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HIGHLIGHTS

e Lamin A/C deficiency leads to aberrant
mitochondrial structure and function.

e Mitochondrial biogenesis damage, fission
and fusion imbalance, and mitophagy
defects are present in Lmna™~ mice
hearts, and SIRT1 has been down-
regulated before the onset of DCM.

e AAV-mediated SIRT1 overexpression
alleviates mitochondrial injury, cardiac
systolic dysfunction, ventricular dilation
and fibrosis, and prolonged lifespan in
Lmna™'~ mice.

e LMNA maintains mitochondrial
bioenergetics through the SIRT1-PARKIN

axis.
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ABBREVIATIONS
AND ACRONYMS

AAV = adeno-associated virus

Ad-Control = adenovirus
expressing enhanced green
fluorescent protein only

Ad-SIRT1 = adenovirus
expressing SIRT1-3xFLAG-
eGFP

DCM = dilated cardiomyopathy
FS = fraction shortening
LKD = lamin A/C knockdown

LMNA-DCM = LMNA
mutations-associated dilated
cardiomyopathy

LVEDV = left ventricular end-
diastolic volume

LVEF = left ventricular
ejection fraction

LVESV = left ventricular end-
systolic volume

MQC = mitochondrial quality
control

NRVM = neonatal rat
ventricular myocyte

OXPHOS = oxidative
phosphorylation

SIRT1 = sirtuin 1

TEM = transmission
electronical microscopy

SUMMARY

options are limited. Here we generated Lmna™~

he LMNA gene encodes the nuclear

envelope protein lamins A and C

(lamin A/C), 2 major isoforms of A-
type lamins arising by alternative splicing.
In addition, pathogenic LMNA variants have
been shown to bring about a spectrum of
clinical disorders with heterogeneous mani-
festations, collectively known as laminopa-
thies.” It has been reported that 5% to 10%
of idiopathic dilated cardiomyopathy (DCM)

and 5% of familial DCM are related to LMNA muta-
tions.>* Patients with LMNA mutations-associated
DCM (LMNA-DCM) have a worse prognosis due to a
high risk of premature death and pump failure,* but
specific therapeutic modalities remain limited.
Lamin A/C is pivotal to various biological processes,
including gene expression regulation, mechanical
sensing and force transmission, DNA replication,
cytoplasmic transport, and signal transduction.®
Multiple pathways, such as extracellular signal-regu-
lated kinase/c-Jun N-terminal kinase/mitogen-acti-
vated protein kinase p38 alpha, mammalian target of
rapamycin, MKL/myocardin-like protein 1/serum
response factor, forkhead box protein O, and cellular
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Dilated cardiomyopathy (DCM) is associated with high mortality despite advanced therapies. The LMNA gene
encodes lamin A/C and is the second most frequently mutated gene associated with DCM, for which therapeutic
mice and found they exhibited cardiac dysfunction at the age of
1 month but not at 2 weeks. Proteomics showed down-regulation of mitochondrial function-related pathways
in Lmna™" hearts. Moreover, early injured mitochondria with decreased cristae density and sirtuin 1 (SIRT1)
down-regulation were observed in 2-week-old Lmna™~ hearts. Adenoviral overexpression of SIRT1 in lamin A/C
knockdown neonatal rat ventricular myocytes improved mitochondrial oxidative respiration capacity. Adeno-
associated virus-mediated SIRT1 overexpression alleviated mitochondrial injury, cardiac systolic dysfunction,
ventricular dilation, and fibrosis, and prolonged lifespan in Lmna™~ mice. Mechanistically, LMNA maintains
mitochondrial bioenergetics through the SIRT1-PARKIN axis. Our results suggest that targeting the SIRT1
signaling pathway is expected to be a novel therapeutic strategy for LMNA mutation-associated DCM.

(JACC Basic Transl Sci. 2024;9:1211-1230) © 2024 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

tumor antigen p53,°"'> have been found to be involved
in the pathogenesis of LMNA-DCM. Furthermore, it
has been shown that platelet-derived growth factor
signaling mediates the LMNA mutations-associated
cardiac arrhythmias.'* Recently, RNA sequencing
studies indicated impaired oxidative phosphorylation
(OXPHOS) in Lmna”~ hearts.'>'S Moreover, some
LMNA mutations have been found to contribute to
mitochondrial uncoupling in mouse myoblasts.'
Accumulation of progerin, a toxic truncated prel-
amin A protein causing premature aging, significantly
induced mitochondrial dysfunction.'”'® However, it
remains unknown to what extent LMNA impairment
leads to mitochondrial bioenergetics damage in car-
diomyocytes as well as the underlying mechanism.
The sirtuin protein family are class III
nicotinamide-adenine dinucleotide, oxidized form
(NAD")-dependent histone deacetylases, among
which sirtuin 1 (SIRT1) was the first to be discovered
and plays multiple roles in senescence, apoptosis,

calorie restriction, and metabolic homeostasis.™

SIRT1  deacetylates  peroxisome  proliferator-
activated receptor gamma coactivator 1-alpha
(PGC1a), thereby promoting mitochondrial
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biogenesis and energetic metabolism.?°*' In partic-
ular, SIRT1 also reportedly regulates mitophagy, a
specialized autophagic approach eliminating injured
mitochondria, by enhancing the expression of PTEN-
induced kinase 1 (PINK1) and its cytosolic ubiquitin
ligase PARKIN, which is protective in myocardial
infarction and aging.”* >4

The link between lamin A/C and sirtuins has been
reported. In a laminopathy-based progeria mice
model, lamin A acts as a SIRT1 activator, and SIRT1-
targeting therapy mitigated progeroid features and
extended the lifespan.”> Another study revealed a
vital role for lamin A in endogenously activating sir-
tuin 6, which promoted beneficial effects on sirtuin 6-
mediated DNA repair in Hutchinson-Gilford progeria
syndrome.?® In addition, vascular endothelium-
targeted Sirt7 overexpression significantly amelio-
rated endothelial dysfunction and premature death in
progeria mice.”” Nonetheless, it remains unknown
whether sirtuin protein plays a role in cardiac
laminopathy.

In the present study, we generated Lmna™'~ mice
using the CRISPR/Cas9 technique and performed
untargeted proteomic studies. Mitochondrial
dysfunction and SIRT1 down-regulation were identi-
fied in Lmna™'~ hearts before the DCM phenotype was
evident. Overexpression of SIRT1 ameliorated LMNA
deletion-induced mitochondrial injury and cardiac
dysfunction partially by PARKIN up-regulation. These
findings suggest that the SIRT1-PARKIN axis is a novel
target for therapeutic interventions for treating
LMNA-DCM.

METHODS

ANIMAL EXPERIMENTS. All animal experiments
were performed according to the guidelines from the
National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the
Animal Care Committee of Shanghai Jiao Tong Uni-
versity School of Medicine. Mouse LMNA transcript
(consisting of 12 exons located in murine chromo-
some 1) was identified using the ENSEMBL database
(transcript  identifier: ENSMUST00000029699.12).
LMNA heterozygous (Lmna*’") mice were generated
under a C57BL/6J background using the CRISPR/Cas9
technique through non-homologous recombination
repair introducing mutation to knock out exons 8 to
11 (Supplemental Figure 1A). Guide RNA (gRNA)
targeting exon 8 (gRNA1 sequence: GAA-
GATGCATGATATAGGGA TGG), gRNA targeting exon
11 (gRNA2 sequence: GGTGGAGCGGGAGCCCAGGT
GGG), and Cas9 messenger RNA (mRNA) were ob-
tained from in vitro transcription. Lmna*/~ mice
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were hybridized with wild-type (WT) C57BL/6J mice
and further propagated to obtain LMNA knockout
(Lmna™") mice. Positive Lmna™~ mice were identified
by wusing polymerase
(Supplemental Figure 1B). Primer 1 sequence was as

chain reaction analysis

follows: ‘GGCGGTAGAGGAAGTCGATG’, forward;
‘TCCTGCTGTAGGGCAGAGAT’, reverse (679 bp).
Primer 2 sequence was as follows: ‘GGCGGTA-

GAGGAAGTCGATG’, forward, ‘GAGGCCAACTTCTC-
CACTCC’, reverse (353 bp). Mice were sacrificed by
using an intraperitoneal injection of 1% pentobarbital
sodium (100 mg/kg) for further analysis. Both male
and female mice were used in this study.

ECHOCARDIOGRAM. Echocardiographic analysis was
performed by using a high-resolution ultrasound de-
vice (MyLab Touch, Esaote SpA; linear array probe;
frequency 18-22 MHz). Mice were anesthetized by
isoflurane (2.5%) via inhalation and placed on a
heated platform (37 °C) for accurate gathering of
echocardiographic data. The left ventricular systolic
diameter and diastolic diameter were measured at
parasternal long-axis views. The left ventricular end-
systolic volume (LVESV), left ventricular end-
diastolic volume (LVEDV), left ventricular ejection
fraction (LVEF), and fractional shortening (FS) were
calculated by using the Teichholz method to assess
ventricular function. The operators were blinded to
the animal genotypes.

HISTOLOGICAL ANALYSIS. After intraperitoneal in-
jection with a lethal dose of pentobarbital sodium
(100 mg/kg), mice were transcardially perfused with
20 mL of saline solution. Mice hearts were then har-
immediately fixed in 4% para-
formaldehyde at room temperature, followed by

vested and

dehydration and paraffin embedding. Paraffin blocks
were sliced with a thickness of 4 pym and stored for
further use. The sections were stained with hema-
toxylin and eosin or Masson’s trichrome for assess-
ment of heart morphology and fibrosis according to
the manufacturer’s protocol.

TRANSMISSION ELECTRON MICROSCOPY. Fresh myocar-
dial tissue specimens of the mice were cut into 1 mm?
pieces and immediately fixed in 2.5% glutaraldehyde
fixation solution. The tissues were preserved at 4 °C,
followed by fixation with 1% osmic acid away from
light, and washed with 0.1 M phosphate buffer. After
dehydration, the samples were embedded in
ethoxyline resin and sliced into 60 to 80 nm sections,
followed by staining with 2% uranyl acetate saturated
alcohol solution and 2.6% lead citrate solution. The
sections were observed by using an HT7800 trans-
mission electron microscope (Hitachi). The images
were quantitatively analyzed according to a
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standardized approach using ImageJ software version
1.8 (National Institutes of Health).?® In addition,
mitochondria were manually divided into 3 categories
based on cristae density: healthy (cristae density
>90%), mildly injured (cristae density between 50%
and 90%), and severely injured (cristae
density <50%), as previously reported.”® More than
50 mitochondria were randomly selected from each
sample for quantitative analysis.

PROTEOMIC ANALYSIS. Proteomics was performed
by using nanoElute (Bruker) coupled to a timsTOF Pro
(Bruker). Raw files were analyzed against the Mouse
SwissProt FASTA database (UP000000589) with DIA-
NN (version 1.8.1) (details are provided in the
Supplemental Methods).

ADENO-ASSOCIATED VIRUS CONSTRUCTION AND
INJECTION. The adeno-associated virus (AAV) sero-
type 9 for SIRT1 overexpression was designed and
constructed by OBiO Technology. Briefly, plasmids
PAAV-CMV-3xFLAG-P2A-mNeonGreen-tWPA or
PAAV-CMV-Sirt1-3xFLAG-P2A-mNeonGreen-tWPA
were transfected into 293T cells. At 72 hours
following transfection, cells were collected and lysed
by using a freeze-thaw method. The virus particles
were purified through iodiol gradient ultracentrifu-
gation. AAV was intraperitoneally injected to
neonatal mice aged 1 to 3 days at a dose of 1.5 x
10" vg.

REAL-TIME QUANTITATIVE POLYMERASE CHAIN
REACTION ANALYSIS. Total RNA was extracted from
homogenized myocardial tissue using TRIzol
(#15596026; Invitrogen), chloroform, and isopropyl
alcohol according to a standard protocol and reverse-
transcribed to complementary DNA with a gDNA
digester and 2xHifair II SuperMix plus (#11123ES10;
Yeasen). Complementary DNA transcripts were mixed
with SYBR Green I with UDG Mix (#TSE203; Tsingke)
and quantified by using the QuantStudio 6 Flex Sys-
tem (Thermo Fisher Scientific). For normalization,
18S ribosomal RNA or glyceraldehyde 3-phosphate
dehydrogenase was used. Primers used in this study
are listed in Supplemental Table 2.

WESTERN BLOT ANALYSIS. Total
extracted from myocardial tissue or cells by radio-
immunoprecipitation assay containing phenyl-
methanesulfonyl fluoride and phosphatase inhibitor.
The supernatant was denatured with loading buffer at
100 °C for 7 minutes. For mitochondrial respiratory
chain proteins, the supernatant was set to boiling at
50 °C. A total of 40 pg protein was separated by so-

protein was

dium dodecyl sulfate/polyacrylamide gel electropho-
resis and transferred onto 0.45 pm polyvinylidene
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difluoride membranes, followed by block within 5%
skim milk. Membranes were incubated with primary
antibodies at 4 °C overnight. After washing thrice in
tris-buffered saline + Tween 20, membranes were
incubated with either horseradish peroxidase-labeled
Goat Anti-Rabbit or Anti-Mouse IgG (Beyotime).
Western blotting signals were detected with ECL Re-
agent (#SQ202; Epizyme) using the GeneGnome XRQ
System (Syngene). Expression quantification was
performed by using ImageJ. The antibodies are listed
as follows:

OXPHOS (1:2000, #ab110413; Abcam), lamin A/C
(1:500, #sc-376248; Santa Cruz), SIRT1 (1:1000, #9475;
Cell Signaling Technology), PGC1a. (1:1000, #A20995;
ABclonal), dynamin-related protein 1 (DRP1) (1:1000,
#8570; Cell Signaling Technology), mitofusin 2
(MFN2) (1:1000, #9482; Cell Signaling Technology),
PARKIN (1:500, #14060-1-AP; Proteintech), PINK1
(1:1000, #23274-1-AP; Proteintech), and B-actin
(1:2000, #66009-1-Ig; Proteintech).

ADENOSINE TRIPHOSPHATE ASSAY. The adenosine
triphosphate (ATP) level was measured by using the
ATP assay kit (#50026; Beyotime). Briefly, ATP lysate
was added at a ratio of 200 pL lysate per 20 mg of
tissue and homogenized, followed by centrifugation
at 12,000g for 5 minutes. Supernatant was mixed with
ATP test solution and added to the nontransparent
96-well plate for measurement of the relative light
unit value by using SpectraMax Paradigm Multi-Mode
Detection (Molecular Devices). The ATP level were
corrected by tissue total protein content.

ISOLATION AND CULTURE OF NEONATAL RAT
VENTRICULAR MYOCYTES. Neonatal rat ventricular
myocytes (NRVMs) were isolated from neonatal
Sprague Dawley rats aged 1 to 3 days according to a
standard protocol. Briefly, rats were anesthetized by
using 2.5% isoflurane and were then decapitated. The
hearts were separated from the chest cavity and
cleaned with Hanks’ balanced salt solution to remove
the residual blood, cut into 1 to 2 mm? tissue pieces,
and digested overnight in 0.025% trypsin at 4 °C.
After the trypsin was replaced by 0.08% type II
collagenase (#C6885; Sigma-Aldrich), the tissues were
digested in a 37 °C water bath for 8 minutes and the
process repeated 4 to 5 times. The supernatant was
collected and neutralized with Dulbecco’s modified
Eagle’s medium (DMEM)/F12 medium containing 10%
fetal bovine serum (FBS). Cardiomyocytes were
separated by centrifugation at 1,500 rpm and resus-
pended in 10% FBS/DMEM/F12 medium; they were
then purified by differential adherence after 1.5
hours’ culture in an incubator with 5% carbon
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dioxide. The next day, the medium was replaced by
10% FBS/DMEM/F12 medium, and rhythmically
beating NRVMs were obtained for further
experiments.

SMALL INTERFERING RNA TRANSFECTION. NRVMs
were transfected with small interfering RNA
(siRNA) synthesized by GenePharma. Briefly, when
NRVMs reached 70% to 90% confluence and beat
rhythmically, cells were transfected with siRNA
using Lipofectamine RNAIMAX (#13778150; Thermo
Fisher Scientific) in DMEM/F12 medium. Six to
eight hours later, the 10% FBS/DMEM/F12 medium
was added, and cells were placed in an incubator
with 5% carbon dioxide at 37 °C for 72 hours until
use. The siRNA sequence targeting rat LMNA is
‘GCUGGUGGAGAUUGAUAAUTT’, forward; and
‘AUUAUCAAUCUCCACCAGCTT’, reverse. The siRNA
sequence targeting rat PRKN is ‘CUUUGAACCU-
GAUCACCAATT’, forward; and ‘UUGGUGAU-
CAGGUUCAAAGTT’, reverse.

ADENOVIRUS INFECTION. SIRT1-3xFLAG-eGFP adeno-
virus vector was constructed and purchased from
HanBio Technology. NRVMs were infected with
SIRT1-3xFLAG-eGFP or enhanced green fluorescent
protein (eGFP) adenovirus in serum-free medium at a
multiplicity of infection of 20. Six to eight hours later,
the medium was switched to 10% FBS/DMEM/F12
medium. Cells were then incubated at 37 °C for 72
hours for further use.

CELL BIOENERGETIC PROFILING. The Cell Mito
Stress Test was performed by using the Seahorse
XFe96 extracellular flux analyzer (Agilent Technolo-
gies) to monitor the mitochondrial oxygen con-
sumption rate (OCR). Briefly, the steps are as follows:
cells were seeded in the microplate at a density of 10*
each well and cultured overnight at 37 °C. After
transfection or premedication, cells were cultured in
base medium containing 10 mM glucose, 1 mM pyru-
vate, and 2 mM glutamine, followed by maintenance
in a carbon dioxide-free incubator at 37 °C for 1 hour.
The compounds were automatically injected accord-
ing to the sequence of 1.5 uM oligomycin, 3 uM FCCP,
and 0.5 uM rotenone/antimycin A, when the OCR was
continuously monitored. After the test, cells were
stained with Hoechst Living Cell Stain Solution
(#C1027; Beyotime) and counted by using Cytation 5
(Agilent Technologies) for OCR normalization.

LIVE CELL IMAGING. After 72 hours of NRVM trans-
fection, the medium was discarded and displayed by
150 nM tetramethylrhodamine methyl ester (#134361;
Thermo Fisher Scientific) for 30 minutes or 5 pM
MitoSOX (#M36008; Thermo Fisher Scientific) for
10 minutes or 200 nM MitoTracker Red (#M22425;
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Thermo Fisher Scientific) for 30 minutes diluted by
Hanks’ balanced salt solution at 37 °C. Cells were
observed using Cytation 5 or OMX imaging (GE
Healthcare). To avoid biases, the same exposure pa-
rameters (ie, illumination intensity, integration time,
camera gain) were kept between samples in different
groups during signal acquisition. The fluorescence
intensity was quantified by using ImageJ.

As for mitochondrial network analysis, images
were processed by using the Mitochondrial Network
Analysis method as previously described.*®' Four
computed parameters were used in this study: foot-
print (total area of mitochondrial signal), individuals
(punctate, rod, and large mitochondria), networks
(mitochondrial networks with at least one junction),
and mean branches per network (mean number of
branches per mitochondrial network).

STATISTICAL ANALYSIS. All data are expressed as
mean + SD. The Shapiro-Wilk test was used to eval-
uate the normality of the data. If data were normally
distributed, 2 groups were compared by using Stu-
dent’s t-test, and =3 groups were compared by using
one-way analysis of variance with a Tukey post hoc
test for multiple pairwise comparisons. Otherwise,
the Mann-Whitney U test (2 groups) or the Kruskal-
Wallis test (=3 groups) was used with the Dunn post
hoc test for multiple pairwise comparisons. Kaplan-
Meier curves were used to evaluate survival, with
groups compared by using the Breslow generalized
Wilcoxon test.***® Detailed statistical methods for
spectrometry data are described in the
Supplemental Methods.

Statistical analyses were performed by using
GraphPad Prism 8.0 software (GraphPad Software) or

mass

R 4.2.2 (R Foundation for Statistical Computing) and

RStudio version 2023.03.0+386 (Posit PBC).
P values <0.05 were considered statistically
significant.
RESULTS

ONE-MONTH-OLD BUT NOT 2-WEEK-OLD LMNA™/~
MICE EXHIBIT CARDIAC DYSFUNCTION. Lmna”’~
mice were generated by a deletion from exon 8 to the
middle of exon 11 of the Lmna gene using the CRISPR/
Cas9 technique (Supplemental Figures 1A and 1B).
Consistent with previous studies,>**> 1-month-old
Lmna”~ mice had a smaller body and heart size/
weight, but with higher heart weight (HW) to body
weight (BW) ratio (HW/BW), and lung weight (LW) to
BW ratio (LW/BW), compared with WT mice
(Figures 1A and 1B, Supplemental Figure 1C). Echo-
cardiography revealed significantly reduced LVEF,

FS, and heart rate in Lmna™™ mice (Figures 1C and 1D).
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FIGURE 1 One-Month-0ld Lmna™/~ Mice Exhibit Cardiac Dysfunction
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(A) Representative exteriors (scale bar: 2 cm) and cardiac appearances (scale bar: 2 mm) of 1-month-old wild-type (WT) and Lmna™" mice. (B)
Heart weight (HW)/body weight (BW) (n = 7) and lung weight (LW)/BW (WT, n = 5; Lmna™", n = 4) of WT and Lmna™" mice. (C) Repre-
sentative echocardiography of WT and Lmna™~ mice. (D) Left ventricular ejection fraction (LVEF), fractional shortening (FS), and heart rate
(HR) in WT and Lmna™" mice (n = 7). (E) Left ventricular end-systolic volume (LVESV)/BW, left ventricular end-diastolic volume (LVEDV)/BW,
left ventricular end-systolic diameter (LVIDs)/BW, and left ventricular end-diastolic diameter (LVIDd)/BW in WT and Lmna™~ mice (n = 7).
(F) Representative hematoxylin and eosin (HE) staining (scale bar: 1 mm) and Masson's trichrome staining (scale bar: 100 um) images of the
ventricular transverse section of WT and Lmna™~ mice. (G) Quantification of the percentage of collagen in myocardial tissue of WT and Lmna™~
mice (n = 5). (H) Kaplan-Meier curves of WT and Lmna™"~ mice showing a median survival time of 36 days for Lmna™" mice (n = 8, Breslow
generalized Wilcoxon test). Data are presented as mean + SD. Data in B, D, E (LVIDs/BW, LVIDd/BW), and G were compared by using
Student's t-test, and data in E (LVESV/BW, LVEDV/BW) were compared by using the Mann-Whitney U test. *P < 0.05, **P < 0.01,

***p < 0.001.
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When normalized to BW, LVESV, LVEDV, left ven-
tricular internal diameter at end-systole (LVIDs), and
left ventricular internal diameter at end-diastole
(LVIDd) of Lmna™~ hearts were overtly higher than
in their littermate WT controls (Figure 1E). Histologi-
cal analysis also showed that Lmna™/~ hearts had an
enlarged heart cavity and thinner ventricular wall
despite a smaller heart size (Figure 1F). Masson
staining also revealed increased cardiac fibrosis in
Lmna™' hearts (Figures 1F and 1G). These results were
further supported by elevated mRNA levels of Nppa,
Nppb, and Myh7, which are markers of heart failure,
and Coliai, but not Col3ai, which are markers of
fibrosis, in Lmna™" hearts (Supplemental Figure 1D).

The median postnatal lifespan of Lmna™'~ mice was
36 days (Figure 1H). In contrast, 2-week-old Lmna™/"
mice had similar cardiac function and structure to WT
controls as shown by echocardiography and histo-
logical analysis (Supplemental Figure 2). These re-
sults indicate that 1-month-old Lmna~~ mice manifest
severe DCM phenotype.

PROTEOMICS REVEALS DOWN-REGULATED PRO-
TEINS RELATED TO MITOCHONDRIAL FUNCTION IN
LMNA™~ MICE HEARTS. Because the
dysfunction in Lmna™" mice was observed at 1 month
but not at 2 weeks, proteomics analysis of Lmna™~
and WT heart tissues was performed at these 2 time
points to explore the underlying mechanisms of
LMNA deletion-induced DCM. A total of 6,963 pro-
teins were identified, with 6,240 proteins quantified
in =60% of samples (Supplemental Table 1). Principal
component analysis revealed that the protein clus-

cardiac

tering of Lmna™~ and WT myocardial tissue could be
clearly distinguished at 1 month of age but not at
2 weeks (Figures 2A and 2B). Volcano plots illustrated
all the differentially expressed proteins (DEPs) with
fold change =1.3 (Supplemental Figures 3A and 3B).
Overall, a total of 526 proteins were differently
expressed between the Lmna”/~ and WT groups at
1 month, whereas only 101 were differently expressed
at 2 weeks. In addition, 257 of the 526 DEPs in 1 month
were consistent with the trend of changes seen at
2 weeks, most of which had a higher fold change
(Figure 2C, Supplemental Figure 3C). Gene Set
Enrichment Analysis revealed that enriched Kyoto
Encyclopedia of Genes and Genomes pathways,
including ribosome, OXPHOS, and protein processing
in the endoplasmic reticulum, were significantly
down-regulated, whereas peroxisome proliferator-
activated receptor signaling pathway and biosyn-
thesis of amino acid were up-regulated (Figure 2D).
Reactome pathways, including mitochondrial trans-
lation, complex I biogenesis, and respiratory electron
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transport, were down-regulated, whereas biological
oxidations were up-regulated (Figure 2E). The ma-
jority of down-regulated pathways enriched were
therefore mitochondrial related.

Protein-protein interaction networks analysis,
based on the aforementioned 257 DEPs at 1 month,
found that most of the core region proteins were
mitochondria related, with some being associated
with acetylation. This suggests that protein modifi-
cation may also participate in the pathology of cardiac
dysfunction (Supplemental Figure 3D). Moreover,
multiple proteins related to mitochondrial respiratory
chain complexes assembly and OXPHOS were
consistently down-regulated in 1-month-old Lmna™"
hearts, as shown in the heatmaps (Figure 2F,
Supplemental Figure 3E); this was further verified by
Western blot analysis showing decreased electron
transport chain complex I, II, III, and V expression
(Figures 2G and 2H). Taken together, our proteomics
data indicate that mitochondrial function-related
proteins are down-regulated in the hearts of Lmna™~
mice, which may promote DCM.

LAMIN A/C DEFICIENCY LEADS TO ABERRANT
MITOCHONDRIAL STRUCTURE AND FUNCTION. To
determine the mitochondrial injury caused by LMNA
deficiency, the myocardial mitochondrial ultrastruc-
ture was studied using transmission electron micro-
scopy (TEM). In line with the mass spectrometry data,
mitochondrial cristae of 1-month-old Lmna™/~ hearts
were sparse and disorganized with decreased density
(Figure 3A). Quantitative analysis revealed a marked
reduction in cristae number, whereas mitochondrial
area and number were not affected (Figure 3B).
Furthermore, the percentage of mildly and severely
injured mitochondria was much higher in Lmna™/"
hearts than in WT hearts (Figure 3C). Importantly,
partial mitochondrial morphology abnormalities,
such as decreased cristae density and elevated
injured mitochondria, were also observed in 2-week-
old Lmna™~ hearts (Figures 3D to 3F), suggesting that
mitochondrial impairment started in the early stage
of LMNA-DCM. Coinciding with these results, the
heatmap showed significantly down-regulated cristae
formation proteins in 1-month-old Lmna™~ hearts
(Supplemental Figure 3F). In addition to cristae
structure damage, ATP content was reduced in
Lmna”~ hearts at 1 month but not at 2 weeks
(Figures 3G and 3H), indicating defective mitochon-
drial bioenergetics in the advanced stage of cardiac
dysfunction caused by lamin A/C deficiency.

We next sought to determine whether loss of lamin
A/C results in mitochondrial dysfunction in vitro.
NRVMs were transfected with siRNA targeting rat
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FIGURE 2 Enrichment Analysis of DEPs Between WT and Lmna™/~ Mice Hearts
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FIGURE 3 Lamin A/C Deficiency Leads to Aberrant Mitochondrial Structure and Function
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FIGURE 4 Lamin A/C Deficiency Causes Impaired Mitochondrial Biogenesis, Imbalanced Fission and Fusion, and Defected Mitophagy
A 1 month B 2 weeks
Mitochondrial biogenesis Mitochondrial biogenesis
— S Groups Groups
-; I Tfam [] Tham
- | | - AtpSfie H F . Atp5fie
| Usp46 | | Usp46
[ | 10 AtpSfia Atpsfia
- || AtpSme .- - AtpSme
| Prkab2 Prkab2
Micos10 | Il Micos10
Sirt4 || Sirt4
AtpSfic | | AtpSfic
| ) | Atpsmg = - Atp5mg
Atp5po AtpSpo
|| . Acss2 | || Acss2
Carm1 || Carm1
B Gabpb1 Gabpb1
|| | ] Thblx [ ] Thbi1x
Mitochondrial fission Mitochondrial fission
Groups Groups
i ] Dnm1l [ | [ onmil
Fis1 | Fis1
- Sic25a46 | Slc25246
g B mtfp1 Mtfp1
i ] Mtfr1l o] Mtfr1l
Mitochondrial fusion Mitochondrial fusion
— S Groups Groups
I v . Min1
Mitophagy Mitophagy
Groups — Groups
Wipi1 | Wipi1
L- Atgs . || imgs
Fis1 N Fis1
. Slc25a46 Slc25a46
|| | ] Ulk2 Ulk2
. .A|gQa [0 Atgoa
Map1ic3a | | | Map1ic3a
Groups  Legend Groups Legend
mwiv 2 mwraw 2
WKOIIM 1 KO_2W 1
o o
N b
= l.;
C 1 month E 2 weeks
WT Lmna™ WT Lmna
st [0 8 L | srert [0 0 | 2010
PGC1a | e1k0 PGCla -_““-_ 91kD
DRP1 | 80kD DRP1 | »== - 80 kD
MEN2 ] | 80 kD MFN2 | - o5 on o8 @ | 50 D
PINK1 @ 45 kD PINK1 (S s s s o o 45 KD
B-actin | S —— - | 4 D B-actin -.....| 42kD
2.0 2.0
= = B - - * nx ns ns ns ns ns
s o WT g o WT
? 154 o Lmna* ® 15 o Lmna™
8 @
g 5
c £
‘@ 1.04 ‘@ 1.04
g 8
Q a
g g
T o5 B 05
; ﬁ ﬂ ﬁ ; m
0. T T T T T T i T T T T T
SIRT1 PGC1a DRP1 MFN2 PARKIN PINK1 SIRT1 PGC1la DRP1 MFN2 PARKIN PINK1
(A and B) Heatmaps summarizing DEPs related to mitochondrial quality control (MQC) in 1-month-old (A) and 2-week-old (B) WT and Lmna™~
hearts. (C to F) Representative Western blot images of MQC-related proteins in 1-month-old (C) and 2-week-old (E) WT and Lmna™" hearts.
Quantification of MQC-related proteins expressions normalized to B-actin in 1-month-old (D) and 2-week-old (F) WT and Lmna™" hearts
(n = 3). Data are presented as mean + SD and were compared by using Student's t-tests (D and F). *P < 0.05, **P < 0.01,
***p < 0.001. DRP1 = dynamin-related protein 1; MFN2 = mitofusin 2; PGCla, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PINK1 = PTEN-induced kinase 1; SIRT1 = sirtuin 1; other abbreviations as in Figures 1 and 2.




1221

Du et al

Lamin A/C-SIRT1 Protects Cardiac Bioenergetics

10, 2024

NO.

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 9,

OCTOBER 2024:1211-1230

FIGURE 5 Overexpression of SIRT1 Prevents Cardiac Mitochondrial Injury Caused by Lamin A/C Deficiency
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Lmna, which reduced the lamin A/C protein level by
90% (Supplemental Figures 4A and 4B). The Seahorse
Cell Mito Stress test showed that lamin A/C knock-
down (LKD) NRVMs had reduced basal respiration,
ATP production, maximal respiration, and spare
respiration capacity, albeit unaffected proton leak
and non-mitochondrial oxygen consumption
(Figures 31 and 3J, Supplemental Figure 4C). In addi-
tion, collapsed mitochondrial membrane potential
was detected in LKD NRVMs by tetramethylrhod-
amine methyl ester staining, which was normalized
by MitoTracker signal (Figures 3K and 3L); the mito-
chondrial oxidative stress level as measured by
MitoSOX remained unchanged (Supplemental
Figures 4D and 4E). Collectively, these data indicate
that LMNA impairment leads to mitochondrial struc-
tural and functional abnormalities, which preceded
the DCM phenotype.

LAMIN A/C DEFICIENCY CAUSES IMPAIRED MITOCHON-
DRIAL BIOGENESIS, IMBALANCED FISSION AND FUSION,
AND DEFECTIVE MITOPHAGY. Mitochondria are semi-
autonomous organelles that continuously undergo
biogenesis, fission, fusion, and mitophagy to coun-
teract stress and maintain their health and integrity.
These processes are termed mitochondrial quality
control (MQC).?® Abnormalities or dissonance of these
biological processes culminate in defective mito-
chondrial bioenergetics, which are critical in various
of cardiovascular diseases.”>*” We therefore investi-
gated the key regulators of these processes in lamin
A/C-deficient conditions. Heatmaps depicted those
proteins related to mitochondrial biogenesis (eg,
Tfam, Sirt4), fission (eg, Dnmil, Fis1), and mitophagy
(eg, Atgs) were significantly down-regulated, whereas
the fusion-related protein Mfn1 was up-regulated in
1-month-old but not 2-week-old Lmna™~ hearts

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 9, NO. 10, 2024
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(Figures 4A and 4B). Consistently, the master mito-
chondrial biogenesis regulator SIRT1, as well as its
downstream target PGCla, was significantly down-
regulated in 1-month-old Lmna™" hearts (Figures 4C
and 4D). Moreover, DRP1, which promotes fission,
was also reduced, although its counterpart MFN2,
which promotes fusion, was markedly up-regulated,
suggesting an imbalance between mitochondrial
fission and fusion. In addition, 2 essential mitophagy
regulatory proteins, PARKIN and PINK1, were both
markedly decreased, suggesting an impaired ability
to eliminate damaged mitochondria in the end stage of
LMNA-DCM. Similar changes at the mRNA levels were
confirmed by Real-time Quantitative Polymerase
Chain Reaction (RT-qPCR) (Supplemental Figure 5A).
In contrast, among these regulators, only SIRT1 was
down-regulated in 2-week-old Lmna”’~ hearts
(Figures 4E and 4F), suggesting that SIRT1 reduction
is an early event in lamin A/C deficiency-induced
DCM. However, RT-qPCR showed that SIRT1 mRNA
levels were comparable between Lmna”~ and WT
hearts, supporting a posttranscriptional regulato-
ry mechanism.

We next studied mitochondrial morphology in
MitoTracker Red-stained cardiomyocytes using OMX
imaging. In LKD NRVMs, perinuclear mitochondria
were increased, but intermyofibrillar mitochondria
were more sparse (Supplemental Figure 5B), sug-
gesting less efficient energy supply for sarcomere
contraction. Quantification of the mitochondrial
network revealed a decreased mitochondrial foot-
print
Figure 5C), which may result from impaired mito-

and branched networks (Supplemental
chondrial biogenesis. Together, these results show
that defective mitochondrial bioenergetics in the
lamin A/C-deficient heart at 1 month is associated

with dysregulation in multiple MQC regulators,

FIGURE 5 Continued

(A) Representative image of mitochondrial OCR in NC and LKD NRVMs transfected with adenovirus expressing SIRT1-3 xFLAG-eGFP (Ad-
SIRT1) or adenovirus expressing enhanced green fluorescent protein (eGFP) only (Ad-Control). (B) Quantification of basal respiration, ATP
production, maximal respiration, and spare respiratory capacity (n = 5). (C) Representative fluorescence images showing mitochondrial
membrane potential of NC and LKD NRVMs transfected with Ad-SIRT1-3xFLAG-eGFP or Ad-eGFP stained by TMRM. Scale bar: 100 pum. (D)
Quantification of TMRM intensity (n = 8). (E) Adeno-associated virus (AAV) vector was intraperitoneally injected in neonatal 1-3 days old WT
and Lmna™~ mice. Hearts were collected at 1 month for further analysis. (F) Representative transmission electron microscopy images of
myocardial mitochondria from 1-month-old WT and Lmna™~ mice pretreated with AAV-CMV-SIRT1-mNeonGreen (AAV-SIRT1) or AAV-CMV-
mNeonGreen (AAV-Control). Scale bars: 5 um and 1 um. (G) Quantification of mitochondrial number per square micrometers (WT-+AAV-
Control, Lmna™~+AAV-Control, Lmna™"+AAV-SIRT1, n = 4; WT+AAV-SIRT1, n = 3), mitochondrial area (WT+AAV-Control, n = 318;
WT+AAV-SIRT1, n = 263; Lmna™"+AAV-Control, n = 420; Lmna™"+AAV-SIRT1, n = 397), and cristae number per mitochondrion (WT+AAV-
Control, n = 319; WT+AAV-SIRT1, n = 263; Lmna™"+AAV-Control, n = 420; Lmna” +AAV-SIRT1, n = 397). (H) Quantification of the per-
centage of healthy, mildly injured, and severely injured mitochondria according to cristae density (WT-+AAV-Control, Lmna™"+AAV-Control,
Lmna™ +AAV-SIRT1, n = 4; WT-+AAV-SIRT1, n = 3). Data are presented as mean =+ SD. Data in B, D, G (mito number), and H were compared
by using an analysis of variance with the Tukey post hoc test, and data in G (mito area, cristae number) were compared by using the
Kruskal-Wallis test followed by the Dunn post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations as in Figures 1 to 4.
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FIGURE 6 SIRT1-Based AAV Injection Alleviates Cardiac Dysfunction and Prolongs Survival of Lmna™/~ Mice
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among which only SIRT1 reduction was found in 2-
week-old Lmna™'~ hearts, suggesting it as a possible
mechanism for initiating DCM.

SIRT1 OVEREXPRESSION PREVENTS CARDIAC
MITOCHONDRIAL INJURY CAUSED BY LAMIN A/C
DEFICIENCY. SIRT1 is known to promote mitochon-
drial biogenesis and function, and its deletion in
cardiomyocytes induces DCM.?*3° Given that SIRT1
was down-regulated in Lmna™'~ hearts at 2 weeks and
1 month, we hypothesized that SIRT1 reduction con-
tributes to the mitochondrial injury and heart failure
with lamin A/C impairment. LKD NRVMs were infec-
ted with adenovirus expressing SIRT1-3xFLAG-eGFP
(Ad-SIRT1) or adenovirus expressing eGFP only (Ad-
Control). Seahorse analysis revealed that SIRT1 over-
expression restored OXPHOS levels in LKD NRVMs,
with increased basal respiration, ATP production,
maximal respiration, and spare respiration capacity
(Figures 5A and 5B). In addition, the reduced mito-
chondrial membrane potential in LKD NRVMs was
also normalized by SIRT1 overexpression (Figures 5C
and 5D). These results suggest that SIRT1 over-
expression rescues the bioenergetics impairment in
lamin A/C-deficient cardiomyocytes.

We next evaluated the therapeutic effect of SIRT1
on mitochondrial injury in Lmna”~ mice. Adeno-
associated virus AAV-CMV-SIRT1-mNeonGreen (AAV-
SIRT1) or AAV-CMV-mNeonGreen (AAV-Control) were
injected in neonatal 1 to 3 days old mice, and hearts
were collected for analyses at 1 month of age
(Figure 5E). Up-regulation of SIRT1 mRNA and protein
was verified in AAV-SIRT1 mice (Supplemental
Figures 6A to 6C), and TEM analysis indicated that
the decreased mitochondrial cristae density and
aberrant morphology in Lmna™~ hearts were partially
restored by SIRT1 overexpression (Figure 5F). Quanti-
fication of TEM images showed increases in mito-
chondrial cristae number and percentage of healthy
mitochondria, as well as a reduced number of severely
injured mitochondria in Lmna”~ hearts with
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AAV-SIRT1 compared with Lmna™~ hearts with AAV-
Control (Figures 5G and 5H), suggesting a key role of
SIRT1 in maintaining mitochondrial health in vivo.
These observations suggest that SIRT1 protects against
cardiac mitochondrial injury induced by lamin A/C
deficiency.

AAV-MEDIATED SIRT1 OVEREXPRESSION ALLEVI-
ATES CARDIAC DYSFUNCTION AND PROLONGS
SURVIVAL IN LMNA~/~ MICE. We next sought to
determine the therapeutic effect of AAV-SIRT1 pre-
treatment on the cardiac phenotype of Lmna”" mice.
At 1 month post-AAV-SIRT1 injection, no significant
improvements were found in exteriors, BW, and HW,
nor in the HW/BW, of Lmna™'~ mice compared with the
AAV-Control group (Supplemental Figures 6D and 6E).
However, increased LW/BW in 1 month-old Lmna™"
mice was mitigated by pretreatment with AAV-SIRT1
(Figure 6B). Echocardiographic analysis revealed
marked increases in LVEF, FS, and heart rate in
Lmna™~ mice pretreated with AAV-SIRT1 (Figures 6A
and 6C). Furthermore, the abnormal LVESV/BW and
left ventricular internal diameter at end-systole/BW in
Lmna™'~ mice were attenuated by AAV-SIRT1, whereas
LVEDV/BW and left ventricular internal diameter at
end-diastole/BW remained unchanged (Figure 6D).

Histological analysis revealed mitigated ventricu-
lar dilation and reduced cardiac fibrosis in Lmna™/
mice with AAV-SIRT1, although the heart size was not
altered (Figures 6E and 6F). Moreover, AAV-SIRT1
administration did not affect basal heart function or
geometry in WT mice, suggesting no obvious side
effects of AAV-based SIRT1 gene therapy. Although
Lmna”~ mice with AAV-Control lived a median sur-
vival time of 36.5 days, Lmna™'~ mice with AAV-SIRT1
lived to a median of 48.5 days (Figure 6G), which is a
significant increase in longevity. These findings sug-
gest that AAV-mediated SIRT1 overexpression cor-
rects the cardiac dysfunction in Lmna”~ mice,
implicating a therapeutic potential for cardiac
laminopathy.

FIGURE 6 Continued

Abbreviations as in Figures 1, 3, 4, and 5.

(A) Representative echocardiography of WT and Lmna™~ mice pretreated with AAV-SIRT1 or AAV-Control. (B) LW/BW of WT and Lmna™~ mice
pretreated with AAV-SIRT1 or AAV-Control (WT+AAV-Control, WT+AAV-SIRT1, n = 5; Lmna™"+AAV-Control, Lmna”+AAV-SIRT1, n = 4). (C)
Quantification of LVEF, FS, and HR (n = 6). (D) Quantification of LVESV/BW, LVEDV/BW, LVIDs/BW, and LVIDd/BW (n = 6). (E) Representative
HE staining (scale bar: 1 mm) and Masson trichrome staining (scale bar: 100 um) images of the ventricular transverse section of WT and
Lmna™" mice pretreated with AAV-SIRT1 or AAV-Control. (F) Quantification of the percentage of collagen in myocardial tissue (n = 4). (G)
Kaplan-Meier curves of Lmna™~ mice pretreated with AAV-Control (median survival 36.5 days) or AAV-SIRT1 (median survival 48.5 days)
(WT+AAV-Control, Lmna™ +AAV-Control, Lmna™+AAV-SIRT1, n = 8; WT-+AAV-SIRT1, n = 7; Breslow generalized Wilcoxon test). Data are
presented as mean + SD. Data in B, C (HR), D, and F were compared by using an analysis of variance with a Tukey post hoc test; data in

C (LVEF and FS) were compared by using the Kruskal-Wallis test with the Dunn post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.
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LAMIN A/C MAINTAINS MITOCHONDRIAL BIOENERGETICS
THROUGH THE SIRTI-PARKIN AXIS. To decipher the
underlying mechanism that SIRT1 protects mito-
chondrial bioenergetics in lamin A/C-deficient hearts,
we tested mitochondrial homeostasis-related protein
expressions in 1-month-old Lmna™'~ hearts with AAV-
SIRT1 administration. As shown in Figures 7A to 7C,
the SIRT1 target PGCi1o and the mitophagy mediator
PARKIN, as well as complexes I, II, III, and V, were
significantly up-regulated in Lmna~~ mice with AAV-
SIRT1 compared with AAV-Control. However, DRP1,
MFN2, and PINK1 levels were unaltered by AAV-SIRT1
(Figures 7A and 7B). These results suggest that SIRT1
maintains mitochondrial energy metabolism through
PGC1a and PARKIN.

Considering the known protective role of SIRT1-
PGC1o in energy metabolism,*® we next investigated
if PARKIN is necessary for the advantageous role of
SIRT1 on mitochondrial bioenergetics. PARKIN was
knocked down in LKD NRVMs using siRNA (knock-
down of both Lmna and Parkin). As expected, PARKIN
knockdown completely abrogated the promotive ef-
fect of SIRT1 on oxidative respiratory capacity in
lamin A/C deficiency (Figures 7D and 7E), suggesting
that lamin A/C modulates mitochondrial function
through, at least partially, the SIRT1-PARKIN axis.

DISCUSSION

DCM patients with LMNA mutations frequently
manifest with more severe heart failure, earlier ma-
lignant arrhythmias, and sudden death, with nearly
20% requiring heart transplantation, yet the patho-
genesis of LMNA-DCM is not fully understood.*"**
The present study showed that mitochondrial injury
is an early event in Lmna™/~ mice hearts, as evidenced
by the progressively down-regulated pathways
related to mitochondrial translation, assembly of
respiratory chain complexes, and OXPHOS, along
with premature compromised cristae structure and
number, which may be secondary to down-regulation
of SIRT1. Overexpression of SIRT1 ameliorates cardiac
mitochondrial dysfunction both in vitro and in vivo,
as well as the DCM phenotype in Lmna”~ mice.
Mechanistically, PARKIN knockdown nullifies the
advantageous role of SIRT1 on mitochondrial bio-
energetics, suggesting that lamin A/C protects mito-
chondrial bioenergetics at least partially via the
SIRT1-PARKIN axis. This study suggests that targeting
the SIRT1 signaling pathway is a potential novel
therapeutic avenue for DCM with LMNA mutations.
In the present study, we generated Lmna™'~ mice
using CRISPR/Cas9 technology and found that
1-month-old mice exhibited cardiac dysfunction,
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ventricular dilation, and fibrosis, but 2-week-old mice
still showed normal cardiac function. This study was
the first to perform myocardial tissue proteomics of
Lmna™~ hearts at ages 2 weeks and 1 month to unmask
alterations in signal transduction pathways at the
pre-DCM and DCM-onset stages. Our enrichment
analysis from Kyoto Encyclopedia of Genes and Ge-
nomes and Reactome revealed concordant down-
regulation of mitochondria-related pathways such as
OXPHOS, mitochondrial translation, and respiratory
electron transport, suggesting that mitochondrial
dysfunction plays a contributing role in the devel-
opment of DCM caused by LMNA deletion. Consis-
tently, early-stage severely injured mitochondria
with cristae loss were observed by using TEM, along
with decreased cristae formation proteins. In addi-
tion, our proteomics data also revealed other dysre-
gulated biological processes, such as protein
processing, closely related to the function of the
endoplasmic reticulum,**** which may accentuate
cardiac dysfunction of Lmna™" mice. Furthermore, a
number of identified DEPs were pertinent to acety-
lation, a posttranslational modification that can be
modulated by SIRT1.#° In addition, extracellular flux
analysis revealed defective ATP production and
maximal and spare respiration capacity in LKD car-
diomyocytes, suggesting an inability to meet cell
energetic demands under certain stressful conditions
when lamin A/C is lost.

Mitochondrial biogenesis, fission, fusion, and
mitophagy are crucial for mitochondrial self-renewal
and quality control. Impairment of MQC mecha-
nisms can aggravate mitochondrial dysfunction.3®4®
Our study found reduced mitochondrial biogenesis
regulators (SIRT1, PGC1a, and TFAM), fission-related
(DRP1 and FIS1), and down-regulated
mitophagy markers (PARKIN and PINK1), but
elevated fusion-related proteins (MFN1 and MFN2), in
the myocardium of 1-month-old Lmna”" mice, indi-
cating MQC disorders. Notably, only SIRT1 reduction
was found in 2 week-old Lmna™~ hearts, suggesting
an early culprit role of mitochondrial biogenesis
disruption in LMNA-DCM. Mitochondrial biogenesis
is an intricate nuclear-mitochondrial process, which
involves a symmetrical fission that generates 2
healthy mitochondria to increase mitochondrial mass
and quantity.*”*® This process is triggered by SIRT1
and its deacetylation of PGC1a.”>**° SIRT1-knockout
mice develop DCM, accompanied by a decrease in
the volume of cardiomyocytes, and abnormal mito-
chondrial morphology and function.° Recent studies

proteins

have found that lamin A/C deficiency leads to bio-
energetics impairment in mouse embryonic fibro-
blasts via attenuating PGClo and nicotinamide
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FIGURE 7 Lamin A/C Maintain Mitochondrial Bioenergetics Through SIRT1-PARKIN Axis
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(A) Representative Western blot images of MQC-related proteins and electron transport chain (ETC) complex subunits (complex I-V) in WT and Lmna™~ mice pretreated
with AAV-SIRT1 or AAV-Control. (B and C) Quantification of MQC-related proteins (B) and complex | to V (C) expressions normalized to B-actin (n = 3). (D) Repre-
sentative image of OCR in LKD NRVMs transfected with Ad-Control or Ad-SIRT1, and lamin A/C and PARKIN knockdown (LPKD) NRVMs transfected with Ad-SIRT1. (E)
Quantification of ATP production, maximal respiration, and spare respiratory capacity (n = 5). Data are presented as mean + SD and were compared by using analysis
of variance with a Tukey post hoc test (B, C, and E). *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations as in Figures 1 to 5.

phosphoribosyltransferase/NAD™ signaling,”® high-
lighting an obligatory role of mitochondrial biogen-
esis in LMNA protection of mitochondrial function,
which is consistent with our results. Mitochondrial
fission and fusion are mutually antagonistic but
related processes that are essential to ensure optimal
mitochondrial function under physiological and
pathologic contexts.”" Although excessively activated
fission and down-regulated fusion were observed in
some cardiovascular diseases such as cardiac hyper-
trophy, or heart

ischemia-reperfusion injury,

failure,”®>* our data indicated inhibited fission and
enhanced fusion, suggesting that distinct regulation
mechanisms exist in Lmna™~ hearts. Of note, deletion
or mutation of DRP1 in mice hearts also leads to heart
failure and premature death, concomitant with
mitophagy defects.”>>® Overexpression of MFN2 can
bring about mitochondrial perinuclear aggregation, a
phenomenon before apoptotic cell death,” which was
also observed from our fluorescence imaging of LKD
NRVMs. Therefore, whether this imbalance of mito-
chondrial fission and fusion in the Lmna™~ hearts
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exacerbates DCM or simply acts as a protective
compensatory mechanism under cardiac stress war-
rants further investigation.

Given that SIRT1 is down-regulated before the
emergence of evident cardiac dysfunction in Lmna™/
mice, as well as its regulatory role in energy meta-
bolism,”’ we investigated whether SIRT1 over-
expression can reverse mitochondrial damage and the
DCM phenotype in Lmna™~ mice. As expected, SIRT1
alleviates mitochondrial structural and functional
injury, mitigates cardiac systolic dysfunction and
fibrosis, and extends the lifespan of Lmna”~ mice.
Previous findings have shown that lamin A activates
SIRT1 deacetylase, and Lmna”~ mouse embryonic fi-
broblasts exhibit decreased SIRT1 deacetylase activ-
ity.?>°° Thus, SIRT1 activators may be an option for
the treatment of LMNA-DCM. The AAV9 vector re-
quires only a single injection, and the in vivo trans-
gene expressions can be detected after 1 year, which
has been successfully used in LMNA-associated car-
diomyopathy mouse models.'>*® Furthermore, AAV-
based gene therapy has been shown to be safe for
clinical application, including in patients with car-
diovascular diseases.>®®° SIRT1-targeted therapy is
clinically relevant. First, there is clinical evidence
that SIRT1 is down-regulated in myocardial samples
from heart failure patients with ischemic cardiomy-
opathy and DCM, as well as in patients with diabetes.
In addition, reduced SIRT1 expression in the
myocardium of patients with diabetes is associated
with an increase in intramyocardial triacylglycerol
content and up-regulation of
proliferator-activated receptor gamma signaling.
Second, SIRT1 has been proposed as a downstream
mechanism of cardioprotective effects of sodium-

peroxisome
61,62

glucose cotransporter 2 inhibitors, which have been
shown in large-scale clinical trials to reduce heart
failure hospitalizations and cardiovascular death.®?
Finally, SIRT1 is highly dependent on the bioavail-
ability of NAD*. Boosting NAD™" has been proven to be
a promising therapeutic avenue against cardiomyop-
athy and heart failure in several mice models and
human studies.®*®” Together, our results support
prior research and have favorable clinical trans-
formation prospects.

Mechanistically, we found that PARKIN knock-
down nullified the beneficial effects of SIRT1 on en-
ergy metabolism in LKD NRVMs, suggesting PARKIN
is necessary for mitochondrial bioenergetics down-
stream of SIRT1 in lamin A/C-deficient conditions.
PARKIN is an E3 ubiquitin protein ligase required for
mitophagy activation. Neonatal mice with PARKIN
knockout develop perinatal cardiomyopathy in con-
cert with premature death due to a disruption of fetal
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mitochondrial mitophagic removal.®® SIRT1-PARKIN-
mediated mitophagy has been shown to be pivotal in
cardiac senescence and ischemia/reperfusion
injury.®®7° Our results showed that the SIRTi-
PARKIN axis improves mitochondrial
respiration capacity in lamin A/C-deficient -car-
diomyocytes; however, detailed evaluation of
PARKIN-mediated mitophagy and its alternation

oxidative

following the progression of cardiac dysfunction in
Lmna™" hearts requires further studies.

STUDY LIMITATIONS. Although our findings suggest
a new strategy for treating LMNA-DCM, there are
several limitations. First, the Lmna”~ mice model
used in this study was constructed by global knockout
of the Lmna gene. Although these mice faithfully
exhibit the DCM phenotype, they do not recapitulate
all the genotypes of DCM patients with LMNA muta-
tions, some of which have gain-of-function or are
heterozygous. In addition, the high mortality of
Lmna™'~ mice is likely of cardiac origins but may also
involve other tissue and organ failure. Likewise,
although the endpoints are primarily cardiac, it is
noteworthy that the benefits of SIRT1 could poten-
tially be attributed to the off-targeting effects of
AAV9, including vascular endothelium dysfunction
restoration,”’ skeletal muscle and respiratory func-
tion improvement,’>”* and adipose tissue metabolic
regulation.”* Cardiomyocyte-specific knockout mice
would be a more appropriate model for a cardiac-
specific signaling pathway study. Second, arrhyth-
mias are another mechanism of premature death in
Lmna™" mice, which were not evaluated in this study.
It has been shown that SIRT1 deacetylates Na,1.5 and
SERCA?2a, regulating their activities.”>’® Hence, the
beneficial effects of SIRT1 overexpression may also be
related to changes in cardiac electrical activity. Third,
it remains unclear how lamin A/C loss induces the
down-regulation of SIRTi. Our preliminary data
revealed an unaltered SIRT1 mRNA level after LMNA
deletion, suggesting that it is unlikely a transcrip-
tional regulation. Although previous findings sug-
gested that lamin A interacts with SIRT1 in mouse
embryonic fibroblasts and HEK293 cells,” whether
this interaction occurs in cardiomyocytes and, if so,
how it contributes to SIRT1 degradation warrant
further studies.

CONCLUSIONS

We found that Lmna”~ mice hearts exhibit mito-
chondrial structural and functional damage, as well
as MQC disorders, including mitochondrial biogenesis
damage, fission and fusion imbalance, and mitophagy
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defects. Overexpression of SIRT1 assuages the cardiac
mitochondrial anomaly caused by lamin A/C defi-
ciency and DCM phenotype in Lmna”~ mice. Mecha-
nistically, this study elucidates that LMNA protects
mitochondrial bioenergetics through the SIRT1-
PARKIN axis, denoting novel therapeutic targets for
LMNA-DCM.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This
study identified that mitochondrial injury and SIRT1
down-regulation are early events in Lmna™~ mice
hearts. Overexpression of SIRT1 alleviates myocardial
mitochondrial dysfunction and DCM caused by lamin
A/C deficiency. LMNA regulates mitochondrial bioen-
ergetics through the SIRT1-PARKIN axis.

TRANSLATIONAL OUTLOOK: Pharmacologic
activation of the SIRT1 signaling pathway may present
a novel therapeutic avenue for treating LMNA
mutation-associated DCM.
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APPENDIX The data underlying this paper
are all available within the paper and in the
Supplemental Appendix. The proteome data
generated can be viewed in integrated prote-
ome resource iProX (http://www.iprox.org)
with ID IPX0006466000. The normalized data
file is provided as Supplemental Table 1.
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