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ARTICLE INFO ABSTRACT

Keywords: Compromised mitophagy and mitochondrial homeostasis are major contributors for the etiology of cardiac aging,
Cardiac aging although the precise underlying mechanisms remains elusive. Shank3, a heart-enriched protein, has recently
Mitophagy been reported to regulate aging-related neurodegenerative diseases. This study aimed to examine the role of
2};;111:13; Shank3 in the pathogenesis of cardiac senescence and the possible mechanisms involved. Cardiac-specific con-

ditional Shank3 knockout (Shank3°*®) mice were subjected to natural aging. Mitochondrial function and
mitophagy activity were determined in vivo, in mouse hearts and in vitro, in cardiomyocytes. Here, we showed
that cardiac Shank3 expression exhibited a gradual increase during the natural progression of the aging,
accompanied by overtly decreased mitophagy activity and a decline in cardiac function. Ablation of Shank3
promoted mitophagy, reduced mitochondria-derived superoxide (H202 and Oe ) production and apoptosis, and
protected against cardiac dysfunction in the aged heart. In an in vitro study, senescent cardiomyocytes treated
with D-gal exhibited reduced mitophagy and significantly elevated Shank3 expression. Shank3 knock-down
restored mitophagy, leading to increased mitochondrial membrane potential, decreased mitochondrial oxida-
tive stress, and reduced apoptosis in senescent cardiomyocytes, whereas Shank3 overexpression mimicked D-gal-
induced mitophagy inhibition and mitochondrial dysfunction in normally cultured cardiomyocytes. Mechanis-
tically, the IP assay revealed that Shank3 directly binds to CaMKII, and this interaction was further increased in
the aged heart. Enhanced Shank3/CaMKII binding impedes mitochondrial translocation of CaMKII, resulting in
the inhibition of parkin-mediated mitophagy, which ultimately leads to mitochondrial dysfunction and cardiac
damage in the aged heart. Our study identified Shank3 as a novel contributor to aging-related cardiac damage.
Manipulating Shank3/CaMKII-induced mitophagy inhibition could thus be an optional strategy for therapeutic
intervention in clinical aging-related cardiac dysfunctions.

Oxidative stress

1. Introduction management of CVDs have been suboptimal in the elderly population.

Accumulating clinical and experimental evidence has revealed that

Cardiovascular diseases (CVDs) are among the leading causes of
morbidity and mortality worldwide, despite major advances in CVD
therapeutics over the last decades [1]. Aging is an independent risk
factor for CVDs, given that the majority of CVDs develop in patients aged
60 years or higher. Various CVDs account for 40% of all-cause mortality
among the elderly [2]. However, effective strategies for the
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biological aging process is often associated with organelle dysfunction,
ultimately leading to oxidative stress, inflammation, and cell death [3,
4]. For example, compromised mitochondrial homeostasis is considered
an important pathological feature of aging hearts in both human and
animal models [5,6]. Mitochondria produce over 90% of the ATP uti-
lized for cell energy metabolism. Mitochondria serve as the primary
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organelles for reactive oxygen species (ROS) production in car-
diomyocytes [7]. Cardiac aging is accompanied by a decline in mito-
chondrial function, accumulation of dysfunctional mitochondria,
increased ROS production, and dysregulated mitochondrial quality
control [8,9]. Damaged mitochondria cannot be easily cleared away via
cell division, given their insufficient ability to proliferate and dilute
damaged mitochondria through cell division. Instead, adult hearts are
mainly dependent on the proper functioning of mitochondrial quality
control mechanisms to retard mitochondria-related pathologies in the
aging process [10].

Mitophagy, a form of selective autophagy for mitochondria pre-
dominantly through the PINK1/Parkin-mediated ubiquitin-dependent
pathway, serves as an important machinery to eliminate damaged
mitochondria and maintain cellular mitochondrial homeostasis [11].
Dysregulated mitophagy is commonly seen in cardiovascular pathol-
ogies, including cardiac hypertrophy, heart failure and dilated cardio-
myopathy [12,13]. Downregulation of mitophagy has been reported to
contribute to the organ aging process [14-16]. Notably, defective
mitophagy is commonly observed in aging cardiomyocytes, which leads
to the accumulation of defective mitochondria. For example, PINK1
suppression is an important feature of aging-related diseases [17],
whereas parkin deficiency evokes distorted mitochondria and cardiac
aging [18]. In contrast, parkin over-expression has been reported to
promote the renewal of damaged mitochondria by inducing mitochon-
drial fission, and retarding aging [19]. Induction of mitophagy in aging
mouse hearts by promoting the incorporation of defective mitochondria
into autophagosomes alleviates aging-related decline in cardiac function
[18]. Moreover, oral administration of the natural polyamine spermi-
dine was found to alleviate cardiac hypertrophy, and preserve cardiac
function by promoting mitochondrial respiration and mitophagy in
cardiomyocytes [20]. These preclinical studies have convincingly sug-
gested a crucial role of dampened mitophagy in the pathogenesis of
cardiac aging, indicating the promises of interventions targeting
mitophagy in cardiac aging. However, specific strategies for manipu-
lating PINK1/Parkin-mediated mitophagy in aging hearts remain un-
defined, prompting the search for new therapeutic mitophagy-related
strategies in the elderly.

SHANK, which is localized at excitatory synapses, functions as a
scaffolding protein to tether and organize intermediate scaffolding
proteins [21]. Shank proteins are encoded by Shankl, Shank2, and
Shank3, of which Shank3 is the most widely studied in neurological
disorders [22]. Previous studies have shown a vital role for Shank3 in
the dynamic regulation of postsynaptic receptors and signaling mole-
cules through protein targeting and anchoring [23]. Shank3 is involved
in multiple physiological processes by directly or indirectly interacting
with various proteins, including cell adhesion proteins, cytoskeletal
proteins, and metabotropic glutamate receptors (mGluRs) [24]. Muta-
tions in Shank3 are strongly associated with a high incidence of
aging-related neurodegenerative diseases, including Parkinson’s dis-
eases and Alzheimer’s diseases [25]. Mechanistically, neural stem cells
from Shank3 knockout mice exhibited inhibited autophagy, indicating a
close correlation between Shank3 and autophagy in the nervous system
[26]. In the cardiovascular system, Shank3 is confirmed to be highly
expressed in the heart [27] and is involved in the pathological devel-
opment of CVDs. Sarcolemma-localized Shank3 promotes hypertrophic
responses in cardiomyocytes, while Shank3 knockdown alleviates
myocardial hypertrophic growth [28]. Considering the emerging role of
Shank3 in CVDs and aging-related diseases, it is essential to elucidate its
role of Shank3 in cardiac aging, especially from the perspective of
mitophagy loss and mitochondrial dysfunction.

The major finding from this study indicated a role for upregulated
Shank3 in the suppression of mitophagy and mitochondrial function in
aging hearts. Moreover, ablation of Shank3 effectively restored
mitophagy, leading to preserved mitochondrial function, decreased
mitochondrial oxidative stress, and consequently improved cardiac
function. Mechanistically, Shank3 directly binds to CaMKII to impede its
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mitochondrial translocation, which further inhibits CaMKII activation
and parkin-mediated mitophagy. These findings suggest the promises of
Shank3-induced inhibition of mitophagy as a target for therapeutic
intervention in cardiac aging.

2. Method
2.1. Animal experiments

All animal experiments were approved by the Animal Use and Care
Committee of the Air Force Medical University. In order to avoid the
potential effect of female hormone changes on cardiac function and
cardiomyocytes function during natural aging process, female mice were
excluded in this study [29]. The floxed-Shank3 mice were developed by
Jackson Laboratory (Bar Harbor, ME, USA). Mice expressing the cardiac
a-myosin heavy chain (aMyHC)-Cre recombinase were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). Male cardiac-specific
Shank3 knockout (Shanka/ fCret/ -, Shank3%°) mice were generated
by crossing female Shank3""' fCre * mice with male Shank3""fCre *
mice. Littermate male Shank3"f mice were used as control mice. To
induce Cre expression, tamoxifen (Sigma) was injected intraperitoneally
for mice once a day for 4-6 days at a dose of 20 mg/kg/day from 4-weeks
of age. All mice were housed in temperature-controlled cages witha 12 h
light-dark cycle and free access to water and food. Cardiac-specific
conditional Shank3 knockout (Shank3%®®) murine models and their
control littermates (Shanka/ f) were subjected to chow diet feeding for
18 months as a natural biological aging model.

2.2. Echocardiography

To determine the cardiac function of mice, an M-mode echocardi-
ography device (Vevo 2100; Visual Sonics, Toronto, ON, Canada) was
used as previously described [30]. The heart rate of the mice was
monitored using a real-time ECG monitoring system during echocardi-
ography. Mice were anesthetized with 2.5% isoflurane, and M-mode
echocardiographic images were recorded. Left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening (LVFS) were
analyzed using computer algorithms.

2.3. Wheat germ agglutinin (WGA) staining

WGA staining was performed using a wheat germ agglutinin conju-
gate (Green, Thermo Fisher Scientific, United States) as previously
described [31]. Images were captured using an EVOS M5000 fluores-
cence microscope (Thermo Fisher Scientific, USA). The cross-sectional
area was calculated using ImageJ software by a technician who was
blinded to the study. At least 300 cardiomyocytes from a minimum of 6
images per group were analyzed.

2.4. Histological analysis

For histological analysis, mouse hearts were collected and fixed
overnight in 4% paraformaldehyde (PH7.4) overnight. A Masson stain-
ing kit (Solarbio Life Sciences, China) was used to detect intra-
myocardial collagen content according to the manufacturer’s
instructions [32].

2.5. Dihydroethidium (DHE) staining

DHE staining was performed to determine intracellular superoxide
anion (Oge ) levels in mice hearts. Images were obtained using an EVOS
M5000 Imaging System (Thermo Fisher, USA). Image-Pro Plus image
analysis software was used to analyze the images.
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2.6. Detection of manganese superoxide dismutase (MnSOD) and
malondialdehyde (MDA) levels in mice heart

MnSOD activity and MDA levels were detected according to the
manufacture’s instruction using Mn-SOD Assay Kits (S0103, Beyotime
Biotechnology, Jiangsu, China) and lipid peroxidation MDA assay kits
(S0131, Beyotime Biotechnology, Jiangsu, China).

2.7. Determination of measurement of H202 production in isolated heart
mitochondria

To measure HyO production, mitochondria were isolated from mice
hearts with a Tissue Mitochondria Isolation Kit (Beyotime Biotech-
nology, Jiangsu, China) and then stained with a 10 pM H05-sensitive
dye Amplex red reagent (Thermo Fisher, Waltham, MA) [32]. A Bio-Tek
plate reader was used to record the fluorescence density every 3 min for
a total of 30 min Hy0y production was calculated using linear
regressions.

2.8. Detection of protein carbonylation

To detect protein carbonylation in the heart tissue of mice, an anti-
DNPH antibody (OxyBlot™ Protein Oxidation Detection Kit, Merck
Millipore, Darmstadt, Germany) and a Coomassie Brilliant Blue R assay
(Sigma) were used following a general protocol. Briefly, the cardiac
tissue was lysed in lysis buffer. Tissue proteins were extracted and then
loaded onto two sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gels. Thereafter, one gel was stained with Coomassie Brilliant
Blue (CBB) to analyze the protein on the gel, and another gel was
electroblotted and transferred to the membrane according to the stan-
dard protocol. The membrane was blocked with blocking buffer and
incubated with anti-DNPH antibody. Protein carbonylation levels were
measured by normalizing blot-signals with Coomassie blue signals.

2.9. Apoptosis assay

To determined apoptosis in mice hearts and cultured -car-
diomyocytes, a terminal deoxynucleotidyl transferase UTP nick end
labelling (TUNEL) assay kit (Roche Applied Science, Switzerland) was
used in vivo, whereas a PE-Annexin V Apoptosis Detection Kit (BD Sci-
ence) was used in vitro. All procedures were conducted strictly according
to the manufacturer’s instructions as previously described [33].

2.10. Transmission electronic microscopy (TEM)

For TEM detection, heart samples were trimmed into smaller pieces
and fixed with 2% glutaraldehyde, as previously described [34]. Images
were obtained using a TEM (JEM-1230; JEOL Ltd., Tokyo, Japan) at 300
kV. The TEM images were analyzed using Image Pro Plus software by an
experienced technician blinded to the treatment. Intracellular
double-membrane vesicles containing mitochondria were identified as
mitochondrial-autophagosomes, which reflect the level of mitophagy
activity in heart samples. The number of mitochondrial autophagosomes
was calculated in an area larger than 1200 pm? in six images per group.

2.11. Primary neonatal rat cardiomyocytes isolation and culture

Primary neonatal cardiomyocytes were prepared from neonatal rat
hearts (aged 0-3 days old). Thereafter, the cardiomyocytes were treated
with p-galactose (Sigma, USA) dissolved in medium and incubated for
48 h.

2.12. Senescence-associated f-galactosidase staining

Senescence-associated p-galactosidase staining was performed ac-
cording to the manufacturer’s protocol [35]. Briefly, cardiomyocytes
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were fixed and then incubated with a f-galactosidase staining solution
for 24 h. Images were obtained using a an EVOS M5000 imaging system
(Thermo Fisher, USA). The percentage of blue-stained cells was calcu-
lated to assess cellular senescence.

2.13. Mitochondrial membrane potential (MMP) determination

For MMP determination, a JC-1 Mitochondrial Membrane Potential
assay kit (Abcam, Cambridge, UK) was used following the manufac-
turer’s protocol [36]. Briefly, cardiomyocytes were seeded in a 20
mm-culture dish with a clear bottom. JC-1 staining was used to calculate
MMP as the ratio of fluorescence of red (JC-1 polymer) to green (JC-1
monomer) fluorescence.

2.14. Determination of superoxide anion in mitochondria of primary
cardiomyocytes

Mito-Sox Red staining (Invitrogen, USA) was used to detect the
mitochondrial superoxide anion [37]. Mito-Sox Red staining (Invi-
trogen, USA) was used to detect mitochondrial superoxide anions. Im-
ages were obtained using a confocal laser scanning microscope (Nikon,
A1R, Japan).

2.15. Adenovirus transfection

Primary neonatal cardiomyocytes were transfected with an adeno-
virus harboring Shank3 (Ad-Shank3), CaMKII (Ad-CaMKII), or Shank3
shRNA (Ad-sh-Shank3). The cells were treated with normal medium for
24 h after adenovirus transfection.

2.16. Assessment of mitophagy and autophagy in cells

Mitochondria were labeled with a MitoTracker Red CMXRos probe
(Thermo Fisher, USA). Cell cytoskeleton and morphology were evalu-
ated by staining with phalloidin. To label LC3, cardiomyocytes were
transfected with an adenovirus harboring GFP-LC3. Mitophagy was
detected by colocalization of GFP-LC3 with the mitochondria and
cytoskeleton. The fluorescence images were obtained using a Nikon A1IR
laser confocal microscope [38].

2.17. Co-immunoprecipitation (Co-IP)

Co-IP assays for protein-protein interactions were conducted using
an IP/Co-IP kit (Thermo Fisher, USA) according to the manufacturer’s
instructions [39]. Briefly, for IP experiments, cell lysates were incubated
overnight with the primary antibody for immunoprecipitation at 4 °C.
Protein A/G magnetic beads were added and allowed to bind to the
antigen/antibody complex for 2 h at room temperature. Protein samples
containing dithiothreitol were heated and separated by electrophoresis.
The proteins samples were immunoblotted and incubated with primary
antibodies to verify the efficiency of immunoprecipitation.

2.18. Immunofluorescence

Overlap of CaMKII with Shank3 or MitoTracker immunofluorescence
was performed as per the standard immunofluorescence protocol, and
staining was performed as previously described [40]. For colocalization
in the fluorescence images, the resulting images were analyzed using the
EzColocalization plugin for the ImageJ image analysis software as re-
ported by Stauffer, W. et al. [41] The Pearson colocalization coefficient
for different signals was calculated by a researcher blinded to the
treatment.

2.19. Western blotting

Western blotting was performed as previously described [42]. The
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primary antibody for the following protein were used: GAPDH (Cell
signaling technology, #51332), p-actin (Abcam, #ab8227), Shank3
(Abcam, #ab264347), Nox4 (Abcam, #ab13303), cleaved-capase9
(Abcam, #ab184786), PINK1(Abcam, #ab23707), Parkin (Abcam,
#ab77924), p-Parkin (Cell signaling technology, #36866), LC3 (Cell
signaling technology, #4108), P62 (Abcam, #ab91526), Beclinl
(Abcam, #ab62557), Bax (Abcam, #ab53154), Bcl-2 (Abcam,
#ab59348), CaMKII (Cell signaling technology, #3362), P16 (Abcam,
#ab151303), P21(Abcam, #ab109199), P53 (Abcam, #ab131442),
PGC1-a (Abcam, #ab54481), TFAM (Cell signaling technology, #7495),
NRF-1 (Abcam, #ab55744).

To detect protein levels in the mitochondrial fraction, cytosol, and
total cell fractions, a mitochondria/cytosol kit (Beyotime, China) was
used to isolate mitochondria and cytosol, according to the manufac-
turer’s protocol. Each fraction was quantified using a protein quantita-
tion kit. For western-blot analysis, each fraction was loaded based on
equal protein quantity (30 pg) and Western blot analysis was performed.
GAPDH served as a loading control for the total cell and cytosol
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fractions, whereas VDAC1 was used as a loading control for the mito-
chondrial fraction.

2.20. Statistical analysis

All experimental data were analyzed using GraphPad Prism8.0
software. The results are presented as Mean + SEM. When comparing
two groups, an unpaired 2-tailed Student’s t-test was used, and multiple
comparisons were analyzed using ANOVA with a Bonferroni post hoc
test. The results were considered statistically significant at P < 0.05.

3. Results

3.1. Ablation of Shank3 alleviated cardiac dysfunction in aging mice
Levels of well-established senescence markers, including P16, P21,

and P53, were determined in an 18-month biological aging model. As

shown in Figs. 1A-D, senescence marker levels were higher in aged
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Fig. 1. Ablation of Shank3 protects against cardiac damage in aging mice. A&B Representative blot images and quantitative analysis of Shank3 expression in
heart of young or aged mice (Mean + SEM, n = 6 mice per group, *P<0.05, **P<0.01); C Representative echocardiographic images from young and aged mouse
hearts; D Left ventricular ejection fraction (LVEF) (Mean + SEM, **P<0.01); E Left ventricular fractional shortening (LVFS) (Mean + SEM, **P<0.01); F Left
ventricular end-diastolic internal diameter (LVID, d) (Mean + SEM, *P<0.05, **P<0.01); G Heart weight. n = 6 mice per group; H Gross morphology of hearts
stained by hematoxylin and eosin staining, Scale bar = 2 mm; I&J Representative images of WGA staining and quantitative analysis of cardiomyocyte CSA, Scale bar

= 20 pm (Mean =+ SEM, n = 6 images per group, *P<0.05, **

P<0.01); K Representative images of Masson trichrome staining of hearts; and L Quantitative analysis of

interstitial fibrosis. Scale bar = 50 pm (Mean + SEM, n = 6 mice per group, *P<0.05, **P<0.01).
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hearts than in young mice. To investigate whether Shank3 is involved in
myocardial senescence, wild-type mice were allowed to age naturally,
and Shank3 expression in cardiac tissue was determined at different
time points. Interestingly, Shank3 expression was maintained at a low
level from birth to early adulthood (1 day-6 months old). During late
adulthood, Shank3 expression displayed a gradual increase as natural
aging progressed (6-18 months old) (Fig. S1E). To explore the specific
role of Shank3 in cardiac aging, a conditional cardiac-specific Shank3
knockout (ShankSCKo) murine model was constructed and further vali-
dated by Western blot analysis (Fig. 1F). Both Shank3°° mice and their
control littermates (Shanka/ f) were fed a chow diet for 18-months. As
shown in Fig. 1A and B, after feeding for 18 months, Shank3 expression
was significantly higher in aged-Shank3f/ f mouse hearts than in young
mice. Cardiac function was assessed by echocardiography. As shown in
Fig. 1C-F, reduced cardiac function and obvious cardiac remodeling
were observed in aged Shank3”f mice, as evidenced by decreases in
LVEF and LVFS, and elevated left ventricular internal diameter in
diastole (LVID, d). Shank3 ablation effectively alleviated cardiac
dysfunction and cardiac remodeling in aging mice, as indicated by
increased LVEF and LVFS and decreased LVID. Cardiac hypertrophy and
fibrosis are the main features of cardiac aging. As shown in Fig. 1G-L,
aged Shank3"! mice displayed evident cardiac hypertrophy and fibrosis
compared to adult Shank3"f mice, indicated by heavier heart weight,
enlarged heart, greater cardiomyocyte cross-sectional area, and
increased interstitial fibrosis, all of which were efficiently ameliorated
by Shank3 ablation (Fig. 1G-L). These data support a role for Shank3
upregulation in the development of cardiac senescence, whereas Shank3
knockout attenuates aging-induced cardiac dysfunction.

3.2. Shank3 ablation inhibited mitochondria-derived superoxide
production and cardiomyocyte apoptosis in senescent hearts

Cardiac aging is usually accompanied by increased intra-cellular
superoxide anion production, with Nox-4 being the major mediator
[43]. Superoxide anion levels were detected in both young and aged
hearts. As shown in Fig. 2A-D, intracellular superoxide anion produc-
tion (Oze ™, stained by DHE) and myocardial Nox-4 levels were signifi-
cantly increased in the aged heart. Protein oxidation products, such as
carbonylated proteins and lipid peroxidation products, are also biolog-
ical indicators of cardiac aging. As shown in Fig. 2E-G, cardiac tissue
from aging mice had a significantly higher carbonylated protein and
MDA level than young mice, while MnSOD, a well-established indicator
of antioxidant activity, was obviously lower. In addition, heart mito-
chondria were isolated and HyO, production in mitochondria was
determined using the H,O; sensitive dye Amplex Red reagent. As shown
in Fig. 2H and I, mitochondria-derived HyO» production was signifi-
cantly higher in the hearts of aged-Shank3" mice. Ablation of Shank3
reduced mitochondria-derived superoxide production, as evidenced by
decreased DHE fluorescence and Nox-4 levels, reduced mitochondrial
H20, production, reduced protein oxidation products content and
increased MnSOD activity (Fig. 2A-I). Increased mitochondria-derived
superoxide production causes apoptosis in cardiomyocytes [44]. The
cleaved caspase-9/caspase-9 ratio, and apoptotic nuclei detected using
the TUNEL assay were used as indicators of cell apoptosis. Compared to
hearts from control Shank3"f mice, cleaved caspase-9 and
TUNEL-positive cell rate were overtly increased in hearts from aged
Shank3"f mice, the effects of which were reversed following Shank3
knockout (Fig. 2J-M). Taken together, these data indicate that Shank3
ablation suppresses mitochondria-derived oxidative stress and reduces
cardiomyocyte apoptosis in the aging hearts.

3.3. Ablation of Shank3 restored mitophagy in aged hearts and D-gal-
induced senescent cardiomyocytes

Defective mitophagy is deemed a hallmark of senescent car-
diomyocytes [45]. We wondered whether Shank3 was involved in
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mitophagy inhibition in aged hearts. As shown in Fig. 3A and B, TEM
analysis revealed an overtly reduced abundance of mitophagosomes in
the hearts of aged Shank3”f mice, while ablation of Shank3 recovered
the number of mitophagosomes in the aged heart. Interestingly, Shank3
ablation also decreased the percentage of mitochondria with disorga-
nized cristae, indicating an improved mitochondrial function (Fig. 3C).
Mitophagy activity was determined using western blotting. As shown in
Fig. 3D-H, both mitophagy indicators (PINK1 and Parkin) and auto-
phagy indicator (LC3II/LC3I) were significantly downregulated, while
autophagy indicator (P62) was upregulated in aged Shank3”! mice
hearts. As expected, Shank3 ablation restored mitophagy and auto-
phagy, as indicated by the elevation of both mitophagy and autophagy
activity in aged Shank3X© mice hearts. (Fig. 3D-H).

The effect of Shank3 on mitophagy activity was also determined in D-
gal-treated neonatal rat cardiomyocytes. The D-gal-induced senescent
cardiomyocyte model was validated by senescence-associated p-galac-
tosidase (SA p-Gal) staining (Fig. 2 and 3). Consistent with our in-vivo
results, D-gal treatment significantly increased Shank3 levels in neonatal
cardiomyocytes, whereas mitophagy and autophagy activity were
significantly decreased. Knockdown of Shank3 in D-gal-treated car-
diomyocytes restored mitophagy and autophagy activity, as indicated by
elevated PINK1, Parkin, Beclinl, and LC3II/LC3I ratios and decreased
P62 expression (Fig. 31-O). The translocation of LC3 from the cytoplasm
to mitochondria is a key step in mitophagy. In this study, LC3 was
labeled with GFP (green), and mitochondria were labeled with Mito-
Tracker (red). As shown in Figure 3P&Q, co-localization of GFP-LC3 and
mitochondria was significantly lower in D-gal-treated cardiomyocytes,
indicating a suppressed mitophagy activity. Shank3 knockdown pro-
motes the co-localization of LC3 and mitochondria in senescent car-
diomyocytes. To further explore whether Shank3 ablation activates
mitophagy by promoting autophagosome formation or autophagy flux,
both 3-MA, an inhibitor of autophagosome formation, and bafilomycin
Al, a classic inhibitor of autophagic flux, were used in senescent car-
diomyocytes in the absence or presence of Shank3 ablation. As shown in
Fig. S4, 3-MA mitigated Shank3 ablation-induced mitophagy activation,
for that Shank3 knockdown failed to restore mitophagy indicators
including PINK1, Parkin, LC3II/I ratio and mitochondrial-localized LC3
puncta in 3-MA-treated senescent cells. In contrast, the autophagic flux
inhibitor Baf-A1 failed to eliminate the mitophagy activity restoration
induced by Shank3 ablation, for that data showed Shank3 ablation leads
to parallel increases of LC3II/I ratio and mitochondrial LC3 puncta in
vehicle- and Baf-Al-treated cells (Fig. S4). These data suggested that,
compared with autophagic flux, autophagosome formation plays a more
dominant role in the restoration of mitophagy activity restored by
Shank3 ablation. Elevated mitophagy has been reported to provide the
starting material for the synthesis of new mitochondria [50]. To support
this notion, mitochondrial biogenesis, which is reflected by the levels of
PGC-1a, TFAM, and NRF-1, was also inhibited in senescent car-
diomyocytes (Fig. 5), while Shank3 knockdown promoted mitochon-
drial biogenesis in D-gal-treated cardiomyocytes. These in vivo and in
vitro results suggest that Shank3 knockout protects against
aging-induced cardiac dysfunction by promoting mitophagy.

3.4. Shank3 knockdown inhibits D-gal-induced mitochondria-derived
oxidative stress and mitochondria-dependent apoptosis

Cardiomyocyte apoptosis was detected by flow cytometry and
Western blot analysis, with or without Shank3 knockdown. As shown in
Fig. 4A-E, D-gal treatment remarkably induced cardiomyocytes
apoptosis, as evidenced by elevated apoptotic cells, increased Bax levels,
and decreased Bcl-2 levels. A loss in mitochondrial membrane potential
(MMP) and an increase in mitochondrial-derived oxidative stress were
observed, supporting the triggering of cardiomyocytes apoptosis.
Therefore, we performed additional experiments to detect MMP and
oxidative stress in the control and D-gal-treated cardiomyocytes. As
shown in Fig. 4F and I, D-gal treatment induced a significant decline in
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Fig. 2. Ablation of Shank3 inhibits mitochondria-derived superoxide production and cardiomyocyte apoptosis in senescence hearts. A Representative
microphotograph of DHE staining in heart sections, Scale bar = 50 pm; B Quantitative analysis of DHE fluorescence density (fold change over young Shank3”f) (Mean
+ SEM, n = 6 mice per group, *P<0.05, **P<0.01); C&D Representative blot images and quantitative analysis of Nox-4 expression (Mean + SEM, n = 6 independent
experiments, *P<0.05, **P<0.01); E Myocardial.

malondialdehyde (MDA) content (Mean + SEM, n = 6 mice per group, *P<0.05, **P<0.01); F Mitochondrial manganese superoxide dismutase (MnSOD) activity
(Mean + SEM, n = 6 independent experiments, **P<0.01); G Carbonylated protein content of heart extracts were detected by Western-blot (right) combined with
Coomassie blue staining (left). H Time-dependent rise of mitochondrial H,O, related fluorescence density; I Isolated mitochondrial H,O5 production (Mean + SEM, n
= 4 independent experiments, *P<0.05, **P<0.01); J Representative blot images of cleaved-caspase 9; and K Quantitative analysis of cleaved-caspase 9 (Mean +
SEM, n = 6 independent experiments, *P<0.05, **P<0.01); L Representative photomicrographs of TUNEL-stained and DAPI-stained heart sections. Green fluo-
rescence shows TUNEL-positive nuclei; Blue fluorescence shows nuclei of total cardiomyocytes (DAPI-positive), Scale bar = 50 pm; M Percentage of TUNEL-positive
nuclei (Mean + SEM, n = 6 mice per group, **P<0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 3. Ablation of Shank3 restored mitophagy in aged hearts (In Vivo) and D-gal-treated cardiomyocytes (In Vitro). A, Ultrastructure of autophagosomes and
mitochondria was observed using TEM. Scale bar = 2 pm; Red arrowheads denote autophagosomes encapsulating mitochondria. B, Number of mitochondrial
autophagosomes per 100 pm?. C Proportion of mitochondria with disorganized cristae were analyzed (Mean + SEM, n = 6 images per group, *P<0.05, **P<0.01). D
Representative blot images of autophagy proteins (LC3II/I and P62) and mitophagy proteins (PINK1, Parkin); E&F Quantitative analysis of LC3Il/I and P62; G&H
Quantitative analysis of PINK1 and Parkin. (Mean + SEM, n = 6 independent experiments, *P<0.05, **P<0.01). I-O Representative gel blot images and quantitative
analysis of Shank3 proteins, autophagy proteins (LC3II/I, P62 and Beclinl) and mitophagy proteins (PINK1, Parkin) using specific antibodies (Mean + SEM, n = 6
independent experiments, *P<0.05, **P<0.01); P Representative confocal microscopic images showing mitophagy stained using Mito-Tracker Red and GFP-LC3,
Scale bar = 20 pm; and Q Quantitative analysis of colocalized GFP-LC3 in primary cardiomyocytes.

(Mean + SEM, n = 6 independent experiments, 30 cell were quantified per group, *P<0.05, **P<0.01). D-gal, p-galactosamine; Ad-sh-Shank3, adenovirus
recombined with Shank3-shRNA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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MMP, while there was a significant increase in mitochondria-derived
oxidative stress, as evidenced by the reduced ratio of aggregate/mono-
meric JC-1 and increased Mito-SOX fluorescence density. This suggests
that D-gal-induced apoptosis is mitochondria-dependent. Consistent
with our findings in mice hearts, knockdown of Shank3 significantly
suppressed mitochondria-dependent cell apoptosis by elevating MMP,
and reducing mitochondria-derived ROS production.

3.5. Shank3 overexpression mimicked D-gal-induced mitophagy
inhibition, leading to mitochondria-derived oxidative stress and apoptosis
in cardiomyocytes

To further reveal the effect of upregulated Shank3 on mitophagy and
related myocardial injury, adenovirus recombined with Shank3 (Ad-
Shank3) was employed to induce Shank3 overexpression in car-
diomyocytes. In contrast to restored mitophagy activity in Shank3-
knocked-down cells, Shank3 overexpression induced a significant
mitophagy inhibition in normal treated cardiomyocytes, as well as
suppressed autophagy activity, as indicated by changes in both
mitophagy and autophagy indicators and reduced mitochondrial LC3
content (Fig. 5A-I). As a result, mitochondria-dependent cell apoptosis
and mitochondria-derived superoxide anion production were also
elevated by Shank3 overexpression, as indicated by an increased

number of apoptotic cells, elevated Bax level, reduced Bcl-2 levels,
decreased MMP levels, and increased Mito-SOX fluorescence density
(Fig. 5J-R). MitoQ, a mitochondria-targeted antioxidant, was incubated
with D-gal-treated or Shank3-overexpressed cardiomyocytes. As ex-
pected, MitoQ significantly ameliorated cell apoptosis induced by D-gal
and Shank3 overexpression. These data suggested that Shank3-induced
cardiomyocytes apoptosis is mitochondria-dependent (Fig. 6). In addi-
tion, mitochondrial biogenesis in normal cells was inhibited by Shank3
over-expression (Fig. 7). These data suggested that Shank3 over-
expression induces D-gal-like mitophagy inhibition and myocardial
injury in normal cultured cardiomyocytes, indicating the pivotal role of
Shank3 in aging-related cardiac damage.

3.6. Enhanced Shank3-CaMKII binding and inhibition of parkin-mediated
mitophagy in aged-hearts

Although upregulated Shank3 suppresses mitophagy in aging hearts,
the underlying mechanisms remain unknown. Previous studies have
reported that Shank3 physically interacts with CaMKII [40]. Another
study demonstrated that CaMKII promotes the phosphorylation of Drpl,
which is involved in mitochondrial fission [46]. Considering the close
relationship between mitochondrial fission and mitophagy, we ques-
tioned whether Shank3 modulates mitophagy by binding to CaMKII in
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Fig. 5. Shank3 overexpression impeded mitophagy, leading to mitochondria-derived oxidative stress and apoptosis in cardiomyocytes. A-G Representative
gel blot images and quantitative analysis of Shank3 proteins, autophagy proteins (LC3II/I, P62 and Beclinl) and mitophagy related proteins (PINK1, Parkin) (Mean
=+ SEM, n = 6 independent experiments, *P<0.05). H Representative confocal microscopic images showing mitophagy stained using Mito-Tracker Red and GFP-LC3,
Scale bar = 20 pm; and I Quantitative analysis of colocalized GFP-LC3 in primary cardiomyocytes (Mean + SEM, n = 6 independent experiments, 30 cell were
quantified per group, *P<0.05, **P<0.01). J Flow cytometry analysis of apoptosis using annexin V and PI staining; K Quantification of apoptotic cells in primary
cardiomyocytes (Mean + SEM, n = 6 independent experiments, *P<0.05, **P<0.01); L-N Representative gel blot images and quantitative analysis of Bax and Bcl-2
(Mean + SEM, n = 6 independent experiments, “P<0.05, **P<0.01); O Representative confocal microscopic images of JC-1 staining. Red fluorescence represents JC-
1 aggregate and green fluorescence denotes JC-1 monomer. Scale bar = 20 pm; P Quantitative analysis of the ratio of aggregated and monomeric JC-1 (Mean + SEM,
n = 6 independent experiments, 30 cell were quantified per group, *P<0.05, **P<0.01); Q Representative confocal microscope images of Mito-SOX staining, Scale
bar = 20 pm; and R Quantitative analysis of mitochondria derived superoxide production in primary cardiomyocytes (Mean + SEM, n = 6 independent experiments,
30 cell were quantified per group, *P<0.05, **P<0.01). D-gal, p-galactosamine; Ad-Shank3, adenovirus recombined with Shank3. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this article.)

the aging heart. To test this hypothesis, a co-IP assay was conducted to that Shank3-CaMKII binding is enhanced in aged hearts, which may be
detect the potential interactions between Shank3 and CaMKII in the responsible for the reduced mitochondrial translocation of CaMKII and
heart (Fig. 6A and B). The co-IP results showed that Shank3 binds to subsequent Parkin phosphorylation.

CaMKII in cardiac tissue, and this binding is significantly enhanced in
aged hearts (Fig. 6C and D). Immunofluorescence analysis further vali-
dated the interaction between Shank3 and CaMKII. Interestingly, D-gal
treatment strengthened the co-localization of these two proteins and
further altered the sub-cellular localization of CaMKII, with clumped
CaMIKII clustered at the periphery of the cell (Fig. 6E). The subcellular ~ Senescent cardiomyocytes
translocation of CaMKII from the cytoplasm to the mitochondria has
been reported to modulate mitochondrial quality control. Thus, we
performed an additional fluorescence analysis to detect the
co-localization of CaMKII and mitochondria. As shown in Fig. 6F and G,
D-gal treatment significantly reduced CaMKII-mitochondria co-locali-
zation, which was further validated by the reduced
mitochondria-localized CaMKII detected by Western blot. Parkin trans-
location and phosphorylation are pivotal steps in mitophagy activation.
As shown in Fig. 6H and I, in cardiomyocytes cultured in the control
medium, Parkin was predominately positioned at the mitochondria,
with few distributed in the cytoplasm. However, D-gal treatment
impeded the mitochondrial translocation of Parkin and further
decreased its phosphorylation level (Fig. 6H and I). These data suggest

3.7. Shank3-induced inhibition of mitophagy was restored by CaMKII
overexpression, whereas Shank3 ablation restored parkin-mediated
mitophagy by promoting mitochondrial translocation of CaMKII in

We investigated whether Shank3 ablation rescued D-gal-induced
cardiomyocyte dysfunction in a PINK1/Parkin-dependent manner.
PINK1 or Parkin was knocked down by siRNA transfection in senescent
neonatal cardiomyocytes. As shown in Fig. 8, Shank3 ablation-induced
mitophagy was significantly abolished by PINK1 or Parkin inhibition.
Moreover, si-PINK or si-Parkin transfection blunted the protective ef-
fects of Shank3 ablation on cardiomyocytes function and mitochondrial
function, as indicated by significantly increased Mito-SOX fluorescence
density, decreased ratio of aggregate/monomeric JC-1 and higher
apoptotic cell rate in si-PINK or si-Parkin transfected senescent car-
diomyocytes. These data suggested that Shank3 ablation rescued
senescence-induced mitophagy suppression and cardiomyocytes
dysfunction in a PINK1/Parkin-dependent manner. Furthermore, to
Shank3
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Fig. 6. Shank3 directly bond with CaMKII, which was associated with decreased mitochondrial translocation of CaMKII and parkin in the aged heart. A-B
Interaction between Shank3 and CaMKII were detected by Co-IP (Mean + SEM, n = 3 mice in each group, **P<0.01); C-D Interaction of Shank3 and CaMKII in hearts
from young and aged mice were determined using Co-IP (Mean + SEM, n = 3 mice in each group, **P<0.01); E Representative confocal microscopic images of
Shank3 (Red) overlap with CaMKII (Green), Scale bar = 20 pm; F Representative confocal microscope images of CaMKII (Green) overlap with mitochondria (Red),
Scale bar = 20 pm; G Mitochondria-localized CaMKII were analyzed using Pearson’s coefficient analysis (Mean + SEM, n = 6 independent experiments, 30 cell were
quantified per group, *P<0.05); and H&I Representative gel blot images and quantitative analysis of CaMKII, Parkin and p-Parkin in total cardiomyocytes, cytosol
and mitochondria (Mean + SEM, n = 4 independent experiments, *P<0.05, **P<0.01). D-gal, p-galactosamine. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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discern the specific relationship between Shank3-CaMKII binding and
Parkin-mediated mitophagy, the levels of Shank3 and CaMKII were
modulated using an adenovirus. As shown in Fig. 7A, Shank3 over-
expression evoked CaMKII distribution in a manner reminiscent of that
in D-gal-challenged cells. Meanwhile, the translocation of CaMKII from
the cytoplasm to the mitochondria was also impeded by Shank3 over-
expression, as evidenced by decreased CaMKII-mitochondria co-locali-
zation (Fig. 7B and C). Mitochondrial translocation and phosphorylation
of Parkin were further determined using mitochondrial isolation and
Western blot. As shown in Fig. 7D-E, Shank3 overexpression lowered the
protein level of Parkin and its phosphorylation in the mitochondria sub-
component in a manner reminiscent of D-gal. Interestingly, CaMKII
overexpression remarkably restored CaMKII distribution, leading to a
profound elevation in phosphorylated and mitochondria-localized Par-
kin. Similar to CaMKII overexpression, Shank3 ablation in D-gal-treated
cells indued an obvious redistribution of CaMKII and Parkin from the
cytosol to the mitochondria, leading to increased mitochondria-
localized p-Parkin level (Fig. 7F-I). As a result, Shank3-induced inhibi-
tion of mitophagy in normal cultured cardiomyocytes was restored by
CaMKII overexpression, whereas Shank3 ablation restored parkin-
mediated mitophagy, as indicated by changes in mitochondria-
localized LC3 puncta per cell (Fig. 7J and K). Taken together, these
data suggest that upregulated Shank3 inhibits mitophagy in aged hearts
in a CaMKII-dependent manner (see Fig. 8).

4. Discussion

In the present study, we identified Shank3 as a novel molecule
involved in cardiac senescence and its underlying mechanism of action.
First, we validated that elevated Shank3 expression and inhibited
mitophagy in the aging heart results in mitochondrial dysfunction and
excessive oxidative stress in aging hearts. Second, ablation of Shank3
restored mitophagy, alleviated mitochondrial dysfunction, suppressed
mitochondria-derived oxidative stress, and consequently inhibited the
development of aging-related cardiac dysfunction. Finally, we provided
in vivo and in vitro evidence that Shank3 binds to CaMKII and impedes its
translocation to the mitochondria, which further inhibits CaMKII acti-
vation and parkin-mediated mitophagy. Our study demonstrated for the
first time that Shank3/CaMKII-induced mitophagy arrest is a pivotal
contributor to age related cardiac dysfunction. Therefore, targeting
mitophagy by regulating Shank3 may be a potential therapeutic strategy
for cardiac senescence.

More than 90% of the ATP consumed for the normal contractile
function of the heart is provided by the mitochondria. Mitochondria are
primary organelles involved in oxidative stress and cell death signaling
[47]. Mitochondrial hemostasis relies on the coordination of multiple
quality control processes, including mitochondrial dynamics, mitoph-
agy, and biogenesis [48]. Defective mitophagy has long been considered
as a hallmark for senescent cardiomyocytes, leading to a general decline
in mitochondrial function, accumulation of damaged mitochondria, and
excessive ROS generation [49,50]. However, the reason for the
mitophagy inhibition in aging hearts remains poorly defined. In this
study, we observed that mitophagy is disturbed in aging hearts and se-
nescent cardiomyocytes, accompanied by a significant upregulation of
Shank3. Over-expression of Shank3 in cardiomyocytes evoked a senes-
cence phenotype, manifested by inhibition of mitophagy. These results
offer a novel mechanistic explanation for the age-dependent decline in
mitochondrial integrity and the functional decline of the heart. In
contrast, ablation of Shank3 in both the murine heart (in vivo) and
cardiomyocytes (in vitro) restored mitophagy and improved cardiac
function. Consistent with our results, numerous studies have revealed
that the induction of mitophagy may be effective in preventing cardiac
aging and other aging related organ dysfunction [51]. In addition to
suppressed mitophagy, we also observed impaired mitochondrial
biogenesis in senescent cardiomyocytes, indicating that the scarcity of
new mitochondria may also be responsible for aging-associated
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functional decline in the heart. In lines with our results, a previous study
suggested that mitophagy is closely coupled with mitochondrial
biogenesis and that the damaged mitochondria degraded by mitophagy
could be further used to generate new mitochondria [52]. To support
this notion, the molecular signal involved in mitochondrial biogenesis
was also activated by Shank3 knock-down, indicating that restoration of
mitophagy in aging hearts would further promote mitochondrial
biogenesis.

The PINK1/Parkin-mediated ubiquitin-dependent pathway plays a
central role in mitophagy and maintains mitochondrial integrity and
function [53,54]. Numerous studies have indicated that parkin is
downregulated in various CVDs, including myocardial infarction, dia-
betic cardiomyopathy, and heart failure [55,56]. Notably, down-
regulation of Parkin was reported in the hearts of aged mice [57],
whereas overexpression of Parkin alleviated functional decline in aged
hearts [18]. Consistent with these results, we observed decreased levels
of PINK1 and Parkin in the hearts of aging mice and senescent car-
diomyocytes induced by D-gal. Moreover, data from our study also
showed that the translocation of parkin from the cytoplasm to the
mitochondria decreased in the aging heart, accompanied by a decreased
in its phosphorylation. In the initial stage of the PINK1/Parkin-mediated
ubiquitin-dependent pathway, loss of mitochondrial membrane poten-
tial leads to buildup of PINK1 on the outer mitochondrial membrane,
where PINK1 in turn recruits Parkin from the cytoplasm to the mito-
chondria, prior to parkin phosphorylation [58]. Therefore, the trans-
location and subsequent phosphorylation of parkin is a critical step in
mitophagy induction. In addition to up-regulating PINK1 and Parkin
expression, Shank3 knockdown in senescent cardiomyocytes promoted
the mitochondrial translocation of Parkin as well as its phosphorylation,
leading to the restoration of mitophagy and mitochondrial function. In
contrast, Shank3 inhibition in normal cardiomyocytes significantly
impeded the translocation and phosphorylation of parkin. Consistently,
a previous study reported that elevated mitochondrial Parkin trans-
location promoted mitophagy in the hearts of aging mice, and conse-
quently retarded cardiac aging [59]. However, another independent
study demonstrated a concurrent accumulation of parkin in the aged
heart and cardiac-specific parkin overexpression led to increased peri-
vascular fibrosis in aged hearts [60]. These findings suggested that
Parkin-mediated mitophagy should be adjusted to an appropriate degree
to maintain the efficient clearance of damaged mitochondria in aged
hearts and that both excessively strong and weak mitophagy would
cause the disrupts mitochondrial homeostasis and further cardiac injury.

As the best-examined member of the Shank family, Shank3 was
initially reported to participate in the pathogenesis of neurological dis-
orders including autism spectrum disorder and age-related neuro-
degeneration [22]. Although studies have revealed the enrichment of
Shank3 in cardiac tissues, its role Shank3 in the physiological and
pathophysiological processes of the heart remains elusive [28]. To the
best of our knowledge, little evidence is available regarding the role of
Shank3 in cardiac aging. In this study, we demonstrated for the first time
that upregulated Shank3 is a pivotal contributor to the pathogenesis of
age-related cardiac anomalies. In contrast, Shank3 ablation in murine
hearts protected against age-induced cardiomyopathy by restoring
mitophagy, leading to preserved mitochondrial integrity and reduced
mitochondria-derived oxidative stress. In addition to defective mitoph-
agy, previous studies have reported a loss of autophagy throughout the
course of aging, contributing to compromised cardiac function [50].
Interestingly, in this study, we found that the inhibition of autophagy in
aging hearts and senescent cardiomyocytes was restored by Shank3
ablation. This result supports that Shank3 may functions as an auto-
phagy regulator. However, recent findings from a myocardial infarction
setting revealed that Shank3 overexpression evoked autophagy to sup-
press apoptosis [61]. This discrepancy might be due to the different
mouse models employed in these studies (full-body Shank3 over-
expression vs. cardiac-specific Shank3 knockout), suggesting that
changes in global Shank3 would also cause altered autophagy activity in
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Fig. 7. Shank3-induced inhibition of mitophagy were restored by CaMKII overexpression, while Shank3 ablation restored parkin-mediated mitophagy by
promoting mitochondrial translocation of CaMKII in senescent cardiomyocytes. A Representative confocal microscopic images of Shank3 overlap with CaMKII,
Scale bar = 20 pm; B Representative confocal microscopic images of CaMKII overlap with mitochondria, Scale bar = 20 pm; C Relative cellular localization of CaMKII
and mitochondria quantified using Pearson’s coefficient analysis (Mean + SEM, n = 6 independent experiments, 30 cell were quantified per group, *P<0.05,
**P<0.01); D&E Representative gel blot images and quantitative analysis of CaMKII, Parkin and p-Parkin in total cardiomyocytes, cytosol and mitochondria (Mean
+ SEM, n = 4 independent experiments, *P<0.05, **P<0.01); F&G Representative confocal microscope images of CaMKII overlap with mitochondria, and
Mitochondria-localized CaMKII was quantified by Pearson’s coefficient analysis, Scale bar = 20 pm (n = 6 independent experiments each group); H&I Representative
blot images and quantitative analysis of CaMKII, Parkin and p-Parkin separately in total cardiomyocytes, cytosol and mitochondria (Mean + SEM, n = 4 independent
experiments, *P<0.05, **P<0.01); J Representative confocal microscope images showing mitophagy stained by Mito-tracker and GFP-LC3, Scale bar = 20 pm. K
Quantitative analysis of mitochondria-localized GFP-LC3 in primary cardiomyocytes. (Mean + SEM, n = 6 independent experiments, 30 cell were quantified per
group, *P<0.05, **P<0.01). D-gal, p-galactosamine; Ad-Shank3, adenovirus recombined with Shank3. Ad-sh-Shank3, adenovirus recombined with Shank3-shRNA,
Ad-CaMKII, adenovirus recombined with CaMKII.



Y. Wang et al.

Redox Biology 58 (2022) 102537

Young heart

caMKIl ©

0@‘?@%:@%Parkin

Parkin tr%slocation

Mitophagy

Healthy mitochondria pool

CaMKu? J

Shank3,€%

Agﬂ; heart

et

Parkin trj

Mitophagy

%)

) cu@laﬁon of damaged mitochondria

Fig. 8. Schematic diagram illustrating that elevated Shank3 binds with CaMKII and impedes its mitochondrial translocation, resulting in inhibition of
parkin-mediated mitophagy, which ultimately leads to mitochondrial dysfunction and cardiac damage in the aged heart.

Under cardiac aging, upregulated Shank3 binds with CaMKII to impede its mitochondrial translocation, suppressing mitochondrial translocation of Parkin and
Parkin-mediated mitophagy. Mitophagy inhibition induced by Shank3/CaMKII binding evokes collapse of mitochondrial membrane potential, promotes
mitochondria-derived superoxide production and mitochondria-dependent cardiomyocyte apoptosis, leading to aging-related cardiac dysfunction.

the heart. Considering the critical role of disrupted mitophagy and
autophagy in multiple CVDs, further studies are needed to reveal the
role of Shank3 in CVDs other than cardiac aging.

Another intriguing finding from the present study is that Shank3-
induced mitophagy loss relies on the binding with CaMKII, which im-
pedes the translocation of CaMKII from the cytoplasm to the mito-
chondria. The following scenario can be considered. First, Shank3
physically interacts with CaMKII, and this interaction is stronger in aged
hearts than in adult hearts. Second, Shank3 overexpression decreased
the co-localization of CaMKII and mitochondria, leading to reduced
phosphorylation of Parkin, and mitochondria-localized Parkin. Finally,
CaMKII overexpression restored CaMKII distribution and further
reversed mitophagy arrest in Shank3-overexpressed cardiomyocytes.
Taken together, these results support the key role of Shank3-CamKII
binding in mitophagy and mitochondrial quality control in aging
hearts. CaMKII is a multi-functional protein kinase that controls the
transmission of calcium signaling to regulate various cellular process
[62,63]. Recent evidence has demonstrated that CaMKII activation
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promotes mitochondrial fission by regulating Drp1l phosphorylation at
S616. Further studies also revealed that mitochondrial translocation of
CaMKII contributes to mitochondrial translocation and phosphorylation
of Drpl [46]. Similar to these findings, the results from our current study
suggest that activation of CaMKII in aged hearts promotes mitophagy by
regulating mitochondrial translocation and phosphorylation of Parkin.
To the best of our knowledge, this is the first report to show that mito-
chondrial translocation of CaMKII induces mitochondrial translocation
and phosphorylation of Parkin, promoting mitophagy. The concerted
interplay between mitochondrial fission and mitophagy has been well
conceived in numerous studies [64,65], where damaged mitochondria
are segregated from the healthy mitochondrial pool and are further
degraded by mitophagy [52]. Since activation of Drpl and Parkin is
regulated by CaMKII translocation, CaMKII may function as a central
regulator of mitochondrial quality control processes. CaMKII is believed
to be responsible for the phosphorylation of multiple molecules owing to
its kinase activity [66]. However, the exact mechanisms by which
CaMKII promotes Parkin phosphorylation are still unknown. We failed
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to detect a direct interaction between CaMKII and Parkin, indicating that
CaMKII indirectly promoted Parkin translocation (data not shown).
Interestingly, it has been reported that CaMKII promotes mPTP opening
by increasing Drpl activation and mitochondrial calcium uniporter
current, thereby decreasing the MMP [46,67]. Consequently, decreased
MMP leads to the phosphorylation and recruitment of Parkin to the
mitochondria. Although the complex of Shank3 and CaMKII has been
reported in synapse of neuronal cells [40], previous studies have used
Shank3 as a substrate for CaMKII, for which CaMKII was confirmed to
regulate the phosphorylation and synaptic enrichment of Shank3. In this
study, we uniquely proposed that Shank3-CaMKII binding can, in turn,
change the sub-cellular distribution of CaMKII by impeding its trans-
location to the mitochondria. These results improve the current
knowledge on the modulation ways of CaMKII activity, especially in the
cardiovascular system.

Our study has several limitations. First, our in vivo experiments were
conducted on cardiac-specific Shank3 knockout mice, a “gain-of-func-
tion” cardiac-specific Shank3 transgenic mice would provide a more
intuitive role of Shank3 in the regulation of cardiac homeostasis. Sec-
ond, considering the pivotal role of mitochondria and CaMKII in cellular
Ca?" transport [68], Ca>" homeostasis.

in the mitochondria might also be influenced by Shank3 ablation/
overexpression. Further studies are needed to explore the impact of
Shank3 on cellular Ca®" signaling. Despite these limitations, this study
offers novel insights into the pathogenesis of aging-related cardiac
dysfunction and the regulatory mechanism of mitophagy in the hearts.

In summary, our study demonstrated for the first time that upregu-
lated Shank3 levels arre likely responsible for reduced mitophagy and
mitochondrial homeostasis in aging hearts. Ablation of Shank3 restored
mitophagy by activating the mitochondrial translocation of CaMKII/
Parkin, leading to improved mitochondrial function, decreased
mitochondrial-derived oxidative stress, and consequently preserved
cardiac function during aging. These results revealed that Shank3-
modulated mitophagy is a promising and feasible therapeutic target
for the clinical management of aging-related cardiac dysfunction.
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LC3 Microtuble-associated protein 1 light chain 3

LVEF left ventricular ejection fraction
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Nox4 NADPH oxidase 4
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Parkin  parkin RBR E3 ubiquitin-protein ligase

Pink1 PTEN induced putative kinase 1

PGC-1la Peroxisome proliferator-activated receptor gamma co-
activator 1-alpha
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ROS reactive oxygen spices
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Shank3 SH3 and multiple ankyrin repeat domains protein 3

TEM Transmission electronic microscopy

TFAM  Mitochondrial transcription factor A

TUNEL Terminal-deoxynucleotidyl transferase mediated nick end
labeling

VDAC1 Voltage-dependent anion channel 1

WGA Wheat Germ Agglutinin
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