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Abstract

Impaired autophagic flux induces aging-related ischemia vulnerability, which is the hallmark pathology in cardiac aging.
Our previous work has confirmed that the accumulation of charged multivesicular body protein 2B (CHMP2B), a subunit
of the ESCRT-III complex, in the heart can impair autophagy flux. However, whether CHMP2B accumulation contributes
to aging-related intolerance to ischemia/reperfusion (I/R) injury and the regulatory mechanism for CHMP2B in aged heart
remain elusive. The cardiac CHMP2B level was significantly higher in aged human myocardium than that in young myo-
cardium. Increased CHMP2B were shown to inhibit autophagic flux leading to the deterioration of MI/R injury in aged
mice hearts. Interestingly, a negative correlation was observed between SIRT6 and CHMP2B expression in human heart
samples. Specific activation of SIRT6 suppressed CHMP2B accumulation and ameliorated autophagy flux in aged hearts.
Using myocardial-specific SIRT6 heterozygous knockout mice and recovery experiments confirmed that SIRT6 regulated
myocardial CHMP2B levels. Finally, activation of SIRT6 decreased acetylation of FoxO1 to promote its transcriptional
function on Atrogin-1, a muscle-specific ubiquitin ligase, which subsequently enhanced the degradation of CHMP2B by
Atrogin-1. This is a novel mechanism for SIRT6 against aging-related myocardial ischemia vulnerability, particularly by
preventing excessive accumulation of autophagy key factors.
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Introduction

Associate Editor Junjie Xiao oversaw the review of this article Ischemic heart disease is one of the leading causes of mor-
tality and disability worldwide [1]. Aging is a risk factor
associated not only with a progressive degeneration in physi-

cal function of heart, but also with a significant increase in
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stress-related damage. Aging hearts are vulnerable to cardiac
diseases, and intrinsic aging-related physical deterioration
makes the heart more susceptible to ischemia—reperfu-
sion (I/R) injury [2-6]. Identifying the molecular basis of
aging-related ischemic vulnerability is not only scientifi-
cally important, but also necessary for the discovery of new
therapeutic targets.

Charged multivesicular body protein 2B (CHMP2B) is
a component of the heteromeric endosomal sorting com-
plex required for transport III (ESCRT-III) complex, which
mediates the biogenesis of multivesicular bodies. Previous
studies found that CHMP2B was highly expressed in neu-
rons in all major regions of the brain, and that mutations
in CHMP2B gene resulted in one form of familial fron-
totemporal lobar degeneration [7]. The knockdown and
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mutation of CHMP2B could cause the abnormal aggrega-
tion of autophagosome-related membranes and proteins,
which played important roles in neurodegenerative disease
like Alzheimer’s disease [8]. It was reported that CHMP2B
not only participates in the disorder of autophagy flux in
neural cells, but also plays important roles in cardiovas-
cular diseases [9]. Failure of CHMP2B degradation in the
heart results in autophagy impairment, intracellular pro-
tein aggregate accumulation, unfolded protein response
activation, and subsequent cardiomyocytes apoptosis. In
a previous study, we found that cardiomyocytes with I/R
injury had upregulated CHMP2B expression, which led to
impaired autophagic flux and deterioration of I/R injury
[10]. Furthermore, the degradation of CHMP2B is regu-
lated by Atrogin-1 (the protein encoded by gene Fbxo32), a
muscle-specific ubiquitin-ligase that was originally identi-
fied as a mediator of muscle atrophy [9]. However, the func-
tion of CHMP2B in aged hearts and the exact molecular
mechanisms of Atrogin-1-mediated CHMP2B degradation
remain unclear.

Silent information regulator 6 (SIRT6), a member of
the sirtuin family, is a nicotinamide adenine dinucleotide
(NAD +)-dependent deacetylase with multiple roles in con-
trolling cellular biology functions including antioxidant
stress, senescence, metabolism, telomere maintenance, DNA
repair, inflammation, and autophagy [5, 11]. Overexpression
or activation of SIRT6 has been associated with improved
myocardial function. Therefore, it acts as a protector against
cardiovascular diseases such as cardiac hypertrophy, I/R
injury, and heart failure [12-15]. In myocardial I/R injury,
SIRT6 was demonstrated to counteract oxidative stress dam-
age by activating FoxO3a in an adenosine-5’-monophosphate
(AMP)-activated protein kinase (AMPK)-dependent manner,
thus enhancing transcription of FoxO-dependent antioxi-
dant genes [16]. Furthermore, the impairment of autophagy
flux plays important roles in I/R-induced organ injury [17].
In the liver, SIRT6 has been shown to regulate autophagy
throughout the process of I/R injury [18]. However, it is still
unknown whether and how SIRT6 regulates autophagy in
MI/R injury. FoxO transcription factors are the downstream
targets regulated by SIRT6 and have key roles in aging-
related I/R injury [19-21], implying that FoxO transcrip-
tion factors may contribute greatly to the SIRT6-associated
autophagy flux of aged hearts.

Here, we report that decreased SIRT6 expression causes
CHMP2B accumulation in aging-related MI/R injury. More-
over, specific activation of SIRT6 reversed the impaired
autophagy flux caused by CHMP2B accumulation through
FoxO1-Atrogin-1 pathway, indicating a novel mecha-
nism that SIRT6 is a potential therapeutic target in aging-
related CHMP2B accumulation and myocardial ischemia
vulnerability.

Methods
Animals and Human Samples

Male C57BL/6 mice (young: 3—4 months and aged:
22-24 months) were purchased from the animal center of
the Fourth Military Medical University.

The inducible cardiac-specific-SIRT6-knockout
(SIRT6 icKO) male mice were obtained from Prof. Liu
BH from Shenzhen University. SIRT6 icKO were gen-
erated as previously reported [22]. Four-week-old mice
that were positive for the Myh6-Cre + transgene and
had loxP sites flanking the SIRT6 gene (Shenzhen Key
Laboratory for Systemic Aging and Intervention) were
injected intraperitoneally with Tamoxifen (Solarbiol,
Beijing, China; 75 mg/kg, i.p.) for seven consecutive
days. Fifty milligrams of tamoxifen were dissolved
in 1 ml of ethanol. Approximately 4.0 ml of corn oil
(Solarbiol, Beijing, China) was added to get a final
concentration of 10 mg/ml.

Both C57BL/6 mice and SIRT6 icKO mice were raised
using the same method as previously described [3]. The
mice were randomly assigned to each of the experimen-
tal groups. All animal experiments in this study were
approved by the Animal Ethical Experimentation Com-
mittee of the Fourth Military Medical University.

Normal human myocardial tissues were obtained from
paraffin-embedded tissue at the Pathology Department
of Xijing Hospital, Fourth Military Medical University.
All patients signed informed consent forms. The research
protocol was designed and executed according to the prin-
ciples of the Declaration of Helsinki and was approved
by the ethics review board of Fourth Military Medical
University. The median age of the 15 samples was 46
(range: 35-68 years), and 40% of the samples were female
(Supplementary Table). Subjects with cardiomyopathy or
disease with potential myocardial changes (high blood
pressure, stroke, heart failure, hyperglycemia, dementia,
abnormal hepatic and renal function, and acute diseases)
were excluded from this study.

Antibodies and Reagents

Rabbit anti-CHMP2B (76,173), rabbit anti-p62 (5114),
rabbit anti-LC3B (3868), rabbit anti-FoxO1 (2880), rabbit
anti-H3(4499), and rabbit anti-Atg5 (12,994) antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Rabbit anti-Atrogin-1 (Muscle atrophy box
F gene 1, ab168372), rabbit anti-SIRT6 (ab191385), and
rabbit anti-LAMP1 (ab24170) antibodies were procured
from Abcam (Cambridge, MA, USA). Mouse anti-H3K9ac
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(PTM-156), mouse anti-H3K18ac (PTM-158), and mouse
anti-H3K56ac (PTM-162) were purchased from PTM BIO
(Hangzhou, China). Rabbit anti-CHMP2B (12,527-1-AP)
for immunohistochemistry was procured from Proteintech
(Wuhan, China), whereas rabbit anti-SIRT6 (PA5-95,240)
for immunohistochemistry was obtained from Invitrogen
(Carlsbad, CA, USA).

The proteasome inhibitor MG-132 (HY-13259) and the
FoxOl1 inhibitor AS1842856 (HY-100596) were purchased
from MedChem Express (MCE, Princeton, NJ, USA).
Professor Jian Zhang of Shanghai Jiao-Tong University
School of Medicine provided MDL800, which is an allos-
teric activator of SIRT6 [23].

The Treatment of Inhibitor/Promoters

In vivo: MDL800 was dissolved in DMSO (20,688,
Thermo, Waltham, MA, USA) and injected into mice via
tail vein at a dosage of 150 mg/kg/day for 3 days before the
MI/R surgery. Mice were injected intraperitoneally with
10 mg/kg/day of AS1842856, which was also dissolved in
DMSO, for 7 days prior to MDLS80O treatment.

In vitro: H9c2 cells were co-incubated with MDL800
(50 pM) for 48 h prior to H/R injury (Supplementary
Fig. 1). During the last 8 h of co-incubation, a concentra-
tion of 10 pM reagent was added into the medium with
MDL3800 for MG132 treatment.

Small Interference RNA and Adenovirus Virus
Transfection

A 20 pM small interference RNA (siRNA) stock solu-
tion was prepared by dissolving 1 OD unit of siRNA in
250 pL of H,O. The stock solution was stored in small
aliquots at — 20 °C. H9c2 cells were grown on cover-
slips in six-well plates, and when the cells reached about
30~40% confluency, a lipofectamine 2000 reagent (Inv-
itrogen, Carlsbad, CA, USA) was used to transfect si-
Atrogin-1 (100 nM, Tsingke Biotechnology Co., Ltd.,
Beijing, China), scramble siRNA (si-NC), and si-FoxO1
(100 nM, Ribobio, Guangzhou, China) into cells fol-
lowing the manufacturer’s instructions [24]. The target
sequences of si-FoxO1 and si-Atrogin-1 were 5'-GCA
AGTTTATTCGAGTACA-3" and 5'-ACUUUAAGCUUG
UGCGAUG-3’, respectively [25].

Adenovirus-expressing CHMP2B (Ad-CHMP2B) was
purchased from GemmaPharma (Shanghai, China). H9¢c2
cells were grown on coverslips in six-well plates at about
30~40% confluency. Ad-CHMP2B was added to the cell
media at a titer of 1.0 X 10'°PFU/ml and transfected for
24 h before any additional treatment.

@ Springer

HBAD-mcherry-EGFP-LC3 Assay

HBAD-mcherry-EGFP-LC3 virus, an adenovirus tool for
researching autophagy flux was procured from HanBiol
(2.5x 10" PFU/ml; Shanghai, China). Cells were trans-
fected with HBAD-mcherry-EGFP-LC3 virus 24 h after
Ad-CHMP2B transfection using the same methods as
Ad-CHMP2B transfection. After 24 h of transfection, the
cells with autophagy express LC3 protein with both red
(mcherry) and green (EGFP) fluorescence, and the for-
mation of autophagolysosomes leads to the loss of green
fluorescence without any effect to red fluorescence. Cells
were subjected to H/R injury and then fixed in 4% para-
formaldehyde by incubation for 15 min at room temperature,
followed by nuclei staining with DAPI (Duolink®) using
in situ mounting medium. The counts of different color spots
reflects the strength of the autophagic flux, with more yellow
fluorescence indicating that the autophagosome and lyso-
some fusion is inhibited and the autophagolysosome process
is blocked.

Adeno-Associated Virus Infection

Recombinant adeno-associated virus (AAV; serotype 9)
vectors expressing mouse SIRT6 with a c-TNT promoter
(AAVO-SIRT6; Hanbio Inc., Shanghai, China) was used
to overexpress SIRT6 in vivo. AAV9-EGFP was used as a
negative control. As previously reported [26], SIRT6 icKO
mice were injected with 100 pL virus at a concentration of
1.2x 10" vg/ml in the tail vein one week after injection with
tamoxifen (mice at 6 weeks). Myocardial SIRT6 expression
was analyzed 4 weeks after the injection of virus.

Ischemia and Reperfusion Surgery In Vivo

MI/R mouse in vivo model was established as previously
described [3]. Young and aged male C57BL/6 mice were
subjected to MI/R surgery at the day after the last tail vein
injection with MDL800. And the MI/R surgery was con-
ducted 4 weeks after the injection of virus in SIRT6 icKO
mice (mice at 10 weeks). Both C57BL/6 mice and SIRT6
icKO mice were subjected to the same MI/R surgical
method. Briefly, mice were anesthetized with 2% isoflurane,
intubated, and ventilated using a rodent ventilator (Taimeng
Co. Ltd., Chengdu, China). The chest was opened at the
fourth intercostal space, and the anterior surface of the heart
was exposed to locate the proximal left anterior descend-
ing artery (LAD), which was then wrapped with a 6-0 silk
Ethilon suture and tightened to achieve cardiac ischemia.
Sham-operated animals were used as surgical controls and
underwent sham-operation excluding ligation of the LAD.
After occlusion for 30 min, reperfusion was performed by
loosening the ligature.
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Cell Culture and In Vitro Hypoxia/Reoxygenation
Treatment

HO9c2 cells (Procell Life Science & Technology Co. Ltd.,
Wuhan, China) were cultured in Dulbecco’s modified
Eagle’s medium (PM 150210, Procell Life Science & Tech-
nology Co. Ltd., Wuhan, China) supplemented with 10%
certified fetal bovine serum (VivaCell, Shanghai, China) and
1% penicillin/streptomycin (Solarbiol, Beijing, China).

For in vitro hypoxia/reoxygenation (H/R) treatment, the
HOc2 cells were incubated in Dulbecco’s modified Eagle’s
medium (DMEM) glucose-free with L-glutamine (G4527,
Servicebio, Wuhan, China) in Modular Incubator Chamber
(Billups-Rothenberg, Inc., Del Mar, CA, USA) with a gas
mixture (95% N, and 5% CO,) for 8 h at 37 C and then
reoxygenated for 12 h (95% air and 5% CO,) [27].

Western Blotting and Co-Immunoprecipitation

The heart tissues were obtained immediately after the
surgery of MI/R. Similarly, cultured cells were obtained
immediately after the treatment of H/R. Western blotting
was performed as previously described [19]. Briefly, tis-
sues and cells were lysed in a lysis buffer (tissue protein
extraction reagent or mammalian protein extraction rea-
gent, Thermo, Waltham, MA, USA) containing protease
and phosphatase inhibitor mini tablets (A32959, Thermo,
Waltham, MA, USA). After adequate lysis and centrifuga-
tion at 12,000 g for 10 min at 4 °C, cell supernatant was
extracted, and protein concentration was measured using
a BCA protein assay kit (Thermo, Waltham, MA, USA).
Protein was mixed with 5 X SDS-PAGE loading buffer
(CWO0027, CoWin Biosciences, Jiangsu, China) and heated
at 95 °C for 10 min. Denatured samples were separated on
a 10% SDS—polyacrylamide gel before being transferred to
PVDF membranes. The membranes were blocked with 5%
non-fat milk for 1 h at room temperature, and then incu-
bated with primary antibodies overnight at 4 °C, followed by
incubation with horseradish peroxidase-conjugated second-
ary antibodies for 1 h at room temperature. After addition
of chemiluminescent fluid (WBKLS0500, Millipore, MA,
USA) to the membrane, the proteins were visualized, and
the results were analyzed using ImagelJ, which is bundled
with 64-bit Java 1.8.0_172 (National Institutes of Health).
The direct interaction between Atrogin-1 and CHMP2B
in cells was examined using co-immunoprecipitation [10].
Cell lysates were incubated with an anti-CHMP2B or anti-
Atrogin-1 antibody, together with Dynabeads Protein G (Inv-
itrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol and identified using western blot methods as previ-
ously described [19]. VeriBlot for IP Detection Reagents
(ab131366) were used to detect the co-immunoprecipitated

protein without masking by the IgG heavy (50 kDa) and
light (25 kDa) chains.

Immunohistochemistry and Quantification of IHC
Staining

Immunohistochemistry was performed as previously
described [3]. All immunostained sections were observed
and photographed using an automatic digital slide scanner
(Pannoramic MIDI II).

Immunostaining intensity was quantified using the ImageJ
program, which is bundled with 64-bit Java 1.8.0_172
(National Institutes of Health).

Quantitative Real-Time PCR

The real-time PCR was performed as previously described
[16]. TRIzol reagent (15,596,018, Invitrogen, Carlsbad, CA,
USA) was used to extract total RNA, which was then reverse
transcribed into cDNA. For real-time assays, PCR reactions
were prepared in TB Green Premix Ex Taq (Takara Bio,
Dalian, China). The following primer sequences were used
in this study: FoxO1: forward 5'-GGCGGGCTGGAAGAA
TTCAA-3' and reverse 5'-ACTCTTGCCTCCCTCTGG
AT-3'; Atrogin-1: forward 5'-GGGAGTACTAAGGAG
CGCCA-3" and reverse 5'-CCACTCAGGGATGTGAGC
TG-3'; GAPDH: forward 5-ACAGCAACAGGGTGGTGG
AC-3’" and reverse 5" TTTGAGGGTGCAGCGAACTT-3'".
The mRNA levels of FoxO1 and Atrogin-1 were normalized
to GAPDH. Above primers were synthesized by Tsingke
Biotechnology Co., Ltd (Beijing, China).

Cell Viability Assay

Cell viability was quantified using the Cell Counting Kit-8
(Mishushengwu, Xian, China) as previously described
[28]. Briefly, 100 pl of H9¢c2 cell medium were replaced
with fresh culture medium. 10 pl of CCK-8 solution were
then added into each well. A microplate reader (Molecu-
lar Devices, CA, USA) was used to measure absorbance at
450 nm after 1 h of incubation at 37 C.

Lactate Dehydrogenase Assay

Blood samples from mice were collected 24 h after reper-
fusion and centrifuged to obtain serum. Furthermore, the
culture medium was collected 2 h after reoxygenation and
centrifuged to obtain supernatant. The concentrations of
LDH were analyzed using spectrophotometry as previously
described [3].
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TUNEL Fluorescent Assay

TUNEL fluorescent assay was conducted using freshly fro-
zen sections of LV and the Fluorescein (FITC) Tunel Cell
Apoptosis Detection Kit (Servicebio, Wuhan, China) fol-
lowing the manufacturer’s protocols [29]. The sections were
counter-stained with DAPI (1:1000) for 5 min, washed three
times with PBS, and covered with a microscopic glass for
further study. The TUNEL-positive cells were counted and
analyzed by an investigator who was blinded to the treatment
conditions.

Echocardiography Procedure

Transthoracic echocardiography was performed 1 week after
the MI/R surgery. Resting mice were anaesthetized with
2.0% isoflurane. All hair was removed from the chest with
a chemical hair remover. Examination was performed using
a high-resolution imaging system for small animals (a Vevo
3100 imaging system, Visual Sonics). The ejection fraction
(LVEF) and fractional shortening (LVFS) were determined
from parasternal short axis M-mode images.

Chromatin Immunoprecipitation Analysis

Chromatin immunoprecipitation (ChIP) was performed
using the EZ-Magna ChIP™ A/G Chromatin Immunopre-
cipitation Kit (Sigma, MA, USA) following the manufac-
turer’s instructions [30]. Briefly, H9¢2 cells were transfected
with pPCMV-FoxO1 or si-FoxO1 and cross-linked with 1%
formaldehyde. Chromatin fragmentation was performed
through enzymatic digestion according to the kit instruc-
tions. A diluted soluble chromatin solution was incubated
with a ChIP grade rabbit anti-FoxO1 antibody for 18 h at
4 °C with rotation. A non-immune rabbit IgG was used as
a negative control. The bound products were washed after
incubation with protein A/G beads, and DNA was eluted.
A Chromo4 Real-Time PCR Detection System (Bio-Rad
Life Sciences) was used to amplify specific Atrogin-1 pro-
moter sequences using DNA as a template. Primers (forward
5'-CAAGGTTGTGCAACTGCGAG-3', reverse 5'-GAT
AGGACGGATCGACAGCC-3"), which targeted a 395 bp
fragment of the rat Atrogin-1 promoter were used for PCR
amplification.

Vector Construction and Dual Luciferase Reporter
Assays

The WT-Fbxo32 luciferase reporter vector (the gene of
Atrogin-1, Gene ID:171,043) was constructed by synthesiz-
ing the sequence 2100 bp upstream of the Fbxo32 transcrip-
tion start site, whereas the mutant-Fbxo32 (binding sites
mutant) vector was constructed using a Q5 Site-Directed
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Mutagenesis Kit (E0554S, New England Biolabs, Beijing,
China).

HOc2 cells were seeded in a 24-well plate. The cells were
cultured overnight before being transfected with luciferase
reporter plasmids (Control vectors, WT-Fbxo32 containing
FoxO1 binding sites, and mutant-Fbxo32 containing mutant
sequences of FoxO1 binding sites). Luciferase assays were
performed using the dual luciferase reporter assay system
(Promega, WI, USA) 48 h after transfection.

Statistical Analysis

All data were presented as mean + standard error of the
mean. To determine statistical differences between groups,
a one-way analysis of variance was performed, followed by
a Dunnett’s test post-hoc test. All statistical analyses were
performed using GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA). Statistical significance was consid-
ered when p <0.05.

Results

Cardiac CHMP2B Accumulation and Autophagic
Defects with Aging

CHMP2B immunohistochemical (IHC) score was per-
formed in human myocardial samples. We found a sig-
nificant correlation between age and CHMP2B expression
in human heart, indicating that CHMP2B accumulated in
aged hearts (Fig. 1A). This phenomenon was also found
in mouse hearts, which had considerably higher levels of
CHMP2B protein expression in aged heart than young
hearts, as shown by immunohistochemistry staining and
western blot (Fig. 1B, C). Furthermore, western blot
revealed a significantly increased level of Atg5, LC3II,
p62 and LAMPI (Fig. 1C), indicating impaired autophagy
flux in aged cardiomyocytes, which was in line with our
previous study [3].

To identify the condition of CHMP2B expression and
autophagy flux in aging-related MI/R injury, we used a
MI/R injury model in young and aged male C57BL/6 mice,
with the left anterior descending artery clamped for 30 min
followed by reperfusion for 4 h. MI/R injury induced an
increased expression level of CHMP2B in hearts from young
mice (Fig. 1D), which was consistent with our previous
study [10]. Moreover, we found an additional increase in
CHMP2B accumulation and autophagy flux impairment in
aged hearts with I/R injury (Fig. 1D). These results indicated
that the accumulation of CHMP2B, as well as the resulting
impairment of autophagy flux, was involved in the patho-
logical process of I/R injury in aged hearts.
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SIRT6 Negatively Regulated Myocardial CHMP2B
Protein Level

SIRT6 has been reported to play an essential role in aging
and ischemia-reperfusion injury prevention [31, 32].
Newly, we observed a significantly negative correlation
between SIRT6 and CHMP2B expression in human heart
samples (Fig. 2A). We also observed a decrease in SIRT6
expression in aged hearts and a further decrease after MI/R
injury, whereas CHMP2B exhibited the opposite trend of
expression as SIRT6 (Fig. 2B). These results indicated that
SIRT6 may negatively regulate CHMP2B.
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To identify the role of SIRT6 in regulating CHMP2B
expression, we examined the changes in CHMP2B expres-
sion levels after activating SIRT6 using its specific pro-
moter MDL800. The activation of SIRT6 was confirmed by
areduction in acetylated histone H3K9, H3K18, and H3K56
after MDL80O treatment in aged mice with MI/R injury
(Fig. 2C). The activation of SIRT6 markedly decreased
CHMP2B protein level in MI/R hearts and modified the
associated autophagy disorder, evidenced by the reduc-
tion of Atg5, LC3 II/I, p62, and LAMP1 levels (Fig. 2C).
Furthermore, MDL800 treatment protected the heart from
MI/R-induced injury, as demonstrated by decreased levels of
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B Protein expression levels of CHMP2B and SIRT6 in heart tissues
from young and aged mice with or without MI/R surgery were ana-
lyzed by Western blot (n=6). C Expression levels of SIRT6, total H3
and acetylated H3, CHMP2B, Atg5, LAMPI, p62 as well as LC3II
in heart tissues of aged mice treated with DMSO or MDLS800 before
MI/R surgery were evaluated by Western blot (n=6). D Serum LDH
levels were evaluated in MI/R injured mice after treatment with
DMSO or MDL800 (n=6). E mRNA expression levels of CHMP2B
in mice heart tissues were evaluated by RT-PCR (n=3). F HOc2
cells were transfected with Ad-CHMP2B and treated with DMSO or
MDLS800 before H/R injury. Expression levels of CHMP2B and asso-
ciated autophagy molecules were evaluated by Western blot (n=6).
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levels were evaluated by Western blot (n=6). Data are presented as
mean + SD. *P <0.05; **P <0.01; #P <0.01; n.s., non-significant
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LDH (Fig. 2D). However, MDLS80O0 treatment had no effect
on CHMP2B mRNA expression (Fig. 2E), indicating that
SIRT6 mainly regulated myocardial CHMP2B protein level.

To confirm the effect of CHMP2B on cardioprotection
of SIRT6 against I/R injury, we overexpressed CHMP2B in
HO9c2 cells before MDL80O0 treatment under the condition
of H/R injury. The results showed that MDL80O0 treatment
reduced the expression of CHMP2B and autophagy mole-
cules (Fig. 2F) and the LDH levels in H/R-treated H9¢2 cells
(Fig. 2G), which was consistent with the findings in vivo.
However, overexpression of CHMP2B blocked the protec-
tive effect of MDL800 on H/R-treated H9c2 cells evidenced
by increased re-elevated LDH levels (Fig. 2G) without any
effect on the expression level of SIRT6 (Supplementary
Fig. 2). We also conducted the HBAD-mcherry-EGFP-
LC3 assay to analyze the dynamic changes of autophagy
flux. When the cells show yellow fluorescence, it indicates
that the autophagosome clearance is impaired. In vitro
fluorescence results showed that MDL80O treatment low-
ered the level of yellow fluorescence, indicating improved
of autophagosome clearance, whereas overexpression of
CHMP2B resulted in crippled autophagosome clearance
(Fig. 2H). These results revealed that CHMP2B was neces-
sary for the regulation of SIRT6 activation on autophagy and
protection against MI/R injury.

To validate these results, we conducted MI/R surgery on
mice with myocardial specific SIRT6 heterozygous knocked-
out (SIRT6 icKO). The expression of SIRT6 was signifi-
cantly decreased by about 50% in the hearts of SIRT6 icKO
mice compared to the control group (SIRT6¥1°%) Further-
more, the deficiency of endogenous SIRT6 caused a signifi-
cant increase in CHMP2B levels in MI/R hearts (Fig. 2I). On
the contrary, we used AAV-SIRT6 adeno-associated virus to
restore the expression of myocardial SIRT6 in SIRT6 icKO
mice. The injection of AVV-SIRT6 upregulated the expres-
sion of SIRT6 while significantly decreased the level of
CHMP2B in cardiomyocytes in SIRT6 icKO mice (Fig. 2I).
These results revealed that SIRT6 has an inhibitory regu-
lation on the expression of CHMP2B in aged hearts with
MI/R injury.

SIRT6 Promoted Atrogin-1 Mediated CHMP2B
Degradation

Our and other previous research found that Atrogin-1 regu-
lates the degradation of CHMP2B [9, 10, 33]. To explore the
mechanism by which SIRT6 regulates CHMP2B protein lev-
els, we observed the effect of specific activation of SIRT6 on
Atrogin-1 in the H/R model of H9¢2 cells. MDL80O treat-
ment (50 pM for 24 h) on H9c2 cells promoted Atrogin-1
expression, lowered CHMP2B levels (Fig. 3A), and pro-
tected H9c2 cells against H/R injury as demonstrated by
increased cell viability (Fig. 3B) and suppression of LDH

concentration (Fig. 3C). Moreover, the proteasome inhibitor
MG132 blocked the inhibitory effect of SIRT6 on CHMP2B
expression, with significantly higher levels of CHMP2B in
the MDLS800 and MG132 treatment groups (Fig. 3A). It also
suppressed cell viability and increased LDH levels (Fig. 3B
and C), indicating that the MG132 attenuated the myocardial
protection role of MDLS00.

To test the interaction of Atrogin-1 and CHMP2B, we
conducted the CO-IP assay on H9c2 cells under MDL800
treatment or H/R injury. The results revealed that MDL800
treatment improved the correlation of CHMP2B and
Atrogin-1 in the presence or absence of H/R (Fig. 3D).
Furthermore, we transfected siRNA targeting Atrogin-1
into H9c2 cells and found that the interference of Atrogin-1
blocked the suppression of MDL800 on CHMP2B expres-
sion (Fig. 3E). These results demonstrated that the
inhibitory effect of SIRT6 on CHMP2B was achieved by
Atrogin-1.

FoxO1 Mediated the Transcriptional Regulation
of Atrogin-1 by SIRT6

SIRT6 was found to activate the FoxO pathway in cardiomy-
ocytes [16]. We next hypothesized that SIRT6 may regulate
the expression of Atrogin-1 via the FoxO pathway.

As predicted in JASPAR database, FoxOl1 is an
Atrogin-1 transcription factor with several potential bind-
ing targets on the promoter of Fbox32 (Atrogin-1 gene)
(Fig. 4A). According to the locations and sequences of
predicted binding targets, we designed specific primers
for CHIP assays in H9c2 cells. The CHIP assays results
showed amplified DNA bands in the group of chromatins
immunoprecipitated with FoxO1 antibody, and the inten-
sity of DNA bands increased in the FoxO1 overexpressed
group (pCMV-FoxO1) and decreased in the FoxOl1 inter-
fered group (si-FoxO1; Fig. 4B), confirming that FoxO1
transcriptionally promoted the expression of Atrogin-1 in
cardiomyocytes. The luciferase reporter system results con-
firmed the direct binding of FoxOl1 to Fbox32 promoter.
Moreover, mutations in the region of the predicted binding
sites significantly inhibited the effect of FoxO1 on Fbox32
promoter activation (Fig. 4C). These results demonstrated
that FoxOl1 transcriptionally regulates Atrogin-1.

To test the effect of FoxO1 regulation, we transfected
FoxO1 siRNA into H9c2 cells and detected a decrease in
Atrogin-1 and an increase in CHMP2B levels (Fig. 4D).
In line with the aforementioned results, MDL800
treatment of H9c2 cells with H/R injury increased
Atrogin-1 expression, suppressed CHMP2B accumu-
lation (Fig. 4E), and protected against H/R injury by
increasing cell viability (Fig. 4F) and decreasing LDH
concentration (Fig. 4G). However, the interference
of FoxO1 expression by specific siRNA inhibited the
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Fig.3 SIRT6 promotes Atrogin-1 mediated degradation of CHMP2B
in cardiomyocytes with H/R. A H9c2 cells were treated with H/R
and DMSO, MDLS800 (50 pM for 24 h) or MG132 (10 pM for 8 h).
Expression levels of SIRT6, Atrogin-1 and CHMP2B were assessed
by Western blot (n=6). B. Viabilities of H9¢c2 cells with or with-
out H/R were evaluated after DMSO, MDL800 (50 uM for 48 h) or
MG132 (10 pM for 8 h) treatment (n=6). C. LDH levels in H9c2
cells with or without H/R were evaluated after treatment with DMSO,

promotion of MDLS800 treatment on Atrogin-1 expres-
sion (Fig. 4E) and blocked the myocardial protective
role of SIRT6 simulation as demonstrated by the H/R
injury assay (Fig. 4F and G). These findings indicated
that the promotion of SIRT6 on Atrogin-1 expression
was mediated by FoxO1.
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Control Control

MDLS800 (50 pM for 48 h) or MG132 (10 uM for 8 h) (n=6). D
Immunoprecipitation was performed to evaluate the relationship
between Atrogin-1 and CHMP2B. H9c2 cells treated with MDL800
were subjected to immunoblotting analysis. E si-Atrogin-1(100 nM)
was transfected into H9¢2 cells with or without H/R, after which they
were treated with MDL800 (50 pM), then, Atrogin-1 and CHMP2B
levels were evaluated by Western blot (n=6). Data are presented as
mean=+ SD. *P <0.05; **P<0.01; n.s., non-significant

SIRT6 Activation Attenuates the MI/R Injury in Aged
Hearts via the FoxO1-Atrogin-1-CHMP2B Pathway

The above results have shown that the activation of SIRT6
decrease the expression of CHMP2B in aged heart with I/R
injury and the regulation of SIRT6 on CHMP2B was through
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FoxO1-Atrogin-1 pathway. In young and aged mice hearts,
the injury of I/R also decrease the expression of FoxO1 and
Atrogin-1(Supplementary Fig. 3), which provides further
evidence for our results of mechanism studies.

To verify the mechanisms discovered in vitro, we tested
the regulation of SIRT6 on the FoxO1-Atrogin-1 pathway

in aged mice with MI/R injury. MDL80O0 treatment sub-
stantially enhanced Atrogin-1 expression while decreas-
ing CHMP2B accumulation in aged hearts with I/R injury
(Fig. 5A and Supplementary Fig. 4). Furthermore, we used
AS1842856 on aged mice with MI/R injury after MDL800
to block the activation of FoxO1 when SIRT6 was stimulated
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«Fig.4 SIRT6 decreased CHMP2B levels in cardiomyocytes with
H/R via the FoxOl-Atrogin-1 axis. A Binding targets predicted
by JASPAR and TFDB website were marked on the Atrogin-1 pro-
moter model. Primers used for the ChIP assay were also marked at
predicted sites. B Chromatin immunoprecipitation (ChIP) assays
(left) and quantification of ChIP results (right) to confirm direct bind-
ing of FoxOl to Atrogin-1 promoter in H9¢c2 cells, which were left
untreated (Control) or transfected with pCMV-FoxOl1 (5 pg) or si-
FoxO1(100 nM). C Relative luciferase activities of luciferase reporter
plasmids containing the wild-type Atrogin-1 promoter (Atrogin-1/
WT) or its mutant (Atrogin-1/Mut) in H9c2 cells transfected with
the plasmids overexpressing FoxO1 (pCMV-FoxOl1) or siRNA tar-
geting FoxOl1 (si-FoxOl1) (n=3). Above sequences show the FoxOl1
binding motif (blue) and its mutant (red). D Protein levels of FoxOl1,
Atrogin-1 and CHMP2B in cells transfected with si-FoxO1 were
evaluated by Western blot (n=3). E Representative Western blot
images showing the expression levels of SIRT6, FoxOl1, Atrogin-1,
and CHMP2B in H/R H9c2 cells after si-FoxO1 transfections with or
without MDL80O (50 pM for 24 h). Densitometry of western blotting
results was also analyzed (n=06). F and G Quantification data for cell
viability (F) and LDH concentrations (G) were calculated for control
cells or cells subjected to H/R with or without MDL800 (50 pM for
24 h) or si-FoxOl1 treatment (n=06). Data are presented as mean + SD.
*P <0.05; **P<0.01; n.s., non-significant

[34]. The results demonstrated that AS1842856 treatment
substantially reduced the expression of Atrogin-1 and
increased CHMP2B level compared to the MDL80O group
(Fig. 5SA). In MI/R injury assays, cardiac contractile func-
tion improved considerably after MDLS8O0O treatment but
decreased with AS1842856 treatment (Fig. 5B). This result
was supported by TTC staining (Fig. 5C), LDH secretion
level in blood (Fig. 5D), and TUNEL staining (Fig. SE),
indicating that the activation of FoxO1was necessary in the
regulation of SIRT6 on CHMP2B expression and the protec-
tion against MI/R injury.

Collectively, these results indicated that the FoxO1 path-
way was required for the promotion of SIRT6 on Atrogin-1
mediated CHMP2B degradation in aged hearts with I/R
injury and that stimulating SIRT6 improved autophagy flux
and cardiac function via the FoxO1-Atrogin-1 pathway.

Discussion

In this study, we demonstrated that CHMP2B accumula-
tion impaired myocardial autophagic flux resulting in MI/R
injury enhancement in aged hearts. Newly, through in vivo
and in vitro experiments, SIRT6 activation was shown to
decrease myocardial CHMP2B levels and, therefore, pre-
vented aging-related myocardial ischemic vulnerability.
Here, we demonstrate that, in the heart, Atrogin-1 medi-
ated protein degradation effectively prevented CHMP2B
accumulation. Mechanistic investigation found that SIRT6
upregulated Atrogin-1 transcription through FoxO1 in MI/R
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myocardium, improving autophagic flux and reducing myo-
cardial ischemic injury in aged mice.

Ischemic heart disease and myocardial infarction are
essential causes of mortality in both young and elderly pop-
ulations [35]. Activated autophagy has a positive effect on
myocardial ischemia, while functional autophagy is vital in
reducing oxidative stress, restoring energy substrates, and
eliminating damaged mitochondria, all of which can induce
myocardial cell death [17, 36]. Autophagy can be activated
during stress to minimize damage and preserve cardiac func-
tioning during MI/R, to inhibit ischemic-associated heart
remodeling, and to induce changes in myocardial protein
homeostasis. The misfolded protein accumulation is one pat-
tern of cardiac adaptation to pressure overload. Previously,
we reported the relationship between autophagic impairment
and MI/R injury [3, 10, 37, 38]. Aging may cause impaired
protein quality control, dysfunctional protein accumulation,
and proteostasis imbalance, all of which increase vulnerabil-
ity to MI/R injury [39]. In aged hearts, over-accumulation of
autophagic components can lead to inhibition of myocardial
autophagy and worsen MI/R injury.

CHMP2B is a key player in autophagy process and it is an
important subunit of ESCRT-III, which is a complex respon-
sible for many cellular processes including autophagy. In
nervous system, the knockdown or mutation of CHMP2B
impair the formation of ESCRT-III complex and cause
abnormal aggregation of autophagosome-related membranes
and proteins. However, the accumulation of CHMP2B
also impairs autophagy flux [7]. Our group has found that
CHMP2B accumulation impairs cardiac autophagy and
enhances the vulnerability of the cardiac system to I/R injury
[10]. Furthermore, we proved that CHMP2B is the sub-
strate degraded by Atrogin-1, and that Atrogin-1 degrades
CHMP2B via the ubiquitin-dependent pathway [10]. How-
ever, the function of CHMP2B in aged hearts, as well as
the exact molecular mechanisms of Atrogin-1-mediated
CHMP2B degradation, remains unknown.

SIRT6 is a NAD + -dependent deacetylase that is impli-
cated in the regulation of lifespan, genomic stability, tel-
omere integrity, transcription, and DNA repair [5, 11]. A
recent study has shown that SIRT6 can mitigate aging-
related cardiomyocyte senescence and cardiac hypertrophy
[13]. In addition, inhibiting cell aging via SIRT6/AMPK
autophagy may ameliorate diabetic myocardial fibrosis
[40]. However, whether and how SIRT6 regulates func-
tional autophagy in aged hearts is yet to be fully elucidated.
Recently, a novel type of selective activator of SIRT6
was described [23]. MDL80O is a novel potent and selec-
tive allosteric activator of SIRT6. We found that MDL800
greatly decreased the impact of I/R injury on the aged hearts
in mice via the SIRT6-mediated Atrogin-1-CHMP2B signal-
ling axis.
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Fig.5 Activation of SIRT6 attenuated MI/R injury in aged mice
through the FoxO1-Atrogin-1-CHMP2B pathway. A Aged mice were
treated with MI/R and DMSO, MDLS800 (150 mg/kg) or AS1842856
(10 mg/kg) as indicated. SIRT6, FoxOl, Atrogin-1, CHMP2B, and
p62 levels were evaluated by Western blot (n=6). B Representative
photomicrographs and average data for left ventricle ejection fraction
(LVEF) and fractional shortening (LVES) in mice were assessed by

echocardiography after treatment as shown in panel A (n=6). C Rep-
resentative samples of areas of infarct in hearts subjected to I/R injury
(n=6). D Serum LDH levels were in MDL800 or MDL800 and AS
treated mice subjected to MI/R injury (n=6). E TUNEL staining for
hearts with MI/R injury treated with MDL800 or MDL800 and AS
(n=6, bar=50 pm). Data are presented as mean+SD. *P <0.05;
*#*P <0.01; n.s., non-significant
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In summary, findings from this study, in clinical sam-
ples and animal experiments, provided new evidence that
CHMP2B accumulates in aged myocardium, which lead
to autophagy dysfunction and ischemic vulnerability. This
study also found the mechanism link between SIRT6 and
CHMP2B. Specific activation of SIRT6 increased the tran-
scription level of Atrogin-1 through FoxOl1 to enhance the
degradation of CHMP2B. This is a novel mechanism that
enriches the understanding of the mechanisms involved
in SIRT6 mediated anti-aging ability and cardioprotec-
tion against MI/R injury, especially the regulation of key
autophagic factors.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12265-021-10184-y.
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