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Aims Heart failure due to ischaemic heart disease (IHD) is a leading cause of mortality worldwide. A major contributing factor to IHD-
induced cardiac damage is hypoxia. Sequestosome 1 (p62) is a multi-functional adaptor protein with pleiotropic roles in autophagy,
proteostasis, inflammation, and cancer. Despite abundant expression in cardiomyocytes, the role of p62 in cardiac physiology is not
well understood. We hypothesized that cardiomyocyte-specific p62 deletion evokes hypoxia-induced cardiac pathology by impair-
ing hypoxia-inducible factor 1a (Hif-1a) and nuclear factor erythroid 2-related factor 2 (Nrf2) signalling.

Methods Adult mice with germline deletion of cardiomyocyte p62 exhibited mild cardiac dysfunction under normoxic conditions.
and results Transcriptomic analyses revealed a selective impairment in Nrf2 target genes in the hearts from these mice. Demonstrating the
functional importance of this adaptor protein, adult mice with inducible depletion of cardiomyocyte p62 displayed hypoxia-induced
contractile dysfunction, oxidative stress, and cell death. Mechanistically, p62-depleted hearts exhibit impaired Hif-1a.and Nrf2 tran-
scriptional activity. Because findings from these two murine models suggested a cardioprotective role for p62, mechanisms were
evaluated using H9c2 cardiomyoblasts. Loss of p62 in H9c2 cells exposed to hypoxia reduced Hif-1a and Nrf2 protein levels.
Further, the lack of p62 decreased Nrf2 protein expression, nuclear translocation, and transcriptional activity. Repressed Nrf2 ac-
tivity associated with heightened Nrf2-Keap1 co-localization in p62-deficient cells, which was concurrent with increased Nrf2 ubi-
quitination facilitated by the E3 ligase Cullin 3, followed by proteasomal-mediated degradation. Substantiating our results, a gain of

p62 in H9c2 cells stabilized Nrf2 and increased the transcriptional activity of Nrf2 downstream targets.

Conclusion Cardiac p62 mitigates hypoxia-induced cardiac dysfunction by stabilizing Hif-1a and Nrf2.
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1. Introduction

Ischaemic heart disease (IHD) is a major cause of mortality in the USA, with
over 8.6 million years of life lost and 550 000 deaths reported in 2019."
Myocardial ischaemia is a process that occurs when the demand for oxygen
(O,) is not met by adequate delivery of blood flow. This can result from
occlusion of blood flow either due to the constriction of a coronary artery,
thickening of the arterial wall, or formation of a thrombus. In response to
O, supply: demand mismatching, cardiomyocytes suffer injury or death due
to the onset of hypoxia (low O,), a common feature of IHD.

Several multi-factorial pathophysiological processes, including athero-
sclerosis, inflammation, microvascular coronary dysfunction, endothelial
dysfunction, thrombosis, and angiogenesis, contribute to IHD.2 Further,
systemic hypoxia activates the sympathetic limb of the autonomic nervous
system, increasing heart rate, pulmonary vascular constriction, reduced ar-
terial O,, and systemic vascular resistance, further elevating myocardial O,
demand** Asa consequence, the hypoxic heart displays significant cardiac
dysfunction, myocyte loss, and redox imbalance.” The factors regulating
cardiac redox homoeostasis during hypoxic stress are not well character-
ized. Revealing the mechanisms responsible for IHD-mediated redox im-
balance is of great importance for the development of new therapies to
treat this prevalent condition.

Oxidative stress ® Cardiac function ® Nrf2 e Keap1 e Hifla ® Proteasome

The coordinated response to hypoxia involves activation and stabiliza-
tion of the transcription factor hypoxia-inducible factor 1a (Hif-1a), result-
ing in the expression of numerous genes that attempt to balance O,
delivery and O, utilization. Another key response to hypoxia is activation
of the nuclear factor erythroid 2-related factor 2 (Nrf2) and Kelch-like
ECH-associated protein 1 (Keap1) pathway.®” When intra-cellular redox
imbalance exists, Nrf2 binding to Keap1 is disrupted, translocation of un-
bound Nrf2 to the nucleus is enabled, and binding of Nrf2 to the promoter
region of the antioxidant response element is facilitated, resulting in the up-
regulation of numerous cytoprotective genes.s’9

The multi-functional adaptor protein sequestosome 1 (SQSTM1) (p62)
interacts with, and participates in the regulation of, various cell signalling
pathways including protein and redox homoeostasis.'® Evidence exists
that p62 binds to Keap1 via its Keap1-interacting region (KIR), disrupts
Nrf2-Keap1 binding, and allows nuclear translocation of unbound Nrf2
to initiate an antioxidant defence in non-cardiac cells.’™"3 Additionally,
p62 positively regulates Hif-1a transcriptional activity and expression of
Hif-1a target genes in human adenocarcinoma cells." Emerging evidence
suggests that p62 is important in the heart.">® For instance, diastolic dys-
function evoked by ubiquitin proteasome system (UPS) inhibition was
more severe in mice with whole-body p62 depletion compared with wild-
type (WT) littermates. Further, cardiac p62 is up-regulated in mice with
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proteotoxic stress resulting from the expression of the mutant protein
crystallin AB (CryABR'296).1718 Mechanistically, the authors reported
that p62 is required for aggresome-mediated recruitment of soluble
misfolded and damaged proteins for degradation. Findings from cultured
cardiomyocytes revealed that p62 exerts a feed-forward effect on tran-
scription factor EB, a master regulator of lysosomal biogenesis, upon pro-
teasome inhibition.'® While these studies indicate that intact p62 has an
important role in maintaining cardiac function in the context of proteo-
toxic stress, the role of p62 in cardiac responses to hypoxia has not
been demonstrated. Furthermore, previous studies have employed whole-
body knockout of p62, a model that develops obesity and insulin resistance
that can indirectly impair cardiac function.'” To directly assess the role of
p62 in the heart in the absence of systemic alterations, we generated mice
with conditional deletion of p62 in the heart. Here, we show that (i) under
normoxic conditions, mild cardiac dysfunction develops in adult mice with
germline depletion of cardiomyocyte p62; (ii) hypoxia causes systolic dys-
function, oxidative stress, and cell death in adult mice with inducible disrup-
tion of cardiomyocyte p62; and (iii) hearts from mice with inducible
depletion of cardiomyocyte p62 exhibit reduced mRNA expression of
Hif-1o.and Nrf2 target genes upon exposure to hypoxia. Considering these
findings, mechanisms, whereby p62 regulates Hif-1o and Nrf2 signalling,
were evaluated in H9c2 rat cardiomyoblasts. Of note, we demonstrate
that p62 is necessary to stabilize both Hif-1a and Nrf2 in cardiomyocytes
exposed to hypoxia.

2. Methods

2.1 Generation of mice with germline

cardiomyocyte-specific p62 deletion

Animal studies were approved by the University of Utah Institutional
Animal Care and Use Committee. All procedures were carried out accord-
ing to the NIH Guide for the Care and Use of Laboratory Animals.
Sqstm 1721 mice, provided by Dr Toru Yanagawa at the University of
Tsukuba, were generated by inserting loxP sites in the 5" upstream se-
quence of exon 1 and intron 1 to target the Sgstm1 locus as previously de-
scribed.° Sgstm 1799 mice were crossed with alpha-myosin heavy chain
(a-MHC)-Cre transgenic mice (B6.FVB-Tg(Myh6-cre)2182Mds/J; Stock No:
011038; Jackson Laboratory) to obtain mice with germline cardiomyocyte-
specific p62 deletion (referred to as p62cKO mice). Two-month-old
p62cKO and WT mice were utilized to assess cardiac function and to
determine Nrf2 nuclear translocation and its target gene expression in
the heart. The WT mice were age-, sex-, and background-matched control
littermates from the same cohort of p62cKO mice.

2.2 Generation of mice with inducible
cardiomyocyte-specific p62 depletion

Sqstm 17 mice were crossed with a-MHC-Cre-ERT2 (MerCreMer)
transgenic mice to direct the expression of a tamoxifen-inducible Cre re-
combinase. At 2 months of age, inducible cardiomyocyte-specific p62
knockout mice (referred to as p62icKO) were injected intra-peritoneally
with 10 mg/mL tamoxifen [prepared in ethanol and sunflower seed oil
from Helianthus annuus (Sigma)] for 5 consecutive days to induce cardiac
p62 deletion. WT littermates (Flox non-Cre and non-flox Cre mice)
were treated with the same dose of tamoxifen. The WT mice were control
littermates (i.e. age, sex, and background matched) from the same cohort
of p62icKO mice. Both p62cKO and p62icKO mice were born at the ex-
pected Mendelian frequency and were viable, fertile, and robust.

2.3 Echocardiography

Cardiac function and chamber dimensions were measured using transthor-
acic echocardiography as previously described.*"** Two-dimensional
guided M-mode and B-mode echocardiography was performed using an
echocardiography unit equipped with a 22-55 MHz transducer (Vevo
2100 High Resolution Imaging System, VisualSonics, Toronto, ON,

Canada). Briefly, mice were anesthetized using an inhaled mixture of
1-3% isoflurane and 100% O,. Mice were then placed in the supine pos-
ition on a pre-warmed platform after which chest and abdominal hair
was removed using depilatory cream. Ultrasonic gel was applied to the
area of interest to enhance the image quality. Heart rate and rectal tem-
perature were continually monitored. A total of four to six long-axis
images/mouse were taken and averaged. M-mode images were used to as-
sess ejection fraction (EF) and fractional shortening (FS) via the Vevo LAB
5.6.0 software. Six to eight cardiac cycles per image were obtained by an
experimentalist who was blinded to the mouse genotype.

2.4 Whole-body hypoxia

After 4 weeks of tamoxifen injection, male and female p62ciKO and WT
mice were placed in a modular chamber wherein the ambient gas mixture
was altered to create a hypoxic environment (i.e. 7% O, and 93% Ny;
i.e. hypoxia) for 6 h (10 am to 4 pm). The O, percentage within the cham-
ber was monitored throughout and maintained appropriately (BW
Technologies, BWC2-X, Alameda, CA, USA). Animals were provided
with food and water ad libitum. Another cohort of mice remained in a
cage adjacent to the modular chamber and inhaled room air (i.e. normoxia).
After 6-h hypoxia or normoxia, echocardiography was completed as previ-
ously described.”"?* Following echocardiography, mice were immediately
euthanized via cervical dislocation and the hearts were collected.

Because echocardiography was completed while mice inhaled 1-3% iso-
flurane + 100% O, for 8 min, concern could be raised that the hypoxia
phenotype might be diminished. To address this concern, in preliminary
studies, hearts were collected from a subgroup of male and female mice
immediately following 6-h hypoxia; i.e. no echocardiography was per-
formed. Results were compared with age-matched male and female mice
following 6-h hypoxia + 8-min exposure to 1-3% isoflurane + 100% O,,
i.e. the time required for echocardiographic analyses. Results shown in
Supplementary material online, Figures S3A and S2A and B indicate Hif-1a
target gene expression was similar between groups.

2.5 siRNA transfection

siRNA targeting exon 3 of p62 was used to knockdown p62. Transfection
of H9¢2 cells was performed as detailed in the Supplementary material
online, Methods.**~*

2.6 Oxyblot assay

An oxyblot assay was performed to detect carbonyl groups introduced
into proteins due to oxidative stress in p62cKO or p62ciKO hearts vs. their
littermate controls and p62 vs. control knockdown cells as described and
detailed in the Supplementary material online, Methods.2”*®

2.7 Real-time qPCR

To determine the effect of p62 suppression on the expression of Hif-1a
and Nrf2 target genes in hearts and cells, real-time quantitative polymerase
chain reaction (qPCR) analysis was performed as described in the
Supplementary material online, Methods.”*%’

2.8 BZ treatment

Cells were treated with bortezomib (BZ) as described and detailed in the
Supplementary material online, Methods.*

2.9 Pull-down of ubiquitinated proteins using
TUBES

A tandem ubiquitin-binding entities (TUBES) assay was performed to iden-
tify Nrf2 ubiquitination in the presence and absence of p62 as described in
the Supplementary material online, Methods.>">>
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2.10 P62 plasmid transfection

For overexpressing p62 in H9c2 cells, a rat p62 gene was cloned in a
pshuttle vector under the control of the CMV promoter. The purified
plasmid DNA was transfected in H9c2 cells using Lipofectamine 3000
Transfection Reagent (Thermo Fisher Scientific, Cat. No. L3OOOOO1),25
and cells were collected 72 h later.*®

2.11 Statistical analyses
Data are presented as mean = standard deviation of the mean.** All stat-
istical analyses were performed using GraphPad Prism software version
9. A P value of <0.05 was considered statistically significant. Differences be-
tween the two groups were evaluated using an unpaired two-tailed t-test.
A one-way Analysis of Variance (ANOVA) was used to determine differ-
ences among three groups or more. If a significant P value was obtained,
Sidak’s multiple comparisons post hoc test was used to identify the location
of the differences. A two-way ANOVA was used to determine differences
among means with two independent variables. If a significant P value was
obtained, a Tukey’s post hoc test was used to identify the location of the
differences. Each figure legend contains details concerning the respective
statistical test.*®

Additional procedures concerning genotyping, animal housing, p62cKO
and p62icKO mice, RNA sequencing (RNAseq), terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) staining, insulin and glucose
tolerance tests, H9c2 cell hypoxia, cell fractionation, the autophagic flux as-
say, immunoblotting, immunocytochemistry, cycloheximide chase assay,
cell viability assays, dichlorodihydrofluorescein diacetate assay, and the
glutathione assay are provided in the Supplementary material online,
Methods.

3. Results

3.1 Hearts from germline p62cKO mice
display mild systolic dysfunction and
attenuated Nrf2 signalling

To study the function of p62 in the absence of metabolic disruptions re-
ported to exist in mice with whole-body p62 deletion,'” we generated
mice with germline cardiomyocyte-specific p62 depletion (p62cKO
mice). Knockout of p62 was verified in whole heart lysates obtained
from 2-month-old male p62cKO vs. WT mice (see Supplementary
material online, Figure STA and B).

At 2 months, male p62cKO mice display mild (P < 0.05) cardiac dysfunc-
tion, including an 18% decrease in EF and a 21% decrease in FS (see
Supplementary material online, Figure S1C and D). As p62 is involved in sev-
eral signalling pathways (e.g. autophagy, mitophagy, proteasome, cell sur-
vival, and inflammation),** we used unbiased RNAseq to determine
transcriptional changes in the hearts from male p62cKO and WT mice.
Results shown in Supplementary material online, Figure STE indicate that
together with Sgstm1, several transcripts of Nrf2 targets (Gsta2, Gstaf,
and Srxn1) were reduced in p62cKO vs. WT mice.

The subtle transcriptional alterations observed in response to cardiac
p62 deletion were not surprising to us because p62 is as an adaptor protein
rather than a transcriptional regulator.>® Nonetheless, to further define sig-
nalling pathways that are altered by the lack of cardiomyocyte p62, we per-
formed a Gene Set Enrichment Analysis. Results indicate the most
down-regulated pathway in the p62cKO vs. WT mice involves reactive
O, species (see Supplementary material online, Figure S1F), which corrobo-
rated our RNAseq findings. We then confirmed the down-regulation of
Sgstm1 and Nrf2 target genes including Gstal, Gsta2, and Ngo? in the
same hearts using qPCR (see Supplementary material online, Figure S1G).
Collectively, these data indicate that Nrf2-mediated transcriptional activity
is attenuated in male mice with germline cardiomyocyte-specific p62
depletion.

Our finding that cardiac dysfunction was mild in mice with germline p62
deletion prompted us to investigate whether compensatory mechanisms

were present. Neighbour of BRCA1 gene 1 (Nbr1) is an autophagic adap-
tor protein that contains p62-like domain architecture, e.g. the Phox and
Bem1 domain (PB1), ubiquitin-binding domain (UBA), and the
LC3-interacting region domain.>® The presence of these domains enables
Nbr1 to promote autophagic degradation of ubiquitinated targets in a
manner that is similar to p62.3” Strikingly, both Nbr1 mRNA (1.5-fold)
and protein (20-fold) expression were higher in hearts from male
p62cKO vs. WT mice at 2 months (see Supplementary material online,
Figure STH—). The increase in Nbr1 in p62cKO hearts is consistent with
a previous study demonstrating that Nbr1 levels increase upon p62 dele-
tion in the brain.*®

3.2 Mice with tamoxifen-inducible
cardiomyocyte deletion of p62 display
cardiac dysfunction, oxidative stress, and cell

death in response to hypoxia

Because a functional redundancy between Nbr1 and p62 might have
masked severe cardiac dysfunction which we hypothesized would occur
in p62cKO mice, we generated mice with tamoxifen-inducible p62 deletion
in cardiomyocytes (aka p62icKO mice; Supplementary material online,
Figure S2A). Deletion of cardiac p62 was validated in 2-month-old female
and male mice (see Supplementary material online, Figure S2B-E).
Importantly, no differences existed between p62icKO mice and WT litter-
mates concerning systemic glucose or insulin homoeostasis (see
Supplementary material online, Figure S2F—I). Two weeks following tamoxi-
fen injections, under normoxic conditions, we observed that EF and FS
were similar between 2-month-old female p62icKO and WT mice
(Figure 1A and C and Supplementary material online, Figure S2)), whereas
both indexes of systolic function were depressed in male p62icKO vs.
WT animals (Figure 1B and C and Supplementary material online,
Figure $2K). To determine whether alpha-MHC-MerCreMer might cause
a transient cardiomyopathy as reported earlier,>* we compared EF and
FS in Cre vs. non-Cre WT controls. EF and FS of male and female
alpha-MHC-MerCreMer mice were comparable with non-Cre WT con-
trols (see Supplementary material online, Figure S2L and M). These data in-
dicate reduced cardiac function in p62icKO mice is not secondary to the
presence of the alpha-MHC-MerCreMer transgene. Importantly, Nbr1
protein expression was not different among groups (see Supplementary
material online, Figure S2N and O). These findings reveal that under nor-
moxic conditions, males are more susceptible than females to inducible de-
pletion of cardiomyocyte p62.

Since myocardial ischaemia precipitates cardiomyocyte hypoxia, and
because p62 is up-regulated in the context of stress (proteotoxicity, oxida-
tive stress, and apoptosis),'®**** we hypothesized that hypoxia-evoked
cardiac stress is exacerbated in p62icKO mice vs. WT littermates. First,
it was requisite to determine a duration of hypoxia sufficient to heighten
Hif-1a target genes. Male and female WT mice were exposed to hypoxia
for 0.5-6 h,44 and results were compared with duration-matched male and
female WT mice that remained in their cages outside the chamber under
normoxic conditions. Six-hour hypoxia elevated mRNA expression of
Hif-1a. target genes (Bnip3 and Hmox1) with no mortality (see
Supplementary material online, Figure 3A).

Based on findings from our time-course study, we assessed cardiac func-
tion in WT and p62icKO mice exposed to normoxia or 6-h hypoxia. Our
hypoxia protocol although reduced EF and FS in WT mice, this reduction
did not reach statistical significance (Figure 1A-C; Supplementary material
online, Figure S2J and K). In female p62icKO mice, hypoxia decreased sys-
tolic function to a greater degree when compared with p62iCKO under
normoxia or with WT mice under hypoxia (Figure 1A-C; Supplementary
material online, Figure S2f and K). In male mice, however, p62 deletion al-
ready caused a contractile dysfunction (shown by reduced EF and FS) un-
der normoxia, but hypoxia did not exacerbate this contractile defect
(Figure 1A-C; Supplementary material online, Figure S2J and K). These find-
ings indicate female mice are more susceptible to hypoxia-induced con-
tractile dysfunction upon cardiomyocyte selective p62 depletion whereas

40,41
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Figure 1 Mice with acute deletion of p62 (p62icKO) are susceptible to hypoxia. EF expressed as % in (A) female and (B) male p62icKO or WT mice exposed
to normoxia or hypoxia measured by echocardiography [n = 14 WT (normoxia) and n = 12 KO (normoxia), n = 14 WT (hypoxia) and n =10 KO (hypoxia)
for female mice (A); n=16 WT (normoxia) and n =11 KO (normoxia), n =7 WT (hypoxia) and n =8 KO (hypoxia) for male mice] (B). (C) Representative
M-mode traces. Representative immunoblots (D, F) and mean densitometry (E, G) for 2,4-dinitrophenylhydrazine (DNP) expression in p62icKO and WT fe-
male and male mice exposed to normoxia or hypoxia. Representative immunoblots (H, L) and mean densitometry (-K and M-O) for cleaved caspase 3, Bax,
and Bcl2 to assess apoptosis in female and male mice exposed to normoxia or hypoxia [n = 6/group WT and KO (normoxia) and n=7 WT and n=6 KO
(hypoxia) for female mice; n =5 WT and n =5 KO (normoxia), n =4 WT and n = 5 KO (hypoxia) for male mice]. (P) Representative images of TUNEL stained
heart sections from males and females WT or p62icKO mice subjected to normoxia or hypoxia (n = 4/group) and (Q) quantification of the TUNEL images.
Data are shown as mean =+ standard deviation. Statistical significance between the groups was determined by two-way ANOVA. *P < 0.05, difference between
genotype, i.e. WT and p62icKO groups under the same treatment condition. #P < 0.05, difference between hypoxia and normoxia within the same genotype.
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Figure 2 Cardiomyocyte p62 deletion impairs Hif-1a and Nrf2 target gene expression under normoxia and hypoxia. mRNA expression of Hif-1a target
genes in hearts from (A) female and (B) male p62icKO or WT mice exposed to normoxia or hypoxia [n =6 WT and n=4 KO (normoxia), n =6 WT and
n =6 KO (hypoxia) for female mice; n =7 WT and n =9 KO (normoxia), n =4 WT and n = 3 KO (hypoxia) for male mice]. mMRNA expression of Nrf2 target
genes in hearts from (C) female and (D) male p62icKO or WT mice exposed to normoxia or hypoxia [n = 5-8 WT and n =4 KO (normoxia), n =6 WT and
n=5-6 KO (hypoxia) for female mice; n = 6—7 WT and n =8 KO (normoxia), n =4 WT and n = 3 KO (hypoxia) for male mice]. Data are shown as mean +
standard deviation. Statistical significance between the groups was determined by two-way ANOVA. *P < 0.05, difference between the WT and p62icKO
groups within the normoxia or hypoxia group. #P < 0.05, difference between hypoxia and normoxia treatment within the same genotype.

male p62icKO mice already exhibit a decline in contractile function at
baseline.

Hypoxia-induced cardiac dysfunction was associated with increased oxi-
dative stress in p62icKO vs. WT mice regardless of sex (Figure 1D-G).
Next, to determine the impact of p62 ablation on cell death and apoptosis
in male and female hearts exposed to normoxia and hypoxia, we assessed
cleaved-caspase 3, B-cell lymphoma 2 (Bcl2), and Bcl-2-associated
X-protein (Bax), in addition to performing TUNEL staining. Heightened
apoptosis was observed in male (Figure 1L-0) but not in female
p62icKO mice subjected to hypoxia (Figure 1H—K). Further, while modest
increases in TUNEL-positive nuclei were observed in female p62icKO hyp-
oxic hearts, the response was exacerbated in males (Figure 1P and Q).
These results suggest that p62 confers protection from hypoxia to a great-
er extent in the hearts from male vs. female mice.

3.3 Cardiomyocyte p62 deletion impairs

Hif-10 and Nrf2 transcriptional activity

Next, mechanisms responsible for p62-mediated cardioprotection were
explored. In cancer cells, p62 regulates hypoxia signalling by stabilizing
Hif-1a via binding with prolyl hydroxylase (PHD) isoform 3 (Phd3), an en-
zyme important for Hif-10 degradation.*® It is unknown whether pé2 sta-
bilizes Hif-1a in the heart to afford protection from hypoxic or ischaemic
stress. To test whether p62 modulates responses to cardiac hypoxia,
MRNA expression of hypoxia-inducible genes was examined. We found
that Bnip3, Hmox1, and Sgstm1 (p62) mRNA are elevated in WT hearts ex-
posed to hypoxia, regardless of sex (Figure 2A-D). Of interest, the failure of
hypoxia to elevate Sgstm1 in p62icKO mice was associated with decreased
Hif-1a target gene expression and attenuated Nrf2 transcriptional activity
(Figure 2A-D). For example, while hypoxia up-regulated Nrf2 target genes
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in WT hearts [e.g. Sqgstm1, Gsta2, and Nqgo1 in females (Figure 2C) and
Sgstm1, Gsta2, Nqo1, and Gstm1 in males (Figure 2D)], the response was
attenuated in p62icKO hearts from both sexes. These results are the first
to indicate that p62-deficient hearts are more susceptible to hypoxia-
induced contractile dysfunction, oxidative stress, and cell death and that
this response is associated with a failure to up-regulate both Hif-1a- and
Nrf2-target genes.

3.4 Knockdown of p62 reduces Hif-1a
stabilization in H9¢2 rat cardiomyoblasts

subjected to hypoxia

Deletion of p62 reduced Hif-1a transcriptional activity in p62icKO hearts.
To determine whether hypoxia-induced p62 accumulation is required for
Hif-1a stabilization, H9c2 cells were transfected with p62 or Ctrl siRNA
for 48 h and exposed to 21% (normoxia) or 1% (hypoxia) O, for 24 h.*
Congruent with our in vivo results, hypoxia increased Hif-1a and p62 pro-
tein expression in H9¢2 cells (Figure 3A—C). Compared with H9c2 cells
transfected with Ctrl siRNA and exposed to hypoxia, Hif-1a protein accu-
mulation was reduced after p62 knockdown (Figure 3B).

We next determined whether p62 deletion hindered hypoxia-induced
Hif-1a transcriptional activation. Hypoxia increased Vegfa, Hmox1, and
EginT mRNA in Ctrl siRNA cells, but the response was attenuated after
p62 silencing (Figure 3D). Further, since hypoxia is known to cause cell
death, we next determined if loss of p62 induced cytotoxicity. In this re-
gard, lactate dehydrogenase (LDH) release was elevated by hypoxia to a
greater degree after p62 knockdown vs. Ctrl cells (Figure 3E). These data
indicate that p62 contributes importantly to hypoxia-induced Hif-1a. stabil-
ization and transcriptional activation and protects from hypoxia-induced
cardiac cell death in H9c2 rat cardiomyoblasts.

3.5 Proteasome inhibition during hypoxia
recovers Hif-1a levels after p62 knockdown

in H9¢2 rat cardiomyoblasts

Under normoxia, Hif-1a is degraded by the UPS in cancer cells.*” We
tested whether attenuated Hif-1a stabilization after p62 siRNA is second-
ary to increased proteasome degradation. Compared with vehicle, the pro-
teasome inhibitor BZ (50 nM) led to further accumulation of p62 both
under normoxia and hypoxia in cells transfected with Ctrl siRNA
(Figure 3F and G). These data suggest that hypoxia-induced p62 accumula-
tion might be secondary to proteasomal inhibition. Further, the minimal
Hif-1a. accumulation in Ctrl siRNA cells under normoxia was elevated
markedly upon BZ treatment (Figure 3F and H). Knockdown of p62 did
not nullify the BZ-mediated accumulation of Hif-1a, which was comparable
to the Ctrl siRNA cells (Figure 3F and H). These results indicate that p62
plays a key role in hypoxia-induced Hif-1o stabilization, by inhibiting
proteasomal-mediated Hif-10 degradation.

To gain further insight into how Hif-1a is degraded in response to p62
silencing, we assessed additional nodes in the hypoxia signalling pathway,
including Phd3, factor inhibiting hypoxia-inducible factor (Fih), the E3 ligase
Cullin 2, and Von Hippel-Lindau (Vhl).**° These are known to assist with
Hif-1a. hydroxylation, ubiquitination, and finally degradation by the UPS.*’
No differences existed among these endpoints in response to normoxia,
regardless of the presence or absence of p62. However, hypoxia-induced
Hif-1a. protein expression was blunted by p62 knockdown (see
Supplementary material online, Figure S3B-D). Further, while Fih expres-
sion was unaltered (Figure 3/ and Supplementary material online,
Figure S3E), Phd3, Vhl, and Cullin 2 were up-regulated with p62 silencing
and hypoxia, indicating enhanced Hif-1a hydroxylation and ubiquitination,
preceding its proteasomal degradation (Figure 3/-M). Furthermore, hyp-
oxia increased apoptosis in the Ctrl siRNA transfected cells, a response
that was exacerbated upon p62 knockdown (Figure 3/ and M). These in vi-
tro data are congruent with findings we observed in male p62ciKO hearts
(Figure 1L-Q). Collectively, our results indicate that p62 is necessary for
maintaining stable levels of Hif-1a, and in its absence, rapid ubiquitination

and proteasome-mediated degradation of Hif-1a occurs, which ultimately
leads to cell death in a hypoxic environment.

3.6 Knockdown of p62 promotes
proteasomal degradation of Nrf2 in H9c2 rat

cardiomyoblasts

In addition to a reduction in hypoxia-sensitive genes, we observed a de-
crease in Nrf2 target genes in p62icKO hearts exposed to normoxia and
hypoxia (Figure 2C and D). Prior reports indicate that Nrf2 is degraded
by the proteasome in cancer cells.>* Thus, we used a reductionist approach
to test if p62 depletion increases proteasome-mediated degradation of
Nrf2 in cardiac cells. H9¢2 rat cardiomyoblasts transfected with p62 or
scrambled siRNAs were treated with the proteasomal inhibitor BZ or
vehicle control.*® In vehicle-treated cardiomyoblasts, p62 depletion de-
creased Nrf2 protein expression (Figure 4A—C), Nrf2 nuclear translocation
(Figure 4D and E), and mRNA expression of Nrf2 target genes including
Gcdm, Gsr, Gsta2, and Gstm1 (Figure 4F) vs. cells with intact p62.
Compared with vehicle-treated cells transfected with scrambled siRNA,
BZ increased p62 protein abundance (Figure 4A and B), Nrf2 expression
and nuclear translocation (Figure 4A and C—E), and activation of Nrf2 target
genes (Figure 4F). In contrast, Keap1 and polyubiquitinated protein abun-
dance increased with BZ independently of genotype (see Supplementary
material online, Figure S4A, B, D, and E). These findings substantiate our ob-
servation regarding the decrease in Nrf2 transcriptional activity in p62ciKO
hearts (Figure 2C and D). Further, our results demonstrate that p62, Nrf2,
Keap1, and polyubiquitinated proteins are degraded via the UPS and that
the absence of p62 causes proteasomal degradation of Nrf2 in cardiac cells
independently of its mRNA expression (see Supplementary material
online, Figure $4C). Further, cytosolic and nuclear fractionation of H9c2
cells transfected with p62 siRNA revealed a decline in Nrf2 levels in
both fractions suggesting that a lack of p62 decreases total Nrf2 levels
with lesser translocation of Nrf2 into the nucleus (see Supplementary
material online, Figure S5A—C). These findings demonstrate that p62 deple-
tion increases UPS-mediated Nrf2 degradation in cardiac cells.

Another important protein degradation pathway that is operational in
the heart is macroautophagy.”"® Previous studies implicated p62 in the
modulation of autophagy in a model of proteotoxic stress in primary
cardiomyocytes.” To investigate the role of autophagy in the degradation
of Nrf2, H9¢2 cells transfected with control or p62 targeted siRNAs were
treated with vehicle or with the lysosomal inhibitor Bafilomycin A1 (see
Supplementary material online, Figure $6).>>>' While basal autophagy
was not different between the groups, autophagic flux was attenuated in
cells transfected with p62 vs. control siRNA (see Supplementary
material online, Figure S6A, C, and D). There was a trend for Nrf2 recovery
upon lysosomal inhibition (see Supplementary material online, Figure S6A
and E) in p62 knockdown cells, which suggests that the autophagy machin-
ery may contribute to Nrf2 degradation in the absence of p62. Keap1,
however, was not altered by BafA1 treatment, regardless of the presence
or absence of p62 (see Supplementary material online, Figure S6A and S6G).

3.7 Overexpression of p62 stabilizes Nrf2

levels in H9c2 rat cardiomyoblasts

Since the lack of p62 promoted Nrf2 degradation, we reasoned that the
gain of p62 might stabilize Nrf2 levels. H9c2 cells transfected with p62 plas-
mid showed a >1.5-fold increase in p62 protein abundance and a 100-fold
increase in p62 mRNA expression (Figure 4G, H, and L). Indeed, overex-
pression of p62 stabilized Nrf2 protein (Figure 4G and I) and increased
Ngo1 protein abundance (Figure 4G—K), whereas Keap1 levels were un-
changed (Figure 4G and J). Heightened Nrf2 transcriptional activity in the
context of p62 overexpression was confirmed by increased expression
of Nrf2 target genes including Gsta2, Gstm1, Nqo1, and Gpx3 (Figure 4L).
Collectively, we provide strong evidence that p62 stabilizes Nrf2 protein
expression and transcriptional activity through a mechanism involving
the UPS.
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Figure 3 Knockdown of p62 reduces Hif-1a stabilization and its transcriptional in cultured H9¢2 rat cardiomyoblasts exposed to hypoxia. H9c2 cells were
transfected with p62 or control (Ctrl) siRNA for 72 h followed by exposure to hypoxia (1% O,) or normoxia (21% O,) for 24 h. (A) Representative immu-
noblots (B, C) and mean densitometry of p62 and Hif-1a normalized to Gapdh. (D) mRNA expression of Hif-1a target genes. (E) Cytotoxicity measured by
LDH release assay. (F) Representative immunoblots and (G, H) mean densitometry of Hif-1a and p62 in the presence or absence of the proteasome inhibitor
BZ. (I) Representative immunoblots for Phd3, Fih, Cullin2, Vhl, and cleaved caspase 3 and (J-M) the corresponding quantification. Quantification for Vhl is
provided in Supplementary material online, Figure S3E. Two biological repeats for each group containing three to four samples/group. Data are shown as
mean + standard deviation. Statistical significance between the groups was determined by two-way ANOVA. *P < 0.05, difference between the Ctrl
siRNA and p62 siRNA groups within the normoxia (N) or hypoxia (H) group. #P < 0.05, difference between hypoxia and normoxia treatment within the

same genotype.
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Figure 4 Loss of p62 decreases and gain of p62 increases Nrf2 protein expression and transcriptional activity in cultured H9c2 cells. H9¢2 cells were trans-
fected with p62 or control (Ctrl) siRNA for 72 h and subsequently treated with 25 nM BZ or vehicle (Veh) for 12 h. For gain of p62 studies, H9c2 cells were
transfected with a p62 overexpressing (OE) plasmid for 72 h. Control cells were treated similarly but without p62 plasmid transfection. (A) Representative
immunoblots and mean densitometry for p62 (B) and Nrf2 (C) normalized to Gapdh. (D) H9c2 cells transfected with Ctrl or p62 siRNA and treated with
Veh or BZ were fixed and immunostained for Nrf2 and phalloidin in H9¢2 cells. Nuclei were counterstained with DAPI. Images were captured using a confocal
microscope at a magnification of x60. Scale bar = 50 pm. (E) Nuclear localization of Nrf2 was quantified by measuring the integrated density of staining in the
nucleus divided by the total number of nuclei. (F) Several Nrf2 target genes were measured in the cells transfected with Ctrl or p62 siRNA and treated with Veh
or BZ. (G) Representative immunoblots and mean densitometry for p62 (H ), Nrf2 (1), Keap1 (/), and Ngo1 (K), normalized to Gapdh. (F) mRNA expression of
various Nrf2 target genes were determined by qPCR in the control (CON) or p62 OE cells. Two biological repeats for each group containing three to four
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*P < 0.05, difference between the CON and p62 OE groups.
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Figure 5 Loss of p62 induces Nrf2 ubiquitination. H9¢2 cells were transfected with p62 or control (Ctrl) siRNA for 72 h and subsequently treated with
25 nM BZ or vehicle (Veh) for 12 h. (A) Representative immunoblots and mean densitometry for p62 (B), Nrf2 (C), and Ngo1 (D), normalized to Gapdh pro-
tein. (E) Total cellular ubiquitinated proteins were captured from the INPUT samples using a TUBES assay. Representative immunoblots shows the total poly-
ubiquitinated (Ub) and Ub-Nrf2 levels. Because Nrf2 protein is challenging to detect at baseline, we provide an overexposed image of the Ub-Nrf2 blot. The
white arrow indicates the baseline Ub-Nrf2 levels. Total protein levels were detected by ponceau staining. Quantifications of poly-Ub (F) and Ub-Nrf2
(G) normalized to total protein levels. Two biological repeats for each group containing four samples/experiment. Data are shown as mean =+ standard devi-
ation. Two-way ANOVA was utilized to measure the statistical significance between the groups. #P < 0.05, difference between the Veh and BZ treated, Ctrl
siRNA or p62 siRNA groups; *P < 0.05, difference between p62 and Ctrl siRNA transfected cells, treated with Veh or with BZ.

3.8 Lack of p62 in H9¢c2 rat cardiomyoblasts
promotes Nrf2-Keap1 co-localization, Nrf2

ubiquitination, and proteasomal degradation

In cancer cells, p62 depletion limits Nrf2 nuclear translocation and subse-
quent transcriptional activation by promoting Nrf2-Keap1 binding.>> We
tested this possibility in the context of our experimental conditions. In
H9c2 cells, we find that a lack of p62 increases Nrf2-Keap1 co-localization
regardless of BZ treatment (see Supplementary material online, Figure S7A
and B). These results suggest that p62 is necessary for Nrf2-Keap1 co-
localization and Nrf2 stabilization.

A major requirement for proteasomal degradation is the ubiquitination
of the targeted substrate.”® Because our data indicate that proteasomal
degradation of Nrf2 is heightened when p62 is lacking in heart cells, we hy-
pothesized that Nrf2 ubiquitination likely is elevated in this context. H9c2
cells transfected with Ctrl or p62-targeted siRNA were treated with BZ or
vehicle. In vehicle-treated H9c2 cells, successful deletion of p62 was accom-
panied by reduced Nrf2 and Nqo1 protein expression (Figure 5A-D), relative
to results from p62 intact cells. Upon BZ treatment, H9¢2 cells transfected
with control siRNA exhibited increased Nrf2 and Nqo1 protein expres-
sion that was more robust vs. results from cells transfected with p62
siRNA. In support of our hypothesis, reduced Nrf2 accumulation (i.e.
greater degradation) in BZ-treated cells with depleted p62 was associated

with heightened accrual of ubiquitinated proteins (Figure 5E and F) and
Nrf2 protein (Figure 5E and G).

Using an alternative approach, we measured Nrf2 degradation in the ab-
sence and presence of the protein synthesis inhibitor cycloheximide. In
support of our hypothesis and substantiating our earlier findings, the deg-
radation rate of Nrf2 was greater in H9c2 cells transfected with p62 vs.
control siRNA (see Supplementary material online, Figure S8A and B).
Collectively, the lack of p62 in cardiac cells increases Nrf2 ubiquitination
(Figure 5E and G) and degradation rate via the proteasome.

3.9 Nrf2 degradation in p62-depleted cells

involves Cullin 3

E3 ligases are responsible for ubiquitination of substrate proteins in prep-
aration for proteasomal degradation. The N-terminal region of the E3 lig-
ase Cullin 3 (Cul3) interacts with the intervening region of Keap1 in
monkey kidney fibroblast-like cells and human embryonic kidney 293
cells.>* This Keap1—-Cul3 interaction, together with the simultaneous bind-
ing of Keap1 to Nrf2, enables Nrf2 ubiquitination and proteasomal degrad-
ation. We determined if Cul3 is required for Nrf2 ubiquitination and
proteasomal degradation in pé62-deficient H9c2 rat cardiomyoblasts.
Silencing Cul3 decreased p62 levels in H9c2 cells, whereas p62 depletion
did not influence Cul3 (Figure 6A-C). Moreover, the knockdown of Cul3
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Figure 6 Nrf2 ubiquitination is mediated by Cullin 3 in H9c2 cells lacking p62. H9c2 cells were transfected with p62 or Cullin 3 (Cul3) targeted siRNA or
scrambled (Ctrl) siRNA for 72 h. In parallel experiments, cells were co-transfected with p62 + Cul3 siRNA. (A) Representative immunoblots and mean densi-
tometry for p62 (B), Cul3 (C), Nrf2 (D), and Ngo1 (E) normalized to Gapdh protein. (F) H9c2 cells were immunostained for Nrf2 and phalloidin. Nuclei were
counterstained with DAPI. Images were captured using a confocal imager at a magnification of X60. Scale bar = 50 um. (G) Nrf2 levels was quantified by de-
termining the per cent of staining over the total number of nuclei. (H) Nuclear localization of Nrf2 was quantified by measuring the integrated density of stain-
ing in the nucleus over the total number of nuclei. Two biological repeats for each group containing four samples/experiment. Data are shown as mean +
standard deviation. Two-way ANOVA was utilized to measure the statistical significance between the groups. *P < 0.05, difference between the Ctrl
sIRNA and p62 siRNA or Cul3 siRNA or p62 + Cul3 siRNA groups. *P < 0.05, difference between p62 siRNA and Cul3 siRNA or p62 + Cul3 siRNA groups.

led to Nrf2 accumulation in the presence or absence of p62 (Figure 6A-D).
While silencing p62 decreased Nqgo1 protein expression, deleting Cul3
partially recovered Nqo1, suggesting that the lack of p62 attenuated
Nrf2 nuclear translocation and expression of Nqo1 (Figure 6A and E).
Immunostaining revealed an accumulation of cytosolic Nrf2 and a decrease
in nuclear Nrf2 levels in cardiomyoblasts co-transfected with Cul3 and
p62-targeted siRNA vs. cardiomyoblasts transfected with scrambled or
Cul3-targeted siRNA (Figure 6F—H). Taken together, these results indicate
Nrf2 ubiquitination is mediated by Cul3 ligase in H9¢2 cells.

3.10 Loss of p62 decreases cell viability and

exacerbates oxidative stress in H9c2 cells

If p62 deficiency reduces Nrf2 translocation to the extent that transcrip-
tional activation of antioxidant genes is compromised, consequences of
oxidant stress should be more severe, and we tested this. Glutathione pro-
tects cells from oxidative damage by maintaining redox homoeostasis.>®

Nrf2 regulates glutathione homoeostasis by regulating glutathione reduc-
tase in response to oxidative stress.”® Since p62 knockdown reduces
Nrf2 transcriptional activity, we reasoned that cellular glutathione would
be compromised to an extent that heightens oxidative stress. Indeed, total
glutathione decreased in response to p62 depletion (see Supplementary
material online, Figure S9A). Buthionine sulfoximine (BSO) is an inhibitor
of gamma-glutamylcysteine synthetase that reduces cellular glutathione.>”
Of note, BSO evoked a similar decline in cellular glutathione regardless
of intact p62 (see Supplementary material online, Figure S9A). In a comple-
mentary approach, H9c2 cells transfected with control or p62-targeted
siRNA were treated with H,O,, to induce an extra-cellular oxidant stress.
As would be expected based on our findings to this point, H,O,-induced
cell death (see Supplementary material online, Figure S9B), accrual of
oxidized/carbonylated proteins (see Supplementary material online,
Figure S9C and D), and generation of reactive O, species (see
Supplementary material online, Figure S9E and F) were more robust in
H9¢2 cells transfected with p62 vs. Ctrl siRNA.
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3.11 Loss of p62 decreases Nrf2 nuclear
translocation in the presence of hypoxia in

H9c2 cells

Loss of p62 reduced Hif-1a and Nrf2 transcriptional activity in p62icKO
hearts (Figure 2) and decreased their stabilization in H9¢2 cells (Figures 3
and 4A—F). Further, the inability to up-regulate hypoxia-sensitive genes in
the context of p62 depletion might be secondary to the lack of Nrf2.
Indeed, prior work has shown that these two signalling pathways interact
and regulate each other.3%3 Therefore, we next sought to determine the
effect of loss of p62 on Nrf2 protein levels and its nuclear translocation in
the absence or presence of hypoxia in H9¢2 cells. The in vitro results cor-
roborated the in vivo evidence that p62 protein accumulation occurs in the
Ctrl siRNA cells subjected to hypoxia vs. normoxia (Figure 7A and B). Total
Nrf2 protein and its nuclear translocation in response to hypoxia were
blunted with p62 knockdown (Figure 7A-D). These results show for the
first time that p62 expression and Nrf2 nuclear translocation are enhanced
by hypoxia in cardiac cells and thus a possible crosstalk among
p62-Nrf2-Hif-1a exists and requires further investigation.

4. Discussion

We tested the hypothesis that loss of cardiomyocyte p62 renders murine
hearts more susceptible to hypoxic stress, a characteristic feature of hu-
man IHD. Our rationale was based on earlier reports that (i) p62 protects
cardiomyocytes from proteotoxic and cytotoxic stress resulting from
overexpression of the mutant desmin or CryABR'2°¢" and (i) diastolic
dysfunction evoked by UPS inhibition is exaggerated in mice with whole-
body depletion of p62."® Since p62 knockdown in CryABR'?%“_expressing
cultured neonatal rat cardiomyocytes evoked a severe phenotype (e.g. cell
death and cytotoxicity), and because global p62 deficiency is accompanied
by late-onset obesity and insulin resistance, we sought to determine if p62
maintains myocardial function in the context of pathophysiological stress
(e.g. hypoxia) using newly generated mice with conditional deletion of
p62 in cardiomyocytes.

Our results support a protective role for p62 in hearts exposed to hyp-
oxia. Mechanistically, we revealed that p62 is required for both Hif-1a and
Nrf2 stabilizations in the heart during hypoxia. Thus, when cardiac p62 is
lacking, both Hif-1a and Nrf2 stabilizations are compromised through their
proteasomal degradation. The blunted hypoxia-induced Hif-1a. and Nrf2
stabilization in p62 deficient hearts caused cardiac dysfunction, oxidative
stress, and cell death.

4.1 Mild systolic dysfunction and reduced
Nrf2 activation in mice with germline
cardiomyocyte-specific p62 deletion

Previous studies examining the role of p62 in the heart used whole-body
p62 KO mice. However, these mice develop obesity and systemic insulin
resistance, two conditions known to directly affect cardiac metabolism, au-
tophagy, and function.”®>? To circumvent these effects, we generated mice
with cardiomyocyte-specific p62 deletion by crossing p621* mice with
alpha-Mhc-Cre transgenic animals (i.e. p62cKO mice). Despite high expres-
sion of p62 in cardiomyocytes, the cardiac phenotype of p62cKO mice pre-
sented as mild systolic dysfunction in male mice under basal (i.e. normoxic)
conditions. This is not surprising considering previous work demonstrating
that p62 is a stress-inducible protein.'” 183840 Another explanation for the
mild cardiac phenotype in the germline p62cKO mice is the compensatory
increase we observed regarding Nbr1 mRNA and protein expression.
Nbr1 and p62 share structural similarities and they both function as cargo
adaptors to enable delivery of ubiquitinated substrates to the UPS or lyso-
some (via the autophagy pathway) for degradation.®™> While the direct
effect of p62 deletion on Nbr1 function in the heart is unknown, it was
reported in mouse primary hepatocytes that Nbr1 overexpression
up-regulated p62 mRNA and protein expression and promoted its

phosphorylation, both of which are required for Nrf2 activation.®®*’

The same group showed that while p62 ablation suppressed Nrf2 nuclear
translocation, overexpressing Nbr1 increased Nrf2 transcriptional activity
in hepatocytes isolated from liver-specific conditional p62 knockout mice.
At the gene level, Nbr1 shares proximity with the Brca tumour suppressor
gene. The expression of both Nbr1 and Brca? is controlled by a bidirection-
al promoter that can be activated by various transcriptional factors in-
volved in the redox homoeostasis pathway.?®’® Deletion of Nbr1 in
mouse liver reduced p62-mediated Nrf2 activation during oxidative stress
suggesting that both p62 and Nbr1 contribute importantly to Nrf2 regula-
tion.®” A recent study using a near-haploid human cell line (i.e. HAP1) re-
ported that while p62 is central to the formation of ubiquitin condensate,
Nbr1 assists with this process by providing the p62-Nbr1 heterooligo-
meric complex with a high-affinity UBA domain for selective autophagy
of the ubiquitin condensates.”" In our study, heightened Nbr1 expression
might have compensated for reduced cardiomyocyte p62, to thereby min-
imize the effect of p62 deletion on Nrf2 activation, oxidative stress, and
cardiac dysfunction. In carcinoma cells, p62 was down-regulated in re-
sponse to hypoxia due to enhanced autophagy, and its levels were restored
in response to reoxygenation.”? In the heart, global p62 deletion in the con-
text of ischaemia—reperfusion injury increased infarct size that was asso-
ciated with elevated LDH release and cell death.”® To our knowledge,
we are the first to show the functional significance of cardiac-specific
p62 in response to hypoxia. Experiments investigating whether Nbr1 is re-
quired for cardiac Nrf2 activation and preserving responses to hypoxia in
the absence and presence of cardiomyocyte p62 are ongoing.

We leveraged unbiased transcriptomics to reveal pathways regulated by
p62 that might be responsible for cardiac protection. The inability of p62
repression to significantly influence transcription was not surprising to us
because p62 predominately functions as an adaptor protein which
co-aggregates with ubiquitinated substrates to facilitate their degradation,
thus influencing protein abundance rather than transcript expression.”*
However, our study revealed a selective reduction in Nrf2 target genes,
which was further confirmed by qPCR. This result is consistent with the
previously established link between p62 and Nrf2-Keap1 pathway in non-
cardiac cells,""7>76781

4.2 Sex-specific responses to hypoxia in mice
with inducible cardiomyocyte-specific p62
deletion

As opposed to germline p62cKO mice, cardiac-specific inducible p62icKO
mice displayed no compensatory increase in Nbr1 protein expression mak-
ing it a suitable model to study the role of p62 in the heart. Hypoxia (a hall-
mark feature of IHD) was used to stress hearts from male and female
p62icKO mice.®? In the p62icKO female mice, hypoxia decreased systolic
function to a greater degree as compared to normoxia, an effect that was
not observed in the male mice (Figure 1A and B).

Because of impaired Hifla and Nrf2 signalling, hearts from male
p62icKO mice exhibit pronounced oxidative stress, apoptosis, and cell
death during hypoxia compared with female KO mice. While sex-specific
responses to cardiac stress are a clinically relevant issue, relatively little is
known with specific regard to hypoxia. In one report, hypoxia-activated
mitogen-activated protein kinase and Jun kinase pathways, secondary to
phosphorylation of extra-cellular signal-regulated kinase (ERK1/2) and
Jun kinase isotypes, to a greater extent in cardiac fibroblasts from male
vs. female mice.®> A second study reported that intermittent hypoxia de-
creased glucose tolerance in female mice, the response was amplified in
ovariectomized females, but impairments in ovariectomized females could
be reversed by treatment with estradiol.2* Since the heart contains oestro-
gen and androgen receptors, hormonal regulation of cardiac function dur-
ing hypoxia is possible.®® Thus, we postulate that androgen and oestrogen
might be candidates for the distinct responses observed in the male and
female p62-ablated hearts during hypoxia. Future studies will discern the
mechanisms responsible for sex-specific effects in the p62icKO model.
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4.3 Knockdown of p62 induces
Cul3-mediated ubiquitination of Nrf2 and its
proteasomal degradation in H9c2 rat
cardiomyoblasts

We demonstrated that Nrf2 degradation occurs via the proteasome,
which is preceded by co-localization of Nrf2 with Keap1, followed by
Cul-3-mediated Nrf2 ubiquitination. To investigate the role of p62 in this
context, experiments were designed based on the non-canonical mechan-
ism by which p62 regulates Nrf2 in hepatocytes."" In this regard, Komatsu
et al."" identified the specific regions where Keap1 (DLG and ETGE motifs)
and p62 (KIR motif) interact to enable Nrf2 ubiquitination and degradation.
While the latter study focused upon macroautophagy-mediated Keap1
degradation, the influence of p62 on UPS-mediated Nrf2 clearance was
not examined. We show that loss of p62 accelerates Nrf2 degradation
via the proteasome without affecting the level of Keap1. In contrast,
Nrf2 stabilization can be achieved by inhibiting the proteasome via Cul-3
silencing or by p62 overexpression in H9¢2 cardiomyoblasts. When cardi-
omyoblasts lacking p62 were treated with the proteasomal inhibitor BZ or
with Cul-3 siRNA, we were surprised that Nqo1 protein expression did
not increase despite Nrf2 accrual. We speculate that this might be second-
ary to increased Nrf2-Keap1 association coupled with repressed Nrf2 nu-
clear translocation. We expected heightened Nrf2 degradation, observed
in H9¢2 cells that lack p62, to associate with increased Keap1 abundance.
However, we observed that p62 suppression evoked a decline in Keap1
expression, concurrent with Nrf2 degradation. It is reported that
Keap1-independent Nrf2 elimination can occur via other E3 ubiquitin
ligases 2478 Indeed, repression of an E3 ligase (DDB1- and Cullin 4-asso-
ciated factor 11) up-regulated p62 and stabilized Nrf2 in human neuroglio-
ma cells.®® Thus, Keap1-independent mechanism(s) may have contributed
to Nrf2 ubiquitination and degradation in the context of p62 compromise
and ongoing studies are exploring this possibility.

Despite evidence that Keap1 clearance occurs via macroautophagy in
mouse Iiver,89 we did not observe this in H9¢2 cells. In contrast, inhibiting
UPS catalytic activity led to an accrual of Keap1. Furthermore, we did see a
mild reduction in autophagic flux in cells lacking p62, which was associated
with a trend for Nrf2 levels to increase (P =0.13). These results suggest
that autophagy may modestly contribute to Nrf2 turnover and degradation
in cardiac cells.

4.4 Cardiomyocyte p62 maintains redox
homoeostasis and protects from cell death
by enabling Hif-10 and Nrf2 transcriptional
activity

To address the concern that compensatory mechanisms might have
masked the consequences of germline cardiomyocyte p62 depletion, we
examined adult mice with tamoxifen-inducible deletion of p62 (i.e.
p62icKO mice). Adult male p62icKO mice exhibited systolic dysfunction
in the absence of stress, whereas female p62icKO mice did not display
this phenotype at baseline. Importantly, both male and female p62icKO
mice developed systolic dysfunction when challenged with hypoxia vs. re-
sults from littermate controls, together with heightened oxidative stress
and cell death. These findings were accompanied by a decline in Nrf2 target
gene expression and provide robust evidence that p62 is required for
maintaining redox homoeostasis and consequently cardiac protection in
response to hypoxic stress. While this study is the first to examine the
role of p62 in cardiac responses to hypoxia, Deng et al.”® showed a robust
increase in infarct size in whole-body p62 KO mice subjected to ischaemia/
reperfusion, which was associated with increased LDH release and cell
death. We further demonstrated that the lack of protection against
hypoxia-induced cardiac dysfunction was associated with diminished tran-
scriptional activation of both Hif-1a and Nrf2 as evidenced by the reduc-
tion in the expression of their target genes in p62icKO hearts subjected
to hypoxia. Moreover, p62 knockdown in H9c2 cells reduced Hif-1a

stabilization and transcriptional activity during hypoxia. This protective ef-
fect of p62 during hypoxia is consistent with the accumulation of p62 under
this condition.

In normoxia, PHDs hydroxylate two prolyl residues in Hif-1a protein
rendering it accessible to the Vhl protein, which then targets Hif-1a for
proteasomal degradation.”®”* Under hypoxia PHDs, activity is reduced
and the degradation of Hif-1a is attenuated, resulting in Hif-1a stabilization,
translocation to the nucleus, and the transcription of hypoxia-responsive
genes.”* Using Hela cells, Rantanen et al.*® reported that p62 controls
the expression and the localization of Phd3. Specifically, p62 protein levels
decreased in response to hypoxia. In contrast, our data indicate p62 accu-
mulates in H9¢2 cells exposed to hypoxia. Of interest, we found that sev-
eral of the important Hif1-a pathway-related proteins Phd3, Cullin 2, and
Vhl were up-regulated in the absence of p62 during hypoxia, which pre-
sumably contributes to Hif-1a hydroxylation, ubiquitination, and subse-
quent proteasomal degradation. While we did not examine Phd3
localization, it is possible that the accumulation of p62 upon hypoxia caused
Phd3 aggregation and prevented hydroxylation and proteasomal degrad-
ation of Hif-1o. In this regard, when p62 is depleted, Phd3 becomes less
aggregated, which allows it to hydroxylate Hif-10 and enable its proteaso-
mal degradation. The discrepancy between our study and Rantanen et al.*®
could be due to the cell type employed (Hela vs. H9¢2 cells). Other me-
chanisms may have contributed to the decrease in Hif-1a levels in p62
knockdown cells that are PHDs independent. Indeed, Chen et al.* demon-
strated that p62 regulates Hif-1a mRNA and protein in cancer cells both
under normoxia and in hypoxia through parallel pathways involving the
mammalian target of rapamycin, nuclear factor kappa light-chain-enhancer
of activated B cell, and the VhI-Cul-2 complex. One distinction between
this study and ours is that (i) we did not observe Hif-10 changes under nor-
moxia in H9¢2 cells and (i) the effect of p62 on Hif-1a levels is restricted to
hypoxia. This is consistent with our in vivo studies and suggests that p62 in-
duction during hypoxia may facilitate Hif-1a stabilization through a mech-
anism involving the UPS. Consistent with this idea, Korolchuk et al”?
demonstrated that p62 accumulation in the presence or absence of autop-
hagy inhibition compromised the degradation of proteins through UPS
without affecting its activity in Hela cells. Thus, we propose that p62 abla-
tion facilitates the delivery of Hif-1a and Nrf2 to the UPS in cardiac cells.
Future studies are required to fully verify this statement.

4.5 Summary and conclusions

Results from mice with germline and inducible depletion of cardiomyocyte
p62 indicate that this adaptor protein preserves cardiac function, mitigates
oxidative stress, and prevents cell death in response to hypoxia. Hearts
from these two murine models of cardiomyocyte-specific p62 deletion,
together with gain and loss of p62 approaches using H9¢2 rat cardiomyo-
blasts, demonstrate that p62 is required for Hif-1a and Nrf2 stabilization
and transcriptional activity to an extent that maintains redox balance and
protects from hypoxic stress. Regarding Nrf2 regulation, lack of p62
heightens Nrf2-Keap1 co-localization, Cul-3-mediated Nrf2 ubiquitination,
and Nrf2 proteasomal degradation. These findings substantiate that p62
preserves cardiac redox by stabilizing Nrf2. While the mechanism of
how p62 regulates Nrf2 turnover was comprehensively investigated, we
acknowledge that p62-mediated Hif-1a regulation requires additional
study. Nevertheless, like Nrf2, Hif-1a degradation occurs via the UPS in
cardiac cells. Additionally, we demonstrate for the first time that hypoxia
increases Nrf2 transcriptional activity, which is blunted by p62 suppression.
Studies investigating the crosstalk among p62-Nrf2-Hif-1a in the heart are
ongoing in our laboratory.

4.6 Experimental considerations

Several considerations should be addressed when integrating our findings
into what is currently known. First, we did not challenge p62cKO mice with
a pathophysiological stressor (e.g. hypoxia). Since p62 is a stress-inducible
protein, the mild phenotype displayed by male mice under non-stressed
conditions likely would have been exacerbated upon exposure to hypoxia.
Second, female p62cKO mice were not examined. Third, the susceptibility
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to hypoxia-induced cardiac dysfunction exhibited by female vs. male
p62icKO mice was not examined. Whether a sex-specific role for car-
diac p62 exists and if an interaction between p62 and estrogen is oper-
ational are ongoing topics of investigation in our laboratory. The striking
up-regulation of Nbr1 in the context of cardiomyocyte p62 depletion

was unexpected, and at present, we are evaluating the contribution
from this protein and other adaptor proteins in the heart that are im-
portant for protein degradation. Finally, the interaction between Nrf2
and Hif-1auin the presence or absence of p62 should be more thoroughly
investigated.

Translational perspective

IHD is a major cause of heart failure and mortality. A characteristic feature of IHD is tissue hypoxia that causes cardiac dysfunction. We demonstrated
that intact cardiac p62 exerts protection from hypoxia by stabilizing Hif-1a and Nrf2.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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