice
(DJ-1 KO). Values are meanstSEM. Two-way ANOVA with Tukey. *p<0.01 vs.
Wild-Type Sham. (D) Immunoblots and (E) densitometric analysis of the
expression of glyoxylase-1 (Glo1). (F) Glo1 activity. Measurements were
performed in samples collected at 3 days of reperfusion from AAV9-GFP (GFP)
or AAV9-DJ1Ac (DJ1AC) treated mice. Values are meanstSEM. One-way
Anova with Tukey. *p<0.05 vs. Sham.





