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Abstract

Rationale—Oxidation of cysteine residues in class 11 histone deacetylases (HDACS), including
HDAC4, causes nuclear exit, thereby inducing cardiac hypertrophy. The cellular source of reactive
oxygen species (ROS) responsible for oxidation of HDAC4 remains unknown.

Objective—We investigated whether Nox4, a major NADPH oxidase, mediates cysteine
oxidation of HDACA4.

Methods and Results—Phenylephrine (PE, 100 LM), an a1l adrenergic agonist, induced
upregulation of Nox4 (1.5-fold, p<0.05) within 5 min, accompanied by increases in O,~ (3.5-fold,
p<0.01) from the nuclear membrane and nuclear exit of HDAC4 in cardiomyocytes (CM).
Knockdown of Nox4, but not Nox2, attenuated O,~ production in the nucleus and prevented PE-
induced oxidation and nuclear exit of HDAC4. After continuous infusion of PE (20 mg/kg/day)
for 14 days, wild-type (WT) and cardiac-specific Nox4 knockout (c-Nox4 KO) mice exhibited
similar aortic pressures. Left ventricular (LV) weight/tibial length (5.7 £0.2 vs. 6.4 £0.2 mg/mm,
p<0.05) and CM cross-sectional area (223 +13 vs. 258 12 pm2, p<0.05) were significantly
smaller in c-Nox4 KO than in WT mice. Nuclear O, production in the heart was significantly
lower in c-Nox4 KO than in WT mice (4116 £314 vs. 7057 +1710 RLU, p<0.05), and cysteine
oxidation of HDAC4 was decreased. HDAC4 oxidation and cardiac hypertrophy were also
attenuated in c-Nox4 KO mice 2 weeks after transverse aortic constriction.

Conclusions—Nox4 plays an essential role in mediating cysteine oxidation and nuclear exit of
HDAC4, thereby mediating cardiac hypertrophy in response to PE and pressure overload.
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Introduction

Cardiac hypertrophy is an adaptive mechanism triggered in the heart in response to
increased mechanical stress. However, the prolonged presence of hypertrophy can cause
cardiac dysfunction, and cardiac hypertrophy is therefore regarded as one of the major risk
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factors for heart failure.! Experimental and clinical studies have demonstrated that the
cellular status of reduction and oxidation (redox) is intimately involved in the pathogenesis
of cardiac hypertrophy and failure.2 Class II histone deacetylases (HDACs), including
HDACA4, directly interact with key transcription factors that mediate hypertrophy, including
nuclear factor of activated T cells (NFAT) and myocyte enhancer factor 2 (MEF2), thereby
inhibiting their activity through histone deacetylation.3 Hypertrophic stimuli activate HDAC
kinases, including protein kinase D (PKD), calcium/calmodulin-dependent kinase Il
(CaMKII), and G protein-coupled receptor kinase 5 (GRKS5), which phosphorylate
conserved serine residues and induce cytoplasmic translocation of class I HDACs. This
removes the negative constraint of class Il HDACSs on the hypertrophic transcription factors
and causes hypertrophy. Importantly, in addition to the phosphorylation-dependent
mechanisms, oxidation of conserved cysteine residues in class II HDACs also induces their
cytoplasmic translocation,* and the latter mechanism appears more important than the
former in some forms of cardiac hypertrophy, such as p-adrenergic hypertrophy.® In
addition, thioredoxinl (Trx1), an antioxidant, prevents cardiac hypertrophy by inhibiting
HDACA4 cysteine oxidation.# Despite its importance, however, the molecular mechanism
through which HDAC4 is oxidized in response to hypertrophic stimuli is not well
understood.

Among the potential sources of reactive oxygen species (ROS) within the heart, NAD(P)H
oxidases (Noxes) are the major sources of superoxide (O,~) production and are involved in
both physiological and pathological processes in cells. The fact that Noxes actively produce
O~ distinguishes them from the other major source of O,~, mitochondria, where O™ is
produced through a leakage of electrons, a passive mechanism. Thus far, seven members of
the Nox family of proteins (Nox1 to 5 and Duox1 and 2) have been identified. Nox2 and
Nox4 are the major isoforms in the heart.” Despite their structural similarity, these proteins
have distinct characteristics. For example, although Nox2 needs cytosolic factors for its
activation,8 Nox4 may not.? Nox2 and Nox4 also have distinct subcellular localizations,
although these appear to be cell type-dependent. In general, Nox2 is localized primarily at
the plasma membrane whereas Nox4 is found at intracellular membranes, including the
nuclear membrane.10- 11

Previous studies have suggested the involvement of Noxes in cardiac hypertrophy. For
example, Nox2 plays an important role in mediating angiotensin Il-induced hypertrophy, but
not pressure overload (PO)-induced hypertrophy.12 Nox4 is known to be upregulated in
response to several hypertrophic stimuli, such as angiotensin Il (Angll), a-adrenergic
agonists and PO, and is a major source of ROS in hypertrophic hearts.10- 11 Cardiac-specific,
but not systemic, downregulation of Nox4 attenuated pathological hypertrophy after PO
through inhibition of mitochondrial dysfunction and apoptosis.1? Importantly, though, the
molecular mechanisms through which each Nox isoform mediates hypertrophy are not well
understood.

Given the fact that the cysteine residues of HDAC4 are oxidized by hypertrophic stimuli in a
regulated manner, it is reasonable to hypothesize that enzymes purposefully producing ROS,
such as Noxes, might be involved in the cysteine oxidation of class Il HDACSs. Since Nox4
is localized at intracellular membranes and is intimately involved in increases in oxidative
stress during cardiac hypertrophy, we speculated that Nox4 is responsible for cysteine
oxidation of HDAC4. Accordingly, the purpose of this study was to examine the roles of
Nox2 and Nox4 in mediating cysteine oxidation of HDAC4 and cardiac hypertrophy, using
both /n vitro and in vivo models of cardiac hypertrophy.

Circ Res. Author manuscript; available in PMC 2014 February 15.
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Methods

An expanded Methods section is available in the Online Data Supplement at http://
circres.ahajournals.org

Mice
Nox4—/- mice were generated using lox-P and homologous recombination strategies.
Cardiac-specific deletion of Nox4 (c-Nox4 KO) was achieved using aMHC-Cre.}1 Mice
with cardiac-specific overexpression of Nox4 (Tg-Nox4) were generated as described
previously.19 All experiments were conducted in 2-3-month-old male mice. All protocols
concerning the use of animals were approved by the Institutional Animal Care and Use
Committee at the University of Medicine and Dentistry of New Jersey.

Continuous infusion of phenylephrine

Continuous infusion of phenylephrine (20 mg/kg/day) or vehicle control was conducted with
osmotic mini-pumps (model 2002, Alza Corp., Palo Alto, CA, USA) as described
previously.13 Control mice received pumps filled with 0.9% sodium chloride (saline).

Detection of thiolate cysteines of HDAC4 and HDAC5

Myocytes transduced with HDAC4 adenoviruses were treated with phenylephrine (PE) in
the presence of knockdown or overexpression of Nox4 and lysed with lysis buffer
containing 200 M biotinylated—iodoacetamide (IAM). Heart homogenates from mice
treated with or without PE or transverse aortic constriction (TAC) were also used.
Biotinylated proteins were pulled down with streptavidin beads (PIERCE). Biotinylated
HDAC4 and HDACS, representing the reduced form, were detected by immunoblotting.

Statistical Analysis

Data are expressed as mean + SEM. Comparison of means between groups was performed
by one-way ANOVA, followed by #tests. Bonferroni’s correction was carried out for
multiple comparisons of means. A<0.05 was considered to be statistically significant.

Results

Nox4 is Involved in PE-Induced Hypertrophy in Cultured Cardiomyocytes

We examined the cell-autonomous effect of Nox4 in mediating cardiac hypertrophy using
phenylephrine (PE)-induced cardiac hypertrophy in cultured cardiomyocytes, a well-
established /n vitro model of cardiac hypertrophy. PE increased Nox4 protein expression in
a dose-dependent manner (Figure 1A, B). As shown previously, PE also induced
cardiomyocyte hypertrophy in a dose-dependent manner (Figure 1C). To evaluate the direct
effect of Nox4 upon PE-induced cardiac hypertrophy, we transduced adenoviruses harboring
either wild-type Nox4 or short hairpin RNA for Nox4 into cardiomyocytes. As we reported
previously, overexpression of Nox4 (1.5-fold, p<0.05, data not shown) was not sufficient to
induce cardiac hypertrophy, as evaluated by cell size, protein/DNA content, and expression
of ANF, a fetal-type gene. However, overexpression of Nox4 significantly enhanced PE-
induced hypertrophy in cardiomyocytes (Figure 1D, E, and F). Conversely, although
downregulation of Nox4 (0.2-fold, p<0.05, data not shown) did not affect cardiac
hypertrophy at baseline, it significantly attenuated PE-induced cardiomyocyte hypertrophy
(Figure 1D, E, and F). These results indicate that endogenous Nox4 is necessary for PE-
induced cardiac hypertrophy and that upregulation of Nox4 enhances PE-induced cardiac
hypertrophy.

Circ Res. Author manuscript; available in PMC 2014 February 15.


http://circres.ahajournals.org
http://circres.ahajournals.org

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

1duasnuey Joyiny vd-HIN

Matsushima et al. Page 4

Overexpression of Nox4 Exacerbates PE-Induced Cardiac Hypertrophy in Mice

We examined the effect of Nox4 upon PE-induced cardiac hypertrophy /n vivo. Cardiac
hypertrophy was induced in mice by continuous infusion with a subpressor dose of PE (20
mg/kg/day). PE increased Nox4 expression in the left ventricle (LV) in both nontransgenic
(NTg) and Tg-Nox4 mice. However, the Nox4 expression level was significantly higher in
Tg-Nox4 mice than in NTg mice after PE stimulation (Figure 2A and B). There was no
difference in blood pressure (BP) among the four groups (Figure 2C). Although Tg-Nox4
mice showed the same myocyte cross-sectional area (MCSA) as NTg mice at baseline, they
exhibited a significantly greater MCSA than NTg mice after PE treatment (Figure 2D and
E). PE-induced increases in ANF expression were also enhanced significantly in Tg-Nox4
mice (Figure 2F). These results suggest that upregulation of Nox4 exacerbated PE-induced
cardiac hypertrophy /n vivo. Despite the enhancement of cardiac hypertrophy at a
cardiomyocyte level, PE-induced increases in LV weight (LVVW)/tibial length (TL) were not
significantly enhanced in Tg-Nox4 mice (Figure 2G). Tg-Nox4 mice also did not show the
apparant difference in LV morphology after PE infusion (Online Figure IA). These may be
due in part to the enhancement of apoptosis, since there were significantly more TUNEL-
positive cardiomyocytes in Tg-Nox4 than in NTg mice in the presence of PE (Online Figure
IB), which is reminiscent of the phenotype observed in old Tg-Nox4 mice.10 There was no
difference in collagen volume fraction in the LV among the four groups (Online Figure IC).

Cardiac-Specific Nox4 Knockout Attenuates PE-Induced Cardiac Hypertrophy in Mice

In order to investigate the role of endogenous Nox4 in mediating PE-induced cardiac
hypertrophy /n vivo, cardiac-specific Nox4 knockout (c-Nox4 KO) mice were used. c-Nox4
KO mice exhibited a significantly lower level of Nox4 expression in the heart in both the
saline- and PE-infusion groups (Figure 3A and B). There was no difference in BP among the
four groups (Figure 3C). The PE-induced increase in MCSA was significantly attenuated in
c-Nox4 KO mice (Figure 3D and E). The level of ANF expression and LVW/TL after PE
treatment were also significantly lower in c-Nox4 KO mice than in wild-type (WT) mice
(Figure 3F and G). The cross section of the LV also showed that PE-induced cardiac
hypertrophy was attenuated in c-Nox4 mice (Online Figure 11A). There was no significant
difference in apoptosis or interstitial fibrosis in the LV among the four groups (Online
Figure 11B and C). Echocardiographic measurements showed that, although fractional
shortening did not vary significantly among the four groups, PE-induced increases in the
wall thickness were significantly attenuated in c-Nox4 KO mice (Online Figure HH1A-C).
Hemodynamic measurements showed that c-Nox4 KO tended to have a lower LV end-
diastolic pressure and minimum dP/dt, indexes of cardiac diastolic function, than WT after
PE treatment (Online Table I, p=0.085 and p=0.055 vs. WT, respectively). These results
indicate that endogenous Nox4 plays an important role in mediating PE-induced cardiac
hypertrophy and diastolic dysfunction in the mouse heart.

Knockdown of Nox4, but not Nox2, Attenuates PE-Stimulated Nuclear ROS Production

We examined the localization of Nox4 in cardiomyocytes. Using immunostaining, Nox4
was found to be localized in the perinuclear region and on the surface of the nucleus in
cardiomyocytes (Figure 4A). Immunoblot analysis showed that Nox4 is found not only at
mitochondria and microsomes but also in the nuclear fraction (Figure 4B). On the other
hand, Nox2 was expressed mostly in the microsomal fractions (Figure 4B). The level of
Nox4 increased rapidly, within 5 minutes, after PE stimulation in cardiomyocytes (Figure
4C), accompanied by increases in O,7, as evaluated by the lucigenin assay, and H,O»
production, as evaluated with Hyper-nuc fluorescence, in the nucleus (Figure 4D and E).
Overexpression of Nox4 further increased ROS production, whereas downregulation of
Nox4 attenuated it (Figure 4D and E). In contrast, downregulation of Nox2 did not affect
nuclear O,~ or H,O, production after PE stimulation (Figure 4D, Online Figure V).

Circ Res. Author manuscript; available in PMC 2014 February 15.
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Nox4 in the nuclear fraction was upregulated after PE treatment in control mouse hearts
(Figure 4F and Online Figure VA). Tg-Nox4 mice showed a further increase in nuclear
Nox4 expression after PE treatment, whereas PE-treated c-Nox4 KO mice exhibited a Nox4
expression level similar to that of control WT mice (Figure 4F and Online Figure VA). We
also evaluated nuclear O,~ production in the heart. Consistent with the level of Nox4 in the
nucleus, overexpression of Nox4 increased PE-induced O, production in the nuclear
fraction (Online Figure VB), whereas downregulation of Nox4 attenuated it (Figure 4G).
Taken altogether, these data suggest that Nox4, not Nox2, is the main Nox isoform
mediating nuclear ROS production in cardiomyocytes.

Downregulation of Nox4 Inhibits Nuclear Exit of HDAC4 after PE Treatment in a Redox-
Sensitive Manner

To elucidate the mechanism by which downregulation of Nox4 inhibits cardiac hypertrophy,
we examined the nuclear exit of HDAC4. Immunostaining showed that PE induces nuclear
exit of HDAC4 within 5 minutes in cardiomyocytes (Figure 5A). Importantly,
downregulation of Nox4 prevented the nuclear exit of HDAC4 after PE treatment (Figure
5A). Consistent with this result, immunoblotting showed that the nuclear exit of HDAC4
was prevented by downregulation of Nox4 in cardiomyocytes and was enhanced in Nox4-
overexpressing myocytes (Figure 5B and C). In contrast, downregulation of Nox2 did not
affect the nuclear exit of HDACA4 (Figure 5D). These results indicate that endogenous Nox4
plays an important role in the nuclear exit of HDAC4 in cardiomyocytes.

The nuclear exit of HDAC4 is induced by oxidation (disulfide bond formation) of Cysteines
667 and 669. We therefore evaluated the extent of cysteine oxidation in HDAC4. When
myocytes were treated with PE, the levels of free thiols in HDAC4 were significantly
decreased within 5 minutes (Figure 5E). The level of reduced cysteines in the whole-cell
fraction was preserved in Ad-sh-Nox4-transduced myocytes, but not in Ad-sh-Nox2-
transduced ones (Figure 5E, Online Figure VIA). The level of reduced cysteines in the
nuclear fraction was also preserved in Ad-sh-Nox4-transduced myocytes (Online Figure
VIB). These results suggest that Nox4 is the main oxidizer of HDAC4 during PE
stimulation.

Another important mechanism involved in the nuclear exit of HDAC4 is phosphorylation of
three critical serines (Ser-246, Ser-467, and Ser-632) by HDAC kinases, including CaMKII.
To modulate the nuclear exit of HDAC4 through the phosphorylation-dependent
mechanism, we used adenoviruses harboring HDAC4 mutants in which these three serines
were substituted with alanines (3SA) or aspartic acids (3SD). As reported previously,14 the
3SD mutant was localized in the cytosol even without PE stimulation (Online Figure VIIA).
Although the 3SA mutant was localized in the nucleus under unstimulated conditions, it was
exported from the nucleus to the cytosol after PE stimulation. Downregulation of Nox4
inhibited the PE-induced nuclear exit of the 3SA mutant, suggesting that the nuclear exit of
HDACA4 by PE takes place via a Nox4-dependent mechanism (Online Figure VIIA). PE
induced phosphorylation of the three serine residues in HDAC4 after 120 minutes, at a later
time point than oxidation of HDAC4 (Online Figure VIIB).* Importantly, downregulation of
Nox4 did not affect PE-induced phosphorylation of HDAC4 (Online Figure V1IB) or PE-
induced phosphorylation of the HDAC kinase CaMKII (Online Figure VIIC). These
findings indicate that Nox4 induces the nuclear exit of HDAC4 independently of the
phosphorylation-mediated mechanisms. We confirmed that a lower dose of PE (10M) also
induces oxidation and the nuclear exit of HDAC4 (Online Figure I1XA), suggesting that
oxidation and the nuclear exit of HDAC4 are physiological responses to PE stimulation in
cardiomyocytes. Cysteine residues subjected to oxidation are conserved in the class Il
HDAC family, including HDACS. PE treatment also induced cysteine oxidation in HDAC5
in cardiomyocytes (Online Figure IXB).

Circ Res. Author manuscript; available in PMC 2014 February 15.
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In order to elucidate the role of Nox4 localized in mitochondria and the nucleus in mediating
oxidation of HDAC4, we generated adenovirus harboring either Peroxiredoxin-3 (Prx3), a
mitochondrial isoform of the Prx family, or nuclear-localized catalase (Nuc-catalase)
(Online Figure VIIIA and B). Treatment with N-acetyl-cysteine (NAC) or overexpression of
Nuc-catalase, but not overexpression of Prx3, prevented the nuclear exit of HDAC4 after PE
stimulation in cardiomyocytes (Online Figure VIIIC). These data indicate that a global
increase in ROS or ROS derived from the nucleus rather than mitochondria are critical for
oxidation of HDACA4.

Downregulation of Nox4 Prevents PE-Induced Upregulation of NFAT Target Genes

Nuclear exit of HDAC4 activates NFAT. We examined NFAT transcriptional activity using
luciferase assays. PE increased the activity of the NFAT reporter in cardiomyocytes, an
effect that was significantly increased by overexpression of Nox4 and decreased by
downregulation of Nox4 (Figure 6A). To further investigate the effect of Nox4 upon
hypertrophy-associated gene expression in an unbiased manner, we conducted a DNA
microarray analysis using total RNA prepared from WT and c-Nox4 KO mouse hearts after
PE treatment. The pathway analysis showed that PE upregulated extracellular matrix-related
and actin- and sarcolemma-related genes (Figure 6B). The PE-induced changes in these
pathways were all normalized in c-Nox4 KO mice, indicating the involvement of Nox4 in
these processes. PE treatment increased Nox4 mRNA levels in WT but not in c-Nox4 KO
mouse hearts (Figure 6C). PE-induced increases in Ajppa (natriuretic peptide precursor A)
and Ajppb (natriuretic peptide precursor B), markers of cardiac hypertrophy, were attenuated
in c-Nox4 KO mouse hearts (Figure 6C), also indicating the validity of the assays. Although
the mMRNA levels of Nfatand Mef2were not significantly different between groups (Figure
6C), PE treatment upregulated NFAT downstream genes, including My#h7, Rcanl, and
Wisp1, which were normalized in c-Nox4 KO mouse hearts (Figure 6D). Collectively, these
data show that downregulation of Nox4 prevents upregulation of the known NFAT targets in
the mouse heart.

The NF-kBInduced Nox4 Upregulation

To elucidate the mechanism mediating the rapid upregulation of Nox4, we evaluated the
level of Nox4 mRNA. PE treatment increased the mRNA level of Nox4 within 5 minutes
(Figure 7A). The activated NF-xB complex binds DNA at NF-xB-binding motifs such as
GGGRNNYYCC or HGGARNYYCC 3 (H: A,C,or T; R: Aor G purine; Y:Cor T
pyrimidine) and induces gene expression. We found an NF-xB binding site upstream of the
transcriptional start point of rat Mox4 gene (from —1628 to -1618: GGGGGTTTCC, Online
Figure XA). In addition, PE increased the activity of an NF-xB luciferase reporter (Figure
7B) in cardiomyocytes. PE rapidly decreased expression of 1xB and increased the nuclear
expression of NF-xB (Figure 7C) in cardiomyocytes. In addition, PE increased
phosphorylated NF-xB, which is an active form of NF-xB, in mouse hearts (Online Figure
XB). To further investigate whether NF-xB binds to the Nox4 gene, we performed a
chromatin immunoprecipitation (ChlP) assay in lysates obtained from myocytes treated with
or without PE using an antibody against NF-xB-p65. The ChIP product was subjected to a
polymerase chain reaction to amplify a fragment of the upstream region of the Nox4 gene
containing the NF-xB-binding motif (Online Figure XA). The results showed that NF-xB
binds to the upstream region of Nox4 and that PE enhances the DNA binding of NF-xB
(Figure 7D). These data raise the possibility that PE upregulates Nox4 through activation of
NF-xB. We next evaluated the role of the IxB-NF-xB pathway in regulating Nox4
expression. Transduction of cardiomyocytes with an adenovirus harboring constitutively
active IxB (IxB-SA) inhibited PE-induced phosphorylation of NF-xB, which was
accompanied by a decrease in PE-induced Nox4 expression (Figure 7E). These results

Circ Res. Author manuscript; available in PMC 2014 February 15.
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suggest that the IxB-NF-xB pathway plays an essential role in mediating PE-induced
upregulation of Nox4.

We also investigated whether PE rapidly induces nuclear exit of HDAC4 in a Nox4-
dependent manner in the mouse heart. The expression of Nox4 was upregulated within 5
min of intravenous injection of PE, which was accompanied by nuclear exit and oxidation of
HDACA4. c-Nox4KO mice did not show oxidation and nuclear exit of HDAC4, suggesting
that Nox4 is required for the nuclear exit and oxidation of HDAC4 in response to acute
injection of PE /n vivo. The expression level of 1«B was downregulated and phosphorylation
of NF-xB was upregulated within 2.5min of PE injection, consistent with the notion that the
upregulation of Nox4 is mediated by an NF-xB-dependent mechanism (Online Figure XI).

Downregulation of Nox4 Prevents Pressure Overload-Induced Cardiac Hypertrophy by
Inhibiting Oxidation of HDAC4

We investigated whether Nox4 is involved in the oxidation of HDAC4 in response to
pressure overload (PO). Analyses were conducted 2 weeks after transverse aortic
constriction (TAC), when systolic function was still maintained, in order to avoid the
secondary effect of cardiac dysfunction upon cardiac hypertrophy. Nuclear expression of
Nox4 was significantly increased in response to TAC in the LVs of control mice, while the
upregulation was decreased in those of c-Nox4 KO mice (Figure 8A and B). Although PO
significantly increased nuclear O,~ production in the LVs of control mice, this was
attenuated in c-Nox4 KO mice (Figure 8C). lodoacetamide labeling experiments showed
that the level of the reduced form of HDAC4 was significantly decreased during PO in
whole-cell and nuclear fractions. Importantly, downregulation of Nox4 in c-Nox4 KO mice
prevented the cysteine oxidation of HDAC4 in response to PO (Figure 8D and Online Figure
XI1) and decreased nuclear exit of HDAC4 (Figure 8E and 8F). We also evaluated S632
phosphorylation of HDAC4, another mechanism mediating its nuclear exit. After pressure
overload, downregulation of Nox4 did not affect phosphorylation of HDAC4 (Figure 8G).
PO-induced increases in MCSA were significantly attenuated in c-Nox4 KO mice (Online
Figure XIIIA and B). PO-induced increases in LVW/TL and wall thickness were also
significantly attenuated in c-Nox4 KO mice (Online Figure XI11C and D). Collagen volume
fraction and apoptosis in the LV were increased after PO, but these increases were
attenuated in c-Nox4 KO mice (Online Figure XIVA and B). Hemodynamic measurements
showed that LVEDP was significantly elevated in WT after TAC, but the increase was
attenuated in c-Nox4 KO mice (Online Table I1). These results suggest that Nox4 in
cardiomyocytes plays an important role in mediating PO-induced cardiac hypertrophy and
diastolic dysfunction in the mouse heart.

Discussion

HDACA4 is a member of the class Il family of HDACSs, which are expressed only in
terminally differentiated cells, including cardiomyocytes.3 Oxidation of HDAC4 at Cys-667
and Cys-669 and of conserved cysteine residues in other members of the class I HDAC
family leads to nuclear exit of the class Il HDACs and induction of cardiac hypertrophy.
Thus far, thioredoxinl is known to prevent cardiac hypertrophy by inhibiting the oxidation
of HDAC4 in myocytes.4 However, the important question of how HDACA4 is oxidized in
the presence of hypertrophic stimuli remains unresolved. Our study shows that Nox4 plays
an important role in mediating oxidation of HDAC4 in response to phenylephrine and
pressure overload. Although the involvement of ROS in cardiac hypertrophy is well
established, the specific sources of ROS and their molecular targets have yet to be
discovered. Our results have established a link between Nox4, a source of ROS, and
HDACA4, a cellular target of ROS, in the development of cardiac hypertrophy (Online Figure
XV).

Circ Res. Author manuscript; available in PMC 2014 February 15.
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Some ROS, including H,0,, are membrane-permeable and diffusible in cells. Thus, even if
they originate from other (non-nuclear) subcellular sources, they could, in theory, contribute
to oxidative damage in the nucleus. Nox2 and Nox4 equally induce oxidative stress in the
heart in response to ischemia/reperfusion when oxidative stress is evaluated at the whole-
cell level (manuscript in preparation). Here, however, we found that knockdown of Nox4,
but not Nox2, attenuates oxidation and prevents nuclear export of HDAC4 after PE
treatment. These findings suggest that the compartmentalization of Nox4 may play an
essential role in regulating the redox state of HDAC4 and hypertrophic signaling.

The isoform-specific actions of Noxes depend upon their subcellular localizations. We have
shown previously that Nox4 is localized not only at mitochondria but also at the nucleus in
myocytes, whereas Nox2 is expressed predominantly in the microsomal fraction. The
possibility that Nox4 exhibits nuclear localization is supported by the fact that Nox4 has
nuclear localization signals in its 90-96 and 451-457 residues.1® Using confocal
microscopy, we showed here that a Nox4-specific signal can be observed on the nuclear
membrane. Importantly, expression of Nox4 in each fraction, including the nuclear fraction,
is upregulated by hypertrophic stimuli. These findings suggest that PE-induced ROS
production in the nuclear fraction may be derived from Nox4 localized on the nuclear
membrane and rapidly upregulated by hypertrophic stimuli. Although it is difficult to
exclude the possibility that Nox4 localized on other intracellular membranes also contributes
to the PE-induced increases in oxidative stress in the nucleus, the ineffectiveness of Nox2
knockdown in inhibiting the nuclear exit of HDACA4 suggests that localization of Nox4 at
intracellular membranes is critical. Furthermore, the fact that nuc-catalase more effectively
suppressed PE-induced nuclear exit of HDAC than Prx3 suggests that production of ROS in
the nucleus, most likely from Nox4, is important.

The activity of Nox2 is regulated by posttranslational modification of cytosolic factors, such
as p47PMox pe7PMoX and Racl.16 On the other hand, Nox4 does not need cytosolic factors
for its activation. Recent evidence suggests that a Nox4-interacting protein, polymerase
(DNA-directed) delta-interacting protein 2 (Poldip2), modifies the activity/function of Nox4
in smooth muscle cells.1” Nevertheless, although Nox4-interacting proteins, including
Poldip2, may affect the function of Nox4, the ROS-producing activity of Nox4 is regulated
primarily by its expression level.18 Thus, the involvement of Nox4 in the PE-induced rapid
oxidation of HDAC4 was unexpected, since it would require rapid upregulation of Nox4.
However, Ang Il upregulates Nox4 protein levels within 2.5 minutes in mesangial cells.1®
Similarly, we found that PE rapidly (within 5 minutes) upregulates Nox4 protein levels in
cardiomyocytes. The promoter region of Nox4 contains an NF-xB-binding motif in
humans.20 PE decreases IxB protein levels and increases NF-xB expression in the nucleus
within 1 minute. Furthermore, ChIP assays showed that PE stimulation rapidly induces
binding of NF-xB to the Nox4 promoter in rat cardiac myocytes. Although rapid
upregulation of Nox4 can still occur through an increased stability of protein/fmRNA, our
results suggest that expression of Nox4 can be rapidly regulated by PE stimulation through
NF-xB, a rapid-acting primary transcription factor which does not require new protein
synthesis for its activation.?! Since ROS also promote NF-xB activation,22 NF-xB-Nox4-
ROS may form a positive feedback loop, thereby rapidly amplifying the upregulation of
Nox4.

We have shown previously that adenovirus-mediated overexpression of Nox4 at 30 MOI or
1.3-2.0-fold overexpression of Nox4 in the Tg-Nox4 heart was not sufficient to induce
cardiac hypertrophy.10 Interestingly, however, Nox4 significantly enhanced PE-induced
cardiac hypertrophy. One possibility is that the level of Nox4 expression in Tg-Nox4 is not
sufficient for oxidizing HDACA4. In fact, both the level of Nox4 expression and the amount
of ROS production were lower in Tg-Nox4 hearts than in NTg hearts treated with PE (Fig.
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2AB and Fig. 4D). The availability of the antioxidant system may affect the extent of
oxidation in HDAC4. We have shown previously that Tg-Nox4 mice exhibit upregulation of
catalase, thereby effectively preventing oxidative stress in the heart at 3-4 months of age.10
Another possibility is that upregulation of Nox4 is necessary, but not sufficient, to induce
cardiac hypertrophy. The presence of sighaling mechanisms originating from both PE and
Nox4 may cooperatively stimulate cardiac hypertrophy. Further investigations are required
to elucidate the mechanism by which the function of Nox4 is modulated through
posttranslational modification during cardiac hypertrophy.

Zhang et al. reported that Nox4 mediates protection against PO by enhancing angiogenesis
in mice.23 This result appears to contradict our findings that Nox4 mediates cardiac
hypertrophy and cell death. However, one of the most critical differences between the two
studies is the fact that Zhang et al. used systemic Nox4 KO mice, whereas we used cardiac-
specific Nox4 KO mice. In fact, we found that the suppression of cardiac hypertrophy/
dysfunction after TAC observed in c-Nox4 KO mice was no longer observed in systemic
Nox4 KO mice, and systemic Nox4 KO mice showed more cardiac fibrosis and diastolic
dysfunction than WT mice (Online Figure XVI). We speculate that Nox4 may affect a
different group of proteins in cardiac non-myocytes. In fact, the class Il HDACs are not
expressed in cardiac non-myocytes.

Phosphorylation of HDAC4 by CaMKII, an HDAC kinase, is an important mechanism for
mediating cardiac hypertrophy. Recent evidence suggests that CaMKI| is activated not only
through Ca2*-calmodulin-dependent mechanisms, but also by methionine oxidation in a
Ca?*-calmodulin-independent manner,24 and that Nox2 plays an important role in mediating
Ang Il-induced activation of CaMKI1.24 However, downregulation of Nox2 did not affect
PE-induced nuclear O~ production or the nuclear export of HDAC4 in cardiomyocytes. The
serine phosphorylation of CaMKI|I after PE stimulation was not changed by downregulation
of Nox4, nor was phosphorylation of HDAC4 affected by downregulation of Nox4. These
findings suggest that Nox4 plays an important role in mediating oxidation of HDAC4,
independently of CaMKI|I.

We have shown previously that modulation of HDAC4 by oxidation and reduction overrides
its modulation by phosphorylation. Namely, an oxidation-resistant mutant of HDAC4 stays
in the nucleus even if the critical serine residues known to stimulate 14-3-3 binding and
nuclear export are phosphorylated. We therefore speculate that suppression of the cysteine
oxidation in class Il HDACs may suppress the progression of cardiac hypertrophy even in
the presence of hypertrophic stimuli known to activate HDAC kinases. Consistently,
downregulation of Nox4 in c-Nox4 KO mice suppressed both PE- and TAC-induced cardiac
hypertrophy without affecting phosphorylation of HDAC4.

In conclusion, Nox4 plays an essential role in mediating increases in ROS in the nucleus in
response to hypertrophic stimuli and induces cysteine oxidation and nuclear export of
HDAC4, a class Il HDAC. Thus, our results suggest that therapies designed to interfere with
nuclear oxidative stress could be beneficial for preventing and treating pathological cardiac
hypertrophy and that Nox4, in particular, may be a promising target for medical treatment.
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Figure 1. Nox4 isrequired for PE-induced cardiac hypertrophy in vitro

A and B. Expression levels of Nox4 and GAPDH in cultured neonatal rat cardiomyocytes
48 hours after PE treatment at multiple doses (n=3). C. Mean surface area of
cardiomyocytes 48 hours after PE treatment at multiple doses was obtained from 200
myocytes per sample (n=6). D, E, and F. Cultured cardiac myocytes were transduced with
Ad-LacZ, Ad-Nox4, or Ad-shNox4. D. Cell surface area of myocytes treated with the
indicated adenoviruses in the presence or absence of PE for 48 hours was examined (n=6).
E. Protein and DNA content of myocytes treated with the indicated adenoviruses in the
presence or absence of PE for 48 hours was examined (n=8). F. Expression of mRNA for
atrial natriuretic factor (ANF) in myocytes treated with the indicated adenoviruses in the
presence or absence of PE for 48 hours was measured by quantitative RT-PCR (n=8).
*P<0.05, **P<0.01. N.S.: not significant.
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Figure 2. Nox4 enhances PE-induced car diac hypertrophy in vivo

A and B. Expression levels of Nox4 and GAPDH in NTg and Tg-Nox4 mouse hearts
subjected to either PE or saline infusion for 2 weeks. The results of the quantitative analysis
of Nox4 expression are shown (n=5). C. The effect of PE and overexpression of Nox4 on
blood pressure was measured by tail cuff (n=6). D and E. LV myocyte cross-sectional area,
as evaluated using wheat germ agglutinin (WGA) staining (n=4). Bar=20 wm. F. Expression
of ANF mRNA in NTg and Tg-Nox4 mouse hearts in the presence or absence of PE
infusion was evaluated by quantitative RT-PCR (n=6). G. LVW/TL after PE stimulation
was determined (n=6). *P<0.05, **P<0.01. N.S.: not significant.

Circ Res. Author manuscript; available in PMC 2014 February 15.



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

1duasnuey Joyiny vd-HIN

Matsushima et al. Page 15

*
A B_ L c .
ch L Tail cuff
£ — -
s = > 120
Saline PE E g :"E:
c-Nox4 c-Nox4 [
WT "wo " ko <2 ? £ 90
o L] o
Noxd | s MR X0 @ 4
o > c
23 g
GAPDHb" ‘l T 2 L !
g 3 b S+ ey
# L& S8 ¢
© © by >
€% €% Fo TX
Saline PE Saline PE
WT c-Nox4KO
‘E ,, " . % *
= 300 — !
Saline 3 44
- =
i €
S 200 2 5 3
f=
° -
= (O] 24
(5] o=
3 100 23
l{) =
PE 2 <5 4
o
i
@ b b o b )
S S & S
O O O O
SO I SO SO
G Saline PE Saline PE
Eef —
=)
Ee
-
'—
2 37
>
O
0

> >
oo %

< <

Saline PE

Figure 3. Endogenous Nox4 plays an essential rolein mediating PE-induced cardiac hypertrophy
A and B. Expression levels of Nox4 and GADPH in wild-type (WT) and c-Nox4 KO mouse
hearts subjected to either PE or saline infusion for 2 weeks. The results of the quantitative
analysis of Nox4 expression are shown (n=3). C. The effect of PE and knockdown of Nox4
on blood pressure was measured by tail cuff (n=6). D and E. LV myocyte cross-sectional
area, as evaluated using WGA staining (n=4). Bar=20 um. F. ANF mRNA normalized by
GAPDH mRNA in WT and c-Nox4 KO mouse hearts in the presence or absence of PE
infusion was evaluated by quantitative RT-PCR (n=6). G. LVW/TL after PE stimulation
was determined (n=6). *P<0.05, **P<0.01.
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Figure 4. Endogenous Nox4 mediates PE-stimulated nuclear ROS production
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A. Cultured myocytes were co-stained with rabbit anti-Troponin T antibody and mouse anti-
NOX4 antibody, followed by anti-rabbit AlexaFluor-568 conjugated secondary antibody and
anti-mouse AlexaFluor-488 conjugated secondary antibody (upper panel), or with anti-
Troponin T and secondary antibodies alone (/ower panel). Nuclei were stained with DAPI.
Merged images are also shown. Bar=10 um. B. Cytosolic, mitochondrial, microsomal, and
nuclear fractions were prepared from cultured myocytes. Immunoblot analyses were
conducted with anti-Nox4 antibody and anti-Nox2 antibody. The purity of the mitochondrial
fraction was confirmed by the absence of histone H3 or GAPDH staining. The purity of the
nuclear fraction was confirmed by the absence of COX IV and GAPDH. C. Expression level
of Nox4 in the nucleus in cardiomyocytes after PE stimulation. Protein expression of Nox4
and GAPDH was determined by immunoblotting. The results of the quantitative analysis of
Nox4 expression are also shown (n=4). D. Nuclear fractions were prepared from myocytes
transduced with the indicated adenoviruses. NADPH-dependent O~ release was measured
by the lucigenin method. The SOD-inhibitable component of O,~ release from the nuclear
fraction was determined (n=6). E. Myocytes were transduced with Ad-Hyper-nuc and Ad-
LacZ or Ad-shNox4 in the presence or absence of PE for 5 minutes. Hyper-nuc is an
indicator of hydrogen peroxide localized in the nucleus. Green staining indicates H,O»
production (n=8). Nuclei were stained with DAPI. Bar=20 um. F and G. Nuclear fractions
were prepared from WT or c-Nox4 KO mouse hearts. F. Expression levels of Nox4 and
histone H3 in the nuclear fraction from WT or c-Nox4 KO mouse hearts. G. NADPH-
dependent and SOD-inhibitable O, release was measured by the lucigenin method (n=4).
*P<0.05, **P<0.01. N.S.: not significant.
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Figure 5. Endogenous Nox4 mediates nuclear export of HDAC4 after PE treatment

A. Myocytes transduced with the indicated adenoviruses were stained with anti-HDAC4
antibody (green), anti-Troponin T antibody (red), and DAPI (Blue). Bar=10 mm. The result
shown is representative of 8 experiments. The results of the quantitative analysis of the
nuclear/total HDAC4 ratio are shown (n=8). B. Protein levels of HDAC4 in the nucleus,
cytosol, and whole cell fractions from myocytes transduced with the indicated adenoviruses
5 minutes after PE stimulation were determined by immunoblot. C. The results of the
quantitative analysis of the nuclear/total HDAC4 ratio at baseline and cytosol/total HDAC4
ratio after PE stimulation are shown (n=4). D. Myocytes transduced with the indicated
adenoviruses were stained with anti-HDAC4 antibody (green), anti-Troponin T antibody
(red), and DAPI (Blue). Bar=10 um. The result shown is representative of 8 experiments. E.
Myocytes transduced with the indicated adenoviruses were treated with PE for the indicated
time periods. The extent of cysteine reduction in HDAC4 was evaluated with
iodoacetamide. The reduced HDAC4 protein level was normalized by the total HDAC4
protein level (n=4). F and G. The extent of cysteine reduction in HDAC4 in the indicated
mouse hearts was detected. *P<0.05. **P<0.01.
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Figure 6. Nox4 regulates NFAT target genesin response to PE

A. Myocytes transduced with the indicated adenovirus were treated with or without PE for
48 hours. NFAT luciferase activity was measured (n=8). B-D. Total RNA was subjected to
microarray analyses. B. The pathway analysis showed that PE upregulated extracellular
matrix-related, actin-related and sarcolemma-related genes. C. Trend of expression levels of
Nox4, Nppa, Nppb, Nfatc4, and Mef2c in the indicated mouse hearts. D. Trend of
expression levels of downstream targets of NFAT.
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Figure 7. NF-xB mediates PE-induced Nox4 upregulation

A. Myocytes were treated with PE for the indicated time periods. mRNA expression of
Nox4 was determined by quantitative RT-PCR (n=5). B. Myocytes were treated with PE for
48 hours. NF-xB-luciferase activity was measured (n=8). C. Lysates were prepared from
cardiomyocytes treated with PE for the indicated time periods. Protein expression of IxB
and GAPDH was determined by immunoblotting. Nuclear fractions were prepared from
myocytes treated with PE for the indicated time periods. Protein expression of NF-xB and
histone H3 in the nuclear fraction was determined by immunoblotting (h=4). D. Chromatin
immunoprecipitation (ChlP) assays with antibody against NF-xB (p65). A parallel ChIP
assay was performed with rabbit IgG as an assay control. DNA was amplified and quantified
by PCR with specific primers flanking the region of the rat Nox4 gene promoter containing
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the NF-xB-binding motif and with a pair of control primers that do not amplify the region
containing the NF-xB-binding motif. PCR using input DNA as a template served as an
internal control. The result shown is representative of 3 experiments. E. Myocytes
transduced with the indicated adenoviruses were treated with PE for 48 hours. A
representative analysis of the expression levels of phosphorylated NF-xB, NF-xB, 1B,
Nox4 and GAPDH in the cultured neonatal rat cardiomyocytes and quantitative analyses of
phosphorylated NF-xB/NF-xB and Nox4/GAPDH are shown (n=4). *P<0.05.
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Figure 8. Nox4 plays an essential rolein mediating oxidative stressin the nucleus and pressure
overload-induced cardiac hypertrophy

A and B. Expression levels of Nox4 and histone H3 in nuclear fractions from WT and c-
Nox4 KO mouse hearts subjected to either sham or TAC operation. Protein expression of
Nox4 and histone H3 was determined by immunoblotting (n=3). C. Nuclear fractions were
prepared from the indicated mouse hearts. NADPH-dependent and SOD-inhibitable Oy~
release was measured by the lucigenin method (n=4). D. Homogenates were prepared from
the indicated mouse hearts. The extent of cysteine reduction in HDAC4 was detected with
biotinylated-iodoacetamide (n=4). The reduced HDAC4 protein level was normalized by the
total HDACA4 protein level. E. Protein levels of HDAC4 in the nucleus and the cytosol in the
indicated mouse hearts subjected to either sham or TAC operation were determined by
immunoblot (n=3). F. Fourteen days after TAC, specimens of mouse hearts were stained
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with HDAC4 antibody with the use of a horseradish-peroxidase system. Arrows indicate
HDACH4 staining in the nucleus. Bar=10 wm. The result shown is representative of 4
experiments. G. The expression level of HDAC4 and phosphorylation of HDAC4 in the
indicated mouse hearts subjected to either sham or TAC operation were examined by
immunoblot. *P<0.05.
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