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Abstract

Rationale—Autophagy is an essential survival mechanism during energy stress in the heart.
Oxidative stress is activated by energy stress, but its role in mediating autophagy is poorly
understood. Nox4 is an enzyme that generates reactive oxygen species (ROS) at intracellular
membranes. Whether Nox4 acts as a sensor of energy stress to mediate activation of autophagy is
unknown.

Objective—We investigated whether Nox4 is involved in the regulation of autophagy and cell
survival during energy stress in cardiomyocytes (CMs).

Methods and Results—Production of ROS in CMs was increased during glucose deprivation
(GD) in a Nox4-dependent manner. Protein levels and the ROS-producing activity of Nox4 were
increased in the endoplasmic reticulum (ER), but not in mitochondria, in response to GD.
Selective knockdown of Nox4, but not Nox2, or selective reduction of ROS in the ER with ER-
targeted catalase, but not mitochondria-targeted perioxiredoxin3, abrogated GD-induced
autophagy. Nox4 promoted autophagy during GD through activation of the PKR-like ER kinase
(PERK) pathway by suppression of prolyl hydroxylase4 (PHD4). The decrease in cell survival
during GD in the presence of Nox4 knockdown was rescued by reactivation of autophagy by Atg7
overexpression, indicating that the effect of Nox4 upon cell survival is critically mediated through
regulation of autophagy. Nox4 was activated during fasting and prolonged ischemia in the mouse
heart, where Nox4 is also required for autophagy activation and cardioprotection.

Conclusions—Nox4 critically mediates autophagy in response to energy stress in CMs by
eliciting ROS in the ER and stimulating the PERK signaling pathway.

SAddress correspondence to: Junichi Sadoshima, Rutgers New Jersey Medical School, Department of Cell Biology and Molecular
Medicine, 185 South Orange Avenue, MSB G-609, Newark, New Jersey 07103, USA. Phone: (973) 972-8619; Fax: (973) 972-8919;
Sadoshju@njms.rutgers.edu.

DISCLOSURES

None.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sciarretta et al.

Keywords

Page 2

Nox4; autophagy; fasting; ROS; energy stress

INTRODUCTION

Autophagy is an evolutionarily conserved intracellular bulk degradation process for the
elimination of long-lived proteins and damaged organelles!. Autophagy plays a critical role
in mediating cell adaptation to energy stress1~4. Autophagy is activated in energy-deprived
cells, where it promotes cell survival by providing energetic substrates for the production of
ATP and by favoring the turnover of damaged proteins and dysfunctional organelles. The
beneficial role of autophagy during energy stress is highly relevant to human cardiac
disease. Autophagy is activated in the heart during myocardial ischemia, a common and
highly morbid clinical condition characterized by nutrient deprivation and severe energy
stress, in which activation of autophagy is essential for protection of cardiomyocytes (CMs)
and limitation of myocardial injury? ®. Autophagy is a complex and dynamic multi-step
process which requires tight regulation and coordination by multiple signaling pathways.
The signaling mechanisms that promote autophagy activation and cell survival during
nutrient deprivation and energy stress have yet to be fully clarified.

Nox2 and Nox4 are main NADPH oxidase (Nox) isoforms in CMs6. The Nox family
proteins are the only cellular enzymes that are devoted to the purposeful production of
reactive oxygen species (ROS), including O,™ and H,0,. Nox2 is mainly localized on the
plasma membrane, whereas Nox4 is localized on intracellular membranes, particularly in
mitochondria and the endoplasmic reticulum (ER)®. Nox2 is regulated through interaction
with cytosolic factors, including p40PNox p47PhoX ng7PhOX and Racl, whereas Nox4 is
primarily regulated through transcriptional mechanisms, although Nox4 activity has been
shown to also be regulated by Poldip2 . Although chronic and high activation of Nox4 is
detrimental in CMs during severe stress, such as severe pressure overload and reperfusion
injury’-9, a physiological and moderate activation of Nox4 promotes adaptive and
physiological functions in response to cellular stress8. Under hypoxia, Nox4 was suggested
to promote erythropoietin secretion in renal cells10. Nox4 also protects kidneys in
diabetes!, mediates the cellular response against proteotoxic stress through local activation
of the Ras/ERK pathway!2, and promotes angiogenesis in response to inflammatory stress
and chronic limb ischemia®3 14, In the heart, although single KO of Nox2 or Nox4 reduces
reperfusion injury by preventing excessive accumulation of ROS, combined KO of Nox2
and Nox4 exacerbates myocardial reperfusion injury through PPARa activation®. Pressure
overload exacerbated left ventricular dysfunction in systemic Nox4 KO micel® but not in
cardiac specific Nox4 KO mice’. Thus, it appears that Nox2 and Nox4 have cell protective
functions in some cardiac pathological conditions, activating physiological signaling
mechanisms, perhaps in a cell type-specific manner. However, the involvement of Nox
isoforms in the regulation of cardiomyocyte autophagy and survival in response to energy
deprivation has not been established.

Autophagy is either positively or negatively regulated by oxidative stress1®. Intracellular
ROS levels increase in response to energy deprivationl: 18, However, exactly where and
how ROS are produced and how ROS affect autophagy and survival of CMs during energy
deprivation remains to be elucidated. Here we tested the hypothesis that Nox4, that produces
ROS at intracellular compartments, plays a critical role in promoting autophagy and cell
survival in response to energy deprivation in CMs. Thus, the goals in this study were: 1) to
test whether Nox4 is activated in energy-deprived CMs and, if so, 2) to elucidate how Nox4
regulates autophagy in CMs during energy deprivation, and 3) to test whether Nox4
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regulates survival of CMs during energy deprivation through autophagy, both in vitro and in
Vivo.

An expanded Methods section is available in the Online Data Supplement.

ROS measurements

Detection of NADPH-dependent O,~ production, and detection of O, and H,O, production
by using dihydroethidium, 5-(and-6)-chloromethyl-2/,7’-dichlorodihydrofluorescein
diacetate, acetyl ester and the Amplex Red kit (Invitrogen) have been described 19,
Mitochondrial and ER-specific HoO, production were evaluated through the expression of
compartment-specific HyPer protein®: 12,

Mouse models

RESULTS

Cardiac-specific Nox4 knockout mice, fasting and prolonged ischemia models have been
described? 3 719, Adenovirus (1x10° pfu) was administered by direct injection into the LV
free wall (two sites, 25 pl/site).

Nox4 upregulation in the ER is required for energy-deprivation-induced ROS production in

CMs

We evaluated whether Nox4 is modulated during the early CM response to energy
deprivation. mRNA levels of Nox4 were time-dependently increased in CMs subjected to
glucose deprivation (GD) (Online Figure IA). Nox4 protein levels were also increased
during GD (Figure 1A-B). Nox4 can be regulated by NF-xB, which is activated during
energy stress1% 20, NF-«B was activated in CMs during GD and GD-induced Nox4
activation was abrogated when NF-xB was inhibited by overexpression of constitutively
active lxB proteinl? (Online Figure 1B-D). This suggests that Nox4 upregulation during GD
is NF-xB-dependent. ROS levels, as assessed by dihydroethidium (DHE) staining for O,~
detection and 2/,7’-dichlorofluorescein diacetate (DCF) and Amplex Red assays for H,0,
detection, also time-dependently increased in glucose-deprived CMs, paralleling the increase
in Nox4 levels (Figure 1C-G; Online Figure IE). sh-RNA-mediated Nox4 knockdown
(Figure 1A-B) significantly reduced ROS production in CMs during GD (Figure 1C-G),
indicating that Nox4 is required for ROS production during energy deprivation in CMs.

Nox4 is localized on intracellular membranes, mainly in mitochondria and the ER. We
investigated in which subcellular compartment Nox4 activity increases during the early
response to energy deprivation in CMs. NADPH-dependent generation of O,~, evaluated as
the superoxide dismutase (SOD) inhibitable component of lucigenin chemiluminescence,
was not increased in the mitochondrial fraction of CMs subjected to GD compared to at
baseline (Online Figure I1A). Conversely, the SOD-inhibitable component of lucigenin
chemiluminescence was significantly increased in the microsomal fraction of glucose-
deprived CMs, an effect which was abolished by Nox4 knockdown (Figure 2A). In contrast,
knockdown of Nox2, which is mainly located on the plasma membrane, did not affect the
GD-induced increase in the SOD-inhibitable component of lucigenin chemiluminescence
(Figure 2A). These results suggest that Nox4, but not Nox2, plays a critical role in mediating
the GD-induced ROS production in the ER.

In order to further support this hypothesis, we expressed HyPer selectively in either
mitochondria or the ER in CMs, through adenoviral transduction. HyPer allows sensitive
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measurement of H,0, in cells1? 19, In CMs expressing mitochondrial-targeted HyPer,
mitochondrial green fluorescence was not increased in response to GD, further excluding an
increase in mitochondrial ROS production during the early response to energy deprivation
(Online Figure 11B-C). Conversely, in CMs expressing ER-targeted HyPer, ER green
fluorescence was significantly increased in response to GD (Figure 2B—C). Nox4
knockdown abrogated GD-induced increases in the ER HyPer signal, suggesting that Nox4
promotes ROS production in the ER of CMs in response to GD.

Co-immunostaining with ER markers, including KDEL and calreticulin, showed that Nox4
co-localization with the ER is enhanced during GD in CMs (Figure 2D; Online Figure 1ID).
Parallel immunoblot analyses showed that GD-induced upregulation of Nox4 protein occurs
in microsomes but not in mitochondria, confirming that Nox4 upregulation in response to
GD occurs in the ER (Figure 2E-F). This is consistent with the fact that membrane proteins
are mainly synthesized in the ER and with the evidence that the N-terminal portion of Nox4
contains multiple ER-specific signal sequences?l: 22,

Nox4 upregulation in the ER promotes autophagy in energy-deprived CMs

We then investigated whether Nox4 regulates autophagy in CMs subjected to energy
deprivation. As shown previously, autophagy was upregulated in CMs subjected to GD, as
indicated by increases in LC3I1 and decreases in p62 and by a significant increase in both
MRFP-LC3 and GFP-LC3 puncta in Ad-tf-LC3-transduced CMs. The GD-induced increase
in autophagy was abolished in Nox4-depleted CMs (Figure 3A-E), as indicated by reversal
of these parameters, even in the presence of bafilomycin A1, a lysosome inhibitor (Online
Figure I11A). This suggests that Nox4 is required for GD-induced upregulation of autophagy
and promotion of autophagic flux. In addition, Nox4 overexpression was sufficient to
stimulate autophagy in CMs under basal conditions (Online Figure 111B-D). Conversely,
Nox2 levels were not changed during GD, and downregulation of Nox2 did not affect GD-
induced autophagy in CMs (Figure 3F).

We then studied the biological relevance of Nox4-dependent ROS production in the ER of
energy-deprived CMs. Specific overexpression of catalase in the ER, using adenovirus
encoding the catalase protein fused to an N-terminal ER-targeting motif12, significantly
reduced ROS in the ER and blunted autophagy during GD, suggesting that increases in ER
ROS levels by Nox4 play a critical role in the promotion of GD-induced autophagy (Figure
4A-B; Online Figure IVA-B). Conversely, overexpression of peroxiredoxin-3, which
scavenges H,0, selectively in mitochondrial?, did not affect autophagy during GD (Online
Figure IVC).

Then, we investigated whether Nox4-derived ROS production in the ER regulates autophagy
through modulation of ER signaling. Energy stress was previously shown to promote
upregulation of the PERK/elF-2a/ATF4 pathwayl’. We hypothesized that Nox4-derived
ROS in the ER of energy-depleted CMs upregulate the PERK/elF-2a/ATF4 pathway, which
can promote autophagy?® 24, The PERK/elF-2a/ATF4 pathway was significantly activated
in CMs subjected to GD, as indicated by increased phosphorylation of PERK (Thr980) and
elF-2a (Ser51) and increased expression levels of ATF4. GD-induced activation of this
pathway was abolished when Nox4 was downregulated, suggesting that Nox4 activation is
required for activation of the PERK/elF-2a/ATF4 pathway during CM energy deprivation
(Figure 4C-D). ROS can inactivate prolyl hydroxylase enzymes (PHDs)? 15 25 and PHD
inhibition was shown to activate PERK and ATF426: 27 \We found that knockdown of the
ER-specific PHD, namely PHD428, rescues ATF4 expression and autophagy in Nox4-
depleted CMs during GD. This result suggests that Nox4-derived ROS in the ER promote
activation of the PERK/elF-2a/ATF4 pathway through inactivation of PHD4 (Figure 4E;
Online Figure VD). Of note, Nox4 knockdown did not inhibit the ERK pathway at baseline
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and during GD, as it does in response to ER stress12. Remarkably, neither 4 hours of GD nor
Nox4 knockdown affected the activity of ATF6 or XBP-1 (Online Figure IVE-K). Of note,
although Nox4 knockdown still inhibited ATF4 upregulation, it did not inhibit ATF6 or
XBP-1 activity even after prolonged GD, when these molecules are strongly activated
(Online Figure IVL). Rather, ATF6 and XBP-1 tended to be even more active in Nox4-
depleted CMs after prolonged GD, very likely as a secondary compensatory/death-limiting
response to ER stress caused by cellular damage. Finally, we found that pharmacological
inhibition of PERK, but not of ATF6 or XBP-1 suppresses autophagy in the early phase of
GD (Online Figure IVM-N).

In order to test the hypothesis that inhibition of GD-induced autophagy by Nox4 knockdown
is mediated by suppression of the PERK/elF-2a/ATF4 pathway, we reactivated the pathway
through adenovirus-mediated overexpression of PERK. PERK overexpression in Nox4-
depleted CMs under GD restored elF-2a phosphorylation and completely rescued autophagy
activation (Figure 4F—H). This indicates that Nox4 promotes autophagy in energy-deprived
CMs through activation of the PERK/elF-2a/ATF4 pathway. Overexpression of ER-
catalase, but not peroxiredoxin-3, diminished Nox4-induced activation of PERK and
autophagy (Online Figure 1VO-P) suggesting that Nox4 promotes PERK activation through
ROS production in the ER, but not in mitochondria.

Nox4 activation during CM energy deprivation promotes survival through autophagy

activation

We tested the physiological relevance of Nox4 activation during CM energy deprivation.
The survival of CMs during GD was significantly reduced when Nox4 was downregulated
(Figure 5A). The percentage of TUNEL-positive cells was also higher in Nox4-depleted
CMs than in control CMs (Figure 5B-C). Both overexpression of Atg7, which strongly
activates autophagy (Online Figure V) and represents a validated method to rescue
autophagic activity in a specific manner? 2930 and overexpression of PERK completely
reversed the enhancement of GD-induced cell death in Nox4-downregulated CMs (Figure
5D). These results suggest that Nox4 inhibition reduces CM survival through suppression of
PERK activation and inhibition of autophagy. Conversely, Nox2 knockdown did not affect
CM survival during GD (Figure 5E).

Nox4 is activated in the energy-deprived heart in vivo, thereby promoting autophagy and
cardioprotection

We then tested our hypothesis in vivo by subjecting mice to fasting for 48 hours. The level
of Nox4 in the heart was increased significantly in response to fasting (Figure 6A-B). The
Nox4 protein levels and the NADPH-dependent generation of O,~ were not increased in the
cardiac mitochondrial fraction during fasting (Online Figure VIA-B), whereas they were
significantly increased in the microsomal fraction (Figure 6C). The fasting-induced increase
in the microsomal generation of O,~ was totally abolished in the heart of cardiac-specific
Nox4 knockout (Nox4 cKO) mice.

Fasting-induced increases in autophagy in the heart were abolished in Nox4 cKO mice, as
indicated by decreases in the LC3I1/1 ratio and abolished degradation of p62 (Figure 6D—F).
Cardiac LC3II levels after fasting were significantly lower in Nox4 cKO mice even after
chloroquine treatment, which inhibits lysosomal activity and autolysosome formation
(Figure 6G-H), indicating that there is reduced autophagosome formation and/or autophagic
flux in the heart of Nox4 cKO mice during energy deprivation. Nox4 levels were also
increased in the heart during prolonged ischemia, and disruption of Nox4 resulted in
autophagy inhibition (Online Figure VIC-E). Of note, Nox4 disruption also modestly
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affected autophagic flux at baseline, as indicated by higher levels of p62 and a slight
reduction in LC3II accumulation after lysosome inhibition (Figure 6D; Online Figure VIF).

We then evaluated whether cardiac Nox4 activation during energy deprivation is an adaptive
response to energy stress. Echocardiographic and hemodynamic analyses showed that Nox4
cKO mice exhibited a significant reduction in left ventricular (LV) systolic and diastolic
function after 48 hours of fasting, whereas LV function was preserved in control mice,
indicating that Nox4 activation is required for maintaining cardiac function during energy
deprivation (Figure 7A; Online Figure VIIA-B). Although myocardial ATP content during
fasting was only minimally decreased in control mice, it was reduced significantly in Nox4
cKO mice (Figure 7B). This would suggest that reduction of ATP levels may contribute to
the impairment of cardiac function in Nox4 cKO mice, since a normal myocardial energy
status is critical for maintenance of cardiac function3. In order to test the hypothesis that the
detrimental effect of Nox4 disruption during fasting was due to inhibition of autophagy, we
reactivated autophagy in the hearts of Nox4 cKO mice through cardiac injection of
adenovirus harboring Atg7. To test the efficacy of the gene transfer, we injected Ad-LacZ
and conducted whole-heart X-gal staining. p-galactosidase staining was found to be positive
in the majority of the heart in mice injected with Ad-LacZ, in contrast with uninjected mice
(Online Figure VIIC). Atg7 overexpression significantly promoted autophagy in the hearts
of Nox4 cKO animals, as indicated by increases in LC3I1 accumulation (Online Figure
VIID). We found that, as compared with Ad-LacZ injection, Ad-Atg7 injection significantly
improved the systolic function and restored the myocardial ATP content of Nox4 cKO mice
subjected to fasting (Figure 7C; Online Figure VIIE). This suggests that Nox4 activation
preserves cardiac function during fasting through promotion of autophagy, which is
important for preservation of energy status, recycle of damage proteins and organelles and
regeneration of important proteins, as also previously shown?: 3: 4. 32,

Finally, we observed that Nox4 cKO mice display an increased infarct size and necrosis with
respect to control mice after prolonged ischemia (3 hours) without reperfusion? 5 33 (Figure
7D-F; Online Figure VIIF-G). This model is characterized by high energy stress and is
clinically relevant, since patients with myocardial infarction usually experience prolonged
coronary occlusion. In addition, this model allows us to selectively investigate the effect of
Nox4 disruption on ischemic injury. This is in contrast to ischemia/reperfusion models, in
which the ischemic period is very short and it is impossible to distinguish the ischemic and
reperfusion phase-specific effects of an intervention, even though these phases are
characterized by completely different pathophysiological mechanisms of damage (i.e.,
energy stress during ischemia and oxidative stress during reperfusion). Thus, this evidence
further corroborates our observations regarding the physiological significance of Nox4 in the
energy-deprived heart.

DISCUSSION

Autophagy upregulation is a critical survival mechanism in cells subjected to energy
deprivation that preserves the cellular energy status and degrades damaged proteins and
organellesl: 2. However, the mechanisms promoting autophagy in energy-depleted cells are
not fully understood. We here elucidate a novel mechanism promoting autophagy during
energy stress by demonstrating for the first time that Nox4 is a critical mediator of
autophagy upregulation in CMs during energy deprivation. Nox4 is upregulated in an NF-
kB-dependent manner during GD and Nox4 is selectively upregulated in the ER of energy-
deprived CMs. This increase in Nox4-derived ROS in the ER is a crucial event which
promotes autophagy through activation of the PERK/elF-2a/ATF4 pathway. Nox4
activation during energy deprivation is cardioprotective both in vitro and in vivo.
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Nox2 and Nox4 are the main isoforms of NADPH oxidase in cardiomyocytes. These two
isoforms share conserved trans-membrane domains, FAD- and NADPH-binding domains in
their C-terminal regions, and two heme groups. In addition, they both form a functional
complex with p22Pho% 2 membrane-integrated protein, which is required for their activity®.
We found that the function of Nox4 regarding autophagy and CM survival in response to
energy deprivation is not shared by Nox2; Nox2 was not involved in ROS production,
autophagy regulation and survival in energy-depleted CMs. This observation is consistent
with previous evidence indicating that Nox4 promotes several adaptive cellular responses to
stresses such as hypoxia, proteotoxic stress and metabolic disorders8. This unique
physiological role of Nox4 in the regulation of cellular processes may be dependent upon its
intracellular localization and/or its ability to produce H,O,, which can be a stable and
diffusible signaling molecule, through its E-loop portion®, although it is not clear whether
Nox4 can directly produce H,0, in CMs. We observed that both mRNA and protein levels
of Nox4 are increased in CMs during energy deprivation. Nox4 is localized mainly in the
ER and mitochondria, depending on the cell typeS. In CMs, Nox4 is localized primarily to
mitochondria and the ER, but it is also present in the nucleus’- 8- 19, The localization of
Nox4 in intracellular membranes is dependent upon the presence of signal sequences
specific to the ER22, to mitochondria® and to the nucleus! in the primary sequence. The
increase in Nox4 protein levels observed in energy-depleted CMs occurs selectively in the
ER but not in mitochondria. This may be explained by the fact that Nox4 is a membrane-
bound protein and, therefore, it is mainly translated in the ER, through a co-translational
translocation mechanism?2L. However, it is very likely that the preferential cellular
localization of Nox4 is stimulus-dependent. Recent evidence suggests that alternative
splicing of Nox4 mRNA may drive Nox4 synthesis in different subcellular compartments34,
Alternatively, post-translational modifications3® of Nox4 nascent protein or other unknown
mechanisms may be involved in this selective activation of Nox4 in the ER during GD.

We here demonstrate that this early upregulation of Nox4 in the ER is biologically relevant
and critical for the cellular response to energy deprivation. An increase in Nox4-derived
ROS levels in the ER during GD is required for autophagy activation. Normalization of ROS
levels by catalase targeted to the ER in glucose-deprived CMs significantly blunted
autophagy activation. Conversely, selective inhibition of ROS in mitochondria by
peroxiredoxin-3 failed to inhibit autophagy, making the involvement of mitochondrial ROS
in the regulation of autophagy during energy deprivation less likely.

We found for the first time that Nox4 activation in the ER is required for autophagy
upregulation during energy deprivation, because it promotes activation of the PERK/elF-2a/
ATF4 pathway, which stimulates autophagy through the activation of the Atg5-Atg12
complex?3: 24, |n fact, reactivation of PERK in Nox4-depleted CMs rescued autophagy
during GD. We have shown previously that activation of AMPK and inhibition of Rheb/
mTORC1, both of which regulate UIk1 and Atg7, are also required for autophagy activation
during CM energy deprivation? 5. In addition, ROS promote autophagy during amino acid
deprivation through oxidation of Atg4b in ovary and cancer cells8. This clearly indicates
that activation of autophagy during energy deprivation requires coordination of multiple
signaling pathways, through tight regulation of the proteins involved in the autophagic
machinery.

Our results suggest that Nox4-dependent accumulation of ROS in the ER is responsible for
activation of the PERK/elF-2a/ATF4 pathway in energy-deprived CMs. Nox4-derived ROS
may directly oxidize PERK, thereby regulating its dimerization and activation. However,
previous studies showed that the cysteine residues contained in the luminal domain of
PERK, which is important for PERK dimerization and activation, are not involved in the
regulation of PERK activity/signaling3¢. We found that inhibition of PHD4 in the ER
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rescues ATF4 levels in Nox4-deprived CMs during GD. This suggests that activation of
Nox4 in the ER activates the PERK/elF-2a/ATF4 pathway through ROS-induced inhibition
of PHDA4. This is consistent with the evidence that inhibition of PHDs activates PERK and
ATF426.27 and that Nox4-derived ROS can strongly inhibit PHDs® 1525, Of note, Nox4-
dependent activation of the PERK pathway during energy deprivation does not appear to be
a part of the unfolded protein response, because activation of the PERK signaling pathway is
activated by GD long before the accumulation of misfolded proteins is induced. In addition,
PERK activation was not paralleled by a concomitant activation of the ATF6 and IRE1-a
pathways in the early phase of GD. Remarkably, Nox4 does not seem to regulate the ATF6
and IRE-1 pathways even in later stages of GD, when these signals are strongly activated to
limit cell death3”. PERK is activated during nutrient deprivation via the integrated stress
response independently of the other branches of the unfolded protein response38. Given that
autophagy plays a major role in the integrated stress response, it is possible that the Nox4-
mediated activation of PERK and autophagy in CMs during energy deprivation happens in
the context of a cardiomyocyte integrated stress response. Nox4 was previously shown to
promote cell survival in response to ER stress through a focal activation of the RAS/ERK
pathway12. However, our results show that Nox4 does not activate ERK in response to
energy deprivation in CMs.

We show that activation of endogenous Nox4 in CMs subjected to energy deprivation is
cardioprotective. Nox4 knockdown in vitro reduces CM survival, whereas disruption of
Nox4 in vivo deteriorates cardiac function during fasting and increases ischemic injury after
prolonged ischemia. Importantly, Nox4 activation is protective through activation of
autophagy, since restoration of autophagy in Nox4-depleted CMs through Atg7
overexpression, which would reactivate the Atg5/12 complex, improved survival in vitro
and both cardiac function and ATP content in vivo during energy deprivation. However, the
activation of Nox4 during cardiac stress may not always be protective. Inhibition of Nox4
improves cardiac function and reduces cardiac hypertrophy during severe pressure
overload’, and reduces reperfusion damage®. Thus, it is important to understand why the
function of Nox4 is stimulus-dependent. It is possible that activation of Nox4 during energy
deprivation is moderate and physiological, whereas during pressure overload and
reperfusion it is exaggerated and detrimental. During energy deprivation, Nox4 activation is
important for autophagy activation, which is cardioprotective. On the other hand, during
pressure overload or reperfusion damage, mechanisms activated by physiological ROS are
easily overridden by the pathological response activated by excessive ROS. During acute
energy deprivation, Nox4 is increased in the ER but it does not accumulate in mitochondria.
Conversely, Nox4 markedly accumulates in the mitochondria during chronic stress, such as
pressure overload or late reperfusion injury’. This suggests that localization of Nox4 in the
ER may be cardioprotective whereas localization in the mitochondria detrimental, although
further investigations are needed to verify this hypothesis. Finally, autophagy is protective
during fasting and prolonged ischemia, but it was reported to be detrimental during pressure
overload when it promoted maladaptive hypertrophy3?, and during reperfusion damage®: 33.
Therefore, it is possible that Nox4 activation is both protective during energy deprivation
and detrimental during pressure overload and reperfusion injury due to its ability to promote
autophagy, which is protective in the former condition but detrimental in the latter. We have
shown recently that, although single Nox4 or Nox2 disruption reduces reperfusion injury,
double knockout of Nox4 and Nox2 in the adult heart is associated with increased
reperfusion damage through HIF-1a inhibition and PPARa activation. This indicates that
Nox4 and Nox2 play redundant functions in the CM response to severe oxidative stress,
which occurs during reperfusion damage. In contrast, our current study demonstrates that
during energy stress Nox4 activation in the ER is required for activating autophagy, thereby
promoting survival. Of note, this property of Nox4 is not shared by Nox2 and is apparently
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HIF-1a-independent, since we previously showed that HIF-1a levels are unchanged in the
hearts of Nox4 cKO mice as compared to controls®.

In conclusion, our study demonstrates for the first time that Nox4 plays a critical role in the
regulation of the CM response to energy deprivation. Nox4 protein levels and activity are
increased in the ER of CMs during energy deprivation. Nox4-dependent accumulation of
ROS in the ER promotes autophagy through activation of the PERK/elF-2a/ATF4 pathway.
Nox4 activation is a physiological response that protects the heart during nutrient
deprivation and ischemia through activation of autophagy (Online Figure VIIH). We
propose that the Nox4/PERK/elF-2a/ATF4 signaling pathway is a novel intracellular
cascade that promotes activation of autophagy and CM survival during energy deprivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CMs cardiomyocytes
GD glucose deprivation
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PERK PKR-like endoplasmic reticulum kinase
elF-2a eukaryotic initiation factor 2a
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Novelty and Significance
What is known?

» Autophagy is activated and promotes cell survival in cardiomyocytes during
energy deprivation.

» NADPH oxidase 4 (Nox4) is a major source of reactive oxygen species (ROS)
in cardiomyocytes during stress, purposefully generating O,~ and H,0, at
intracellular membranes.

» Although high activation of Nox4 is maladaptive, activation of Nox4 at
physiological levels is involved in some cellular adaptive mechanisms, such as
hypoxic adaptation.

What New Information Does This Article Contribute?

» Nox4 is activated in cardiomyocytes during energy deprivation and promotes
ROS production in the endoplasmic reticulum (ER).

*  Nox4-dependent ROS production in the ER of energy deprived-cardiomyocytes
is required for autophagy activation through activation of the PERK/elF-2a/
ATF4 pathway.

» Nox4 activation promotes cardiomyocyte survival during energy deprivation
through autophagy activation both in vitro and in vivo.

Autophagy is an evolutionarily conserved intracellular bulk degradation process.
Autophagy activation is an essential survival mechanism in cardiomyocytes during
energy deprivation. However, the mechanisms activating autophagy in energy-depleted
cells are not fully understood. Nox4 is an enzyme that purposefully generates ROS at
intracellular membranes and is an important source of ROS in cardiomyocytes during
stress. However, the physiological role of Nox4 in cardiomyocytes during stress remains
unclear. In addition, whether Nox4 regulates cellular autophagy and survival in response
to energy deprivation is unknown. We here demonstrate that Nox4 is a critical mediator
of autophagy in cardiomyocytes during energy deprivation. Nox4 protein abundance and
activity are selectively increased in the ER of energy-deprived cardiomyocytes. Nox4-
dependent ROS production in the ER is a crucial event that promotes autophagy through
activation of the PERK/elF-2a/ATF4 pathway. Remarkably, Nox4 promotes survival in
energy-deprived cardiomyocytes both in vitro and in vivo through activation of
autophagy. Our study demonstrates for the first time that the Nox4/PERK/elF-2a/ATF4
signaling pathway is a critical intracellular cascade activating autophagy during energy
deprivation; it clarifies the biological significance of ROS production in the ER in
energy-deprived cardiomyocytes; and it elucidates a crucial physiological function of
Nox4 in cardiomyocytes during stress.
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Figure 1. Nox4 levels are increased in CMs during GD and promote ROS production

A-B. CMs were transduced with adenoviruses expressing a short hairpin sequence targeting
Nox4 (Sh-Nox4) or short hairpin scramble (Sh-CT) for 96 hours and then subjected to GD.
Densitometric analysis of Nox4 expression levels was performed. N=5. C-G. CMs with and
without Nox4 knockdown were subjected to GD. DHE fluorescence (C-D), DCF
fluorescence (E-F) and Amplex Red assay (G) were then performed to evaluate ROS levels.
Data are presented as a percentage of control (Sh-CT). N=4-8. Bar=50 pm.

Circ Res. Author manuscript; available in PMC 2014 February 28.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Sciarretta et al. Page 15

>

P<0.05 P<0.05 B GD4h
e | — Sh-CT Sh-CT Sh-Nox4

450

300
— ER-Tracker
T
0 I l

Sh-CT Sh-CT Sh-Nox4 Sh-Nox2
GD4h

(% of control)

Microsomal SOD-Inhibitable
Chemiluminiscence

ER-HyPer

(@)
O

Nox4 KDEL

Merged

P<0.05 P<0.05

@ 180-
e I I
]
53
%*E 120
2 8 — Control
Mg n
= O
a¥ o
>~
>
o
w 0
Sh-CT Sh-CT Sh-Nox4
GD4h Glucose Deprivation
E F P<0.05
3004
= [ |
=0
g =
625
o= 3
T« — —
CT GD CT GD -
==z
Nox4 | = S — ~
CT GD4h
COX'V N e— 150-
£33 T
- S
Bip 'E 5 “Ewo-
oo
N N - T < ©O
Mitochondria Microsomes S 3% 5
£2¢
CT GD4h

Figure 2. Nox4 is upregulated in the ER of glucose-deprived CMs

A. CMs were transduced with Sh-CT, Sh-Nox4 or Sh-Nox2 for 96 hours, and then CMs
were cultured with normal or glucose-free medium for 4 hours. The microsomal fraction
was isolated and a lucigenin assay to evaluate NADPH-dependent O,~ production was
performed. N=3-5. B-C. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours
together with adenovirus expressing HyPer protein targeted to the ER (Ad-ER-HyPer) for
the last 48 hours. CMs were cultured with normal or glucose-free medium for 4 hours. CMs
were stained with ER-tracker red. Representative images of ER-Hyper and ER-tracker
fluorescence are shown (B) together with quantification (C). Bar=50 pm. D. CMs were
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cultured with normal or glucose-free medium for 4 hours. An immunocytofluorescence
assay of Nox4 and KDEL was performed and cells were observed with a confocal
microscope. Bar=20 pm. E-F. In the same conditions, mitochondrial and microsomal
fractions were isolated and Nox4 protein levels were assessed in each fraction.
Representative immunoblots (E) together with densitometric quantification are shown (F).
N=3. All values in the bar graphs are expressed as a percentage of the control.
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Figure 3. Nox4 is required for autophagy activation in CMs during GD

A-C. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours, and then CMs were
cultured with normal or glucose-free medium. LC3 and p62 protein levels were evaluated.
Representative immunoblots (A) and densitometric quantification (B—C) are shown. N=4.
Data are presented as a percentage of Sh-CT. D-E. CMs were transduced with Sh-CT or Sh-
Nox4 for 96 hours together with Ad-mRFP-GFP-LC3 for the last 48 hours. CMs were
cultured with glucose-free medium. Representative images of mMRFP and GFP dots are
shown (D), together with quantification of autophagosomes and autolysosomes (E). N=5.
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Bar=10 um. F. CMs were transduced with Sh-CT or Sh-Nox2 for 96 hours, and then CMs
were cultured with normal or glucose-free medium. LC3I11 and Nox2 levels were evaluated.
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Figure 4. Nox4 activation in the ER promotes autophagy in energy-deprived CMs through
activation of the PERK/elF-2a/ATF4 pathway

A-B. CMs were transduced with Ad-LacZ or Ad-ER-catalase for 48 hours, and then CMs
were cultured with normal or glucose-free medium for 4 hours. LC3I1 levels were evaluated.
Representative immunoblots (A) and densitometric quantification (B) are shown. C-D. CMs
were transduced with Sh-CT or Sh-Nox4 for 96 hours, and then CMs were cultured with
normal or glucosefree medium. Phospho-PERK (Thr980), phospho-elF-2a (Ser51) and
ATF4 protein levels were evaluated. Representative immunoblots (C) and densitometric
quantification (D) are shown. N=4. # p<0.05 vs. Sh-CT; * p<0.05 vs. Sh-CT and Sh-Nox4
GD. E. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours, with and without Sh-
PHDA4. CMs were cultured with normal or glucose-free medium. ATF4 and LC3 levels were
evaluated. F. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours, together with Ad-
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LacZ or Ad-PERK for the last 48 hours. CMs were cultured with normal or glucose-free
medium. LC3II and phospho-elF-2a levels were evaluated. G-H. CMs were transduced
with Sh-CT or Sh-Nox4 for 96 hours, together with Ad-LacZ or Ad-PERK and with Ad-
MRFP-GFP-LC3 for the last 48 hours. CMs were cultured with glucose-free medium.
Representative images of mRFP and GFP dots are shown (G), together with quantification
of autophagosomes and autolysosomes (H). N=4. Bar=10 pm.
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Figure 5. Nox4 disruption reduces CM survival and promotes apoptosis in CMs during GD
A-C. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours, and then CMs were
cultured with normal or glucose-free medium for 24 hours. Cell survival was assessed by
Cell Titer Blue assay (CTB, A). N=4. Percentage of TUNEL-positive cells was also
calculated. Representative pictures (B), together with quantification (C) are presented. N=3.
Bar=50 pm D. CMs were transduced with Sh-CT or Sh-Nox4 for 96 hours, together with
Ad-LacZ or Ad-Atg7 or Ad-PERK for 48 hours. CMs were then cultured with normal or
glucose-free medium. Cell survival was assessed by CTB. N=4. Data are expressed as
percentage of baseline (cells cultured with regular medium). E. CMs were transduced with
Sh-CT or Sh-Nox2 for 96 hours, and then CMs were cultured with normal or glucose-free
medium. Cell survival was then assessed by CTB. N=3.
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Figure 6. Nox4 is activated and promotes autophagy in the heart during fasting in vivo

A-B. Control and Nox4 cKO mice were subjected to 48 hours of fasting. Cardiac Nox4
protein abundance was evaluated. Representative immunaoblot (A) and densitometric
analyses are shown (B). N=4. C. Control and Nox4 cKO mice were subjected to 48 hours of
fasting. Cardiac microsomes were isolated and NADPH-dependent O,~ production was
assessed by lucigenin assay. N=4-6. D—F. Control and Nox4 cKO mice were subjected to 48
hours of fasting. Cardiac LC3 and p62 protein levels were evaluated. Representative
immunoblots (D) and densitometric analyses are shown (E—F). N=4-5. G-H. Control and
Nox4 cKO mice were subjected to 48 hours of fasting, and some received chloroquine (10
mg/kg i.p) 4 hours before they were sacrificed. Representative immunoblot of cardiac LC3
is shown, together with quantification analysis. N=3. * p<0.05 vs. CT. Data are expressed as
a percentage of the control.
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Figure 7. Nox4 disruption in the heart is detrimental during energy deprivation in vivo
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A. Control and Nox4 cKO mice were subjected to 48 hours of fasting and then underwent
echocardiographic evaluation. Fractional shortening was calculated. B. Control and Nox4
cKO mice were subjected to 48 hours of fasting. Myocardial ATP content was evaluated.
N=4. Data are expressed as a percentage of the control. C. Control and Nox4 cKO mice
received cardiac injection of Ad-LacZ or Ad-Atg7. After 48 hours, they were subjected to
48 hours of fasting. Fractional shortening was calculated. D—F. Control and Nox4 cKO mice
were subjected to 3 hours of ischemia. Representative pictures of 2,3,5-triphenyltetrazolium
chloride staining are shown (D), together with quantification of the area at risk (AAR, E)

and myocardial infarct size (MI/AAR, F). Bar=1 mm.
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