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Haploinsufficiency of Tmem43 in cardiac myocytes
activates the DNA damage response pathway
leading to a late-onset senescence-associated
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Aims Arrhythmogenic cardiomyopathy (ACM) encompasses a genetically heterogeneous group of myocardial diseases
whose manifestations are sudden cardiac death, cardiac arrhythmias, heart failure, and in a subset fibro-adipogenic
infiltration of the myocardium. Mutations in the TMEM43 gene, encoding transmembrane protein 43 (TMEM43) are
known to cause ACM. The purpose of the study was to gain insights into the molecular pathogenesis of ACM
caused by TMEM43 haploinsufficiency.

Methods The Tmem43 gene was specifically deleted in cardiac myocytes by crossing the Myh6-Cre and floxed Tmem43 mice.

and results Myh6-Cre:Tmem43*"'F mice showed an age-dependent phenotype characterized by an increased mortality, cardiac
dilatation and dysfunction, myocardial fibrosis, adipogenesis, and apoptosis. Sequencing of cardiac myocyte tran-
scripts prior to and after the onset of cardiac phenotype predicted early activation of the TP53 pathway. Increased
TP53 activity was associated with increased levels of markers of DNA damage response (DDR), and a subset of
senescence-associated secretary phenotype (SASP). Activation of DDR, TP53, SASP, and their selected downstream
effectors, including phospho-SMAD?2 and phospho-SMAD3 were validated by alternative methods, including immu-
noblotting. Expression of SASP was associated with epithelial-mesenchymal transition and age-dependent expres-
sion of myocardial fibrosis and apoptosis in the Myh6-Cre:Tmem43™'" mice.

Conclusion TMEMA43 haploinsufficiency is associated with activation of the DDR and the TP53 pathways, which lead to in-
creased expression of SASP and an age-dependent expression of a pro-fibrotic cardiomyopathy. Given that
TMEMA43 is a nuclear envelope protein and our previous data showing deficiency of another nuclear envelope pro-
tein, namely lamin A/C, activates the DDR/TP53 pathway, we surmise that DNA damage is a shared mechanism in
the pathogenesis of cardiomyopathies caused by mutations involving nuclear envelope proteins.
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Graphic Abstract: Mechanisms involved in the pathogenesis of cardiomyopathy cavsed by

mutations in the TMEM43 gene

Mutations in the TMEM43 gene lead to double siranded DNA breaks (DSBs), presumably
through interaction with chromatin, either directly or through Lamin A/C (LMNA).

DSBs activates the DNA damage response (DDR) and exp

of the

secretary phenotype {SASP) through activation of TP53 as well as release of the genomic DNA

to the ¢ and sensing of cy

ic DNA by OGAS and its downstream pathways (P50 and

P65) involved in the expression of SASP. SAPS induce cell cycle arrest, apoptosis, fibrosis, and

cell senescence,
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1. Introduction

Arrhythmogenic cardiomyopathy (ACM) encompasses a broad category
of primary myocardial diseases whose manifestations are sudden cardiac
death, ventricular arrhythmias, and heart failure.™ Cardiac arrhythmias
typically occur early and precede the onset of cardiac dysfunction or are
judged to be disproportional to cardiac dysfunction, i.e. ventricular
tachycardia occurs in the presence of mild cardiac dysfunction (reviewed
in ref?). This is in contrast to primary dilated cardiomyopathy (DCM),
whose primary presentation is typically heart failure with cardiac
arrhythmias typically occurring late in the course of the disease and com-
monly in the context of severe cardiac dysfunction. The classic form of
ACM predominantly involves the right ventricle, particularly in the early
stages, and is referred to as arrhythmogenic right ventricular cardiomy-
opathy (ARVC).* The pathological hallmark of the classic ARVC is
progressive myocardial fibro-adipogenesis, with a predilection towards
involvement of the right ventricle, which results in a gradual replacement
of cardiac myocytes with fibro-adipocytes.”

ACM is a genetically heterogeneous disease. It was mainly recognized
as the disease of desmosomes because of identification of mutations in
several genes encoding desmosome proteins, namely PKP2, DSP, DSG2,
DSC2, and JUP, encoding plakophilin 2, desmoplakin, desmoglein 2,

desmocolin 2, and junction protein plakoglobin, respectively (reviewed
in ref?). Desmosomes are members of the intercalated disks (IDs),
which are distinct structures at the cell—cell junctions in the myocardium.
IDs are responsible for maintaining tissue mechanical integrity and are
signalling hubs for pathways involved in mechano-sensing, including
the canonical WNT and the Hippo pathways, which are implicated in the
pathogenesis of ACM.®™?

The genetic spectrum of ACM has been recently expanded to include
genes coding for proteins with a diverse array of functions. Notable
among the recent findings are CDH2, which codes for cell adhesion pro-
tein cadherin 2; CTNNA3 encoding ID protein oT-catenin; FLNC, which
codes actin-binding protein filamin C; PLN, which codes for the calcium
regulatory protein phospholamban; and RBM20, whose encoded protein
targets sarcomere and calcium handling genes for splicing.'®"* A pro-
pensity to cardiac arrhythmia, by definition, is a common feature of ACM
caused by all causal genes, however, expression of other cardiac pheno-
types, such as involvement of the chambers and myocardial histopathol-
ogy seem to differ among patients with ACM. Whereas ARVC, the
classic form of ACM, exhibits a predilection towards involvement of the
right ventricle, ACM caused by mutations in the FLNC and PLN genes
predominantly involve the left ventricle, not dissimilar from the classic

DCM except for the preponderance of ventricular arrhythmias.'>"?
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Overall, phenotypic variability in ACM is in keeping with the variable
expression of the phenotype in hereditary cardiomyopathies.

A distinct group of causal genes for ACM, specifically LMNA and
TMEMA43, encode nuclear inner membrane proteins lamin A/C (LMNA)
and transmembrane protein 43 (TMEMA43), respectively."'® The human
molecular genetic data provide robust evidence for the causal role of
LMNA and TMEM43 in ACM."*™"” However, there are scant data on the
molecular mechanisms by which mutations in the TMEM43 gene cause
ACM. It will not be surprising if distinct mechanisms are involved in the
pathogenesis of ACM caused by mutations in genes encoding nuclear en-
velope proteins, such as TMEM43, as opposed to the subset caused by
mutations in genes encoding desmosome proteins. Thus, the purpose of
this study was to gain insights into the molecular mechanisms responsible
for ACM caused by the Tmem43 haploinsufficiency in mice.

2. Methods

An expanded Methods section is provided as Supplementary material
online.

2.1 Data sharing and availability

RNA-seq data have been deposited in the public database GEO (https://
www.nebi.nlm.nih.gov/gds, GSE147317. Additional data pertaining to the
present article are available from the corresponding author upon
request.

2.2 Regulatory approvals

Animal procedures were in full compliance with the NIH Guidelines for
the Care and Use of Laboratory Animals and approved by Animal Care
and Use Committee of the University of Texas Health Science Center—
Houston.

2.3 Anaesthesia and euthanasia

To isolate cardiac myocytes, mice were anaesthetized with intraperito-
neal injection of a single dose (50 mg/kg) of pentobarbital. To perform
echocardiography and electrocardiography, anaesthesia was induced
with 3% inhaled isoflurane and was maintained at 0.5-1% isoflurane
throughout the procedures. Mice were euthanized with CO; gas inhala-
tion followed by cervical dislocation.

2.4 Myh6-Cre:Tmem43"W'F mice

The Tmem43 gene was deleted specifically in cardiac myocytes by cross-
ing the Myh6-Cre deleter and Tmem4 3™ (EUCOMMWsi
mouse project—KOMP). The mouse contains a LacZ reporter cassette
cloned into intron 4 of the Tmem43 gene flanked by FLIPPASE recogni-

mice (knock out

tion target (Frt) sites as well as floxed exons 5 to 7 of the Tmem43 gene
(Supplementary material online, Figure S7). One copy of the Tmem43
gene was deleted in stepwise fashion, first upon excision of the LacZ re-
porter cassette using the mice expressing FLIPPASE and then excision of
the floxed exon 5-7 of the Tmem43 gene using the Myh6-Cre mice, as il-
lustrated in Supplementary material online, Figure S1. Wild type and
Myh6-Cre were also generated in the same genetic background and used
as controls. Given that the genetic variants in the TMEM43 gene, includ-
ing truncation variants, in human patients with ACM are heterozygous
mutations (https://www.ncbi.nlm.nih.gov/clinvar), only mice heterozy-
gous for Tmem43 deletion were generated and characterized. Mice
were genotyped by PCR. Supplementary material online, Table ST lists

sequence of the oligonucleotide primers used for genotyping and deter-
mining the recombination efficiency.

2.5 Cardiac size and function

Cardiac size and function were assessed using an ultrasound imaging sys-
tem (Vevo 1100), equipped with a 22-55 MHz MicroScan transducer in
age- and sex-matched littermates, as published.m’21

2.6 Gross morphology

Heart weight was measured after separation of the great vessels from
the cardiac chambers and the heart weight was indexed to body
weigh‘c.mﬁ21

2.7 Myocardial fibrosis

Thin (5 micron) myocardial sections were cut from paraffin-embedded
heart tissues and stained with picrosirius red or Masson’s trichrome.
Collagen volume fraction (CVF) was calculated as the percentage of pic-
rosirius red stained area to total myocardial section area using ImageJ
software, as published.'®"

2.8 Myocyte cross-sectional area

Thin myocardial sections were stained with Wheat Germ Agglutinin
(WGA), as described previousl)/.19'22'23 To identify cardiac myocytes,
myocardial sections were stained with an antibody against pericentriolar
membrane protein (PCM1), which specifically marks the cardiac myo-
cytes nuclei in the heart.***> The number of cardiac myocytes and the
areas stained for WGA were calculated in 6—12 microscopic fields per
section and 6—10 sections per heart, comprising approximately 6000 to
12 000 myocytes per each mouse heart.'

2.9 Immunoblotting (IB)
Cardiac myocyte and whole heart protein extracts were analysed for ex-
pression of selected proteins by IB using ~50 g aliquots of protein
extracts, as published.wk21 The list of primary antibodies and the respec-
tive horseradish linked secondary antibodies is provided in
Supplementary material online, Table S1.

2.10 Immunofluorescence (IF)

Thin myocardial frozen sections were probed with specific primary
antibodies and the corresponding conjugated secondary antibodies to
detect expression and localization of the proteins of interest."®" The
list of the antibodies used for the IF studies is provided in Supplementary
material online, Table S7.

2.11 TUNEL assay

Myocardial apoptosis was detected by terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) assay using the In-Situ Cell
Death Detection Fluorescein Kit, as published.'®2° Approximately,
6000 to 12 000 cells per each heart was analysed and the percentage of
the TUNEL positive cells was calculated.

2.12 Isolation of adult mouse cardiac
myocytes

Adult mouse cardiac myocytes were isolated using a collagenase
perfusion method, as published.'®?°2¢ In brief, the heart was perfused
retrogradely with a digestion buffer containing collagenase type Il
(2.4 mg/mL) until it became spongy. The heart was then minced thor-
oughly to dissociate cells and the cell suspension was filtered through a
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100 um cell strainer. Cardiac myocytes were pelleted by centrifugation
and subjected to step-wise exposure to increasing concentrations of cal-
cium. Following the final wash, myocytes were used for RNA or protein
isolation and immunostaining.

2.13 RNA sequencing (RNA-seq)

RNA-seq was performed as published.®° In brief, total RNA was
extracted from isolated ventricular cardiac myocytes and samples with
an RNA Integrity Number (RIN) of >8 were used to prepare sequencing
libraries. Samples were depleted from ribosomal RNA and strand-
specific sequencing libraries were generated and sequenced on an
Illumina HiSeq 4000 instrument to generate 75 bp paired-end reads. The
sequencing reads were aligned to the mouse reference genome build
mm10 using HISAT2.*” The aligned read pairs were annotated using
GENCODE gene model (https://www.gencodegenes.org/mouse/). Read
counts were obtained using the featureCounts and the differential ex-
pression analysis was performed using the DESeq2 in the R package
(https/iwww.r-project.org/). 2% Significance level was set at a g-value
(Benjamini-Hochberg FDR-adjusted P-value) of <0.05.%°

2.14 Pathway analysis

To identify the dysregulated biological pathways, the RNA-seq data
were analysed for enriched gene sets using Ensemble of Gene Set
Enrichment Analyses (EGSEA), which utilizes up to 12 prominent gene
set testing algorithms and provides a combined ranking of enriched path-
ways and gene sets.®" Significant pathways and gene sets were obtained
based on combined q<0.05 and presented based on combined ranks
and scores.

Individual gene set analysis was performed using GSEA and significance
was assessed by analysing signal-to-noise ratio and 1000 permutations
against the curated gene sets for hallmark and the canonical pathways of
Molecular signature database (MSigDB). The data were presented as en-
richment score and an FDR cut-off of 0.05.

Differentially expressed genes (DEGs) were evaluated using the
Ingenuity pathway analysis (IPA) software to predict their upstream reg-
ulators, which were categorized as the transcriptional regulator (TRs)
or growth factor. Activation or suppression of the upstream regulators
was defined by determining the number of DEGs that overlapped with
the curated genes in the specific pathway. A P-value of <0.05 and a Z
score of greater than +2 or less than -2 were considered significant.

2.15 RT-PCR

Transcript levels of selected genes were quantified by RT-PCR. Gapdh
transcript level was used to normalize the target gene expression level
and the AACT method was used to compare the expression levels. The
list of TagMan probes and oligonucleotide primers used in the RT-PCR
reactions are provided in Supplementary material online, Table S1.

2.16 Quantification of active TGF[}1 level

Active TGFB1 protein levels were measured in cardiac myocytes using
an ELISA kit. The assay was performed using 200 pg of the protein lysate
upon activating the latent TGFB1. TGFB1 standards and samples were
loaded on to pre-coated wells embedded with a TGFB1-specific mono-
clonal antibody followed by incubation with an enzyme-linked polyclonal
antibody specific for TGFB1. TGFB1 levels were quantified by the colori-
metric detection method following addition of a substrate solution con-
taining hydrogen peroxide and tetramethylbenzidine. Colour intensity of

the reaction was determined using a Microplate reader. TGFB1 level was
calculated and plotted as pg/mg protein.

2.17 Co-immunoprecipitation (Co-IP)

Co-IP was performed as published with minor modifications.®* In brief,
adult mouse whole hearts were homogenized using a handheld homoge-
nizer and the homogenates were incubated in a lysis buffer containing
protease and phosphatase inhibitors. The lysates were disrupted by soni-
cation using Bioruptor Pico and the supernatant was separated by centri-
fugation. Approximately 500 g aliquot of each supernatant, after
preclearing with protein G sepharose, was incubated with either an anti-
TMEM43 or an anti-TGFB1 antibody. The protein immune complexes
were pulled down by protein G Sepharose beads, resolved on an SDS-
PAGE gel, transferred to a membrane and probed with either an anti
TMEM43 or an anti TGFB1 antibody. The signal was detected using HRP
conjugated secondary antibodies and the ECL western blotting detection
kit in a LICOR imager.

2.18 Cross-linked immunoprecipitation

The Co-IP studies were complemented with cross-linked immunopre-
cipitation, as described.*® Briefly, aliquots of total heart tissues were
cross-linked in 1% formaldehyde and sonicated to achieve fragment sizes
of 200-500 bp. The fragments were precleared with Protein G
Sepharose and incubated with 5 g of an anti TMEMA43 antibody or a
control rabbit IgG. The immune complexes were pulled down with pre-
coated BSA protein G Sepharose beads and resolved onto an SDS-
polyacrylamide gel. Following transfer to a nitrocellulose membrane, the
membrane was incubated with an anti LMNA or an anti TMEMA43 anti-
body followed by incubation with an HRP conjugated secondary anti-
body. Signals were detected using the ECL western blotting detection kit
with a LICOR imaging system.

2.19 Protein phosphatase 2 (PP2A) activity

assay

PP2A activity was measured in cardiac myocytes lysates using an
Immunoprecipitation Phosphatase Assay Kit. To measure PP2A activity,
PP2A was immunoprecipitated and assessed for phosphate release after
addition of a phosphopeptide as a substrate. The reaction was detected
with Malachite Green phosphate detection solution according to the
manufacturer protocol. The absorbance values representing PP2A activ-
ity levels were measured using a microplate reader.

2.20 Statistical analysis

Gaussian distribution of the data was analysed by Shapiro—Wilk normal-
ity test. Data that followed a Gaussian distribution were compared by t-
test or one-way analysis of variance (ANOVA) followed by Bonferroni
pairwise comparisons. Data deviating from a Gaussian distribution were
analysed by Kruskal-Wallis test. The categorical data were analysed by
Fisher’s exact or y* test. Survival was analysed by Kaplan—-Meier survival
plots and the log-rank test. Statistical analyses were performed using
Graph pad Prism 8 or STAT IC, 15.1.
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3. Results

3.1 Expression and localization of TMEMA43

protein in the mouse cardiac myocytes

To detect expression and subcellular localization of TMEM43 in cardiac
myocytes, thin myocardial sections from WT mice were co-stained with
antibodies against TMEM43 and PCM1, the latter is known to mark myo-
cyte nuclei in the mouse heart, 242534 Expression of TMEM43 was
detected in 60.9 +7.4% of mouse cardiac myocytes in the myocardial
sections (Figure 1A). Likewise, co-staining of isolated mouse cardiac myo-
cytes with antibodies against TMEM43 and PCM1 detected expression
and localization of TMEM43 protein to the nuclear membrane in the iso-
lated cells (Figure 1B). Moreover, isolated myocytes were co-stained
with antibodies against TMEMA43 and LMNA, the latter is a nuclear inner
membrane protein. TMEM43 and LMNA were co-stained and co-
localized to myocyte nuclei, as shown in Figure 1C. Collectively, the
data indicate expression and co-localization of TMEM43 protein to
nuclear membrane in mouse cardiac myocytes, which is consistent with
the data in the Human Protein Atlas (https://www.proteinatlas.org/
ENSG00000170876-TMEM43).

To detect expression of TMEMA43 in other myocardial cell types,
thin myocardial sections were co-stained with antibodies against
TMEM43 and LMNA or markers of fibroblasts (platelet-derived
growth factor o—PDGFRA), smooth muscle cells (o smooth muscle
actin—ACTA2), or endothelial cells (platelet and endothelial cell ad-
hesion molecule 1—PECAM1). Co-staining of thin myocardial sec-
tions showed expression and nuclear co-localization of TMEM43 and
LMNA proteins in the myocardium, as well as expression of TMEM43
protein in cardiac fibroblasts, smooth muscle cells, and endothelial
cells (Supplementary material online, Figure S2A-D). Similarly, protein
extracts from cardiac fibroblasts, endothelial cells, cells expressing
platelet-derived growth factor receptor-o. (PDGFRA), and pericytes
were also probed with an anti TMEM43 antibody by immunoblotting.
As shown in Supplementary material online, Figure S2E, TMEMA43 was
also expressed in other cardiac cell types.

3.2 Myh6-Cre:Tmem43™V'F mice

The Myhé—Cre:Tmem43W/F mice were born per Mendelian expecta-
tions without notable abnormalities. Cre-mediated recombination ef-
ficiency in the DNA isolated from cardiac myocytes was determined
by PCR using oligonucleotide primers upon amplification of the
Tmem43 floxed region (Supplementary material online, Figure S3A).
Recombination efficiency, calculated as the fraction of Tmem43 alleles
that were recombined, was approximately 38.1 £4.6% in the Myhé-
Cre:Tmem43%V'F
Figure S3B).

To determine efficiency of the deletion, Tmem43 transcript and
TMEM43 protein levels were determined by RT-PCR and immunoblot-
ting, respectively, in cardiac myocytes isolated from the WT, Myhé-Cre,

mouse myocytes (Supplementary material online,

and Myh6-Cre:Tmem43*¥"" mice. Tmem43 transcript levels were reduced
by ~40% in the Myh6-CreTmem43%Y'F myocytes as compared to the
WT myocytes and were unchanged in the Myh6-Cre mice alone
(Figure 1D). Likewise, TMEMA43 protein levels were reduced by
30.6+9.5 in cardiac myocytes isolated from the Myh6-Cre:Tmem43*™V'F
mice (Figure 1E and F). There were no differences in the TMEM43 pro-
tein levels in cardiac myocytes isolated from the WT and Myhé-Cre mice
(Supplementary material online, Figure S4). TMEMA43 protein levels in the
whole heart were not significantly different between the Myhé-

CreTmem43™F and WT mice, consistent with expression of the

TMEMA43 protein in other cardiac cell types, masking reduced TMEMA43
level in the myocytes (Figure 1G and H).

3.3 Gross cardiac morphology and survival
Myh6-Cre:Tmem43™'F appeared grossly normal but died prematurely be-
tween 4 and 17 months, resulting in a median survival of ~12 months
(Figure 11). The WT and Myh6-Cre mice had survival rates of 95% and
90%, respectively at ~20 months (Figure 11). The ventricular weight/body
weight ratio was increased in the Myhc’;—Cre:Tmem43vwF mice as com-
pared to WT or Myh6-Cre mice (Figure 1J). Considering survival rate of
the Myhé-Cre:Tmem43*™' mice, subsequent phenotypic characterization
was performed at ~4 and ~9 months of life.

3.4 Serial evaluation of cardiac dimensions

and function

The Myh6-Cre:Tmem43*"'F mice did not exhibit a discernible echocardio-
graphic phenotype at 4 months of age, as indices of cardiac size and func-
tion were normal (Supplementary material online, Table S2). However,
the Myh6-Cre:Tmem43*"'F mice developed left ventricular (LV) dilatation
and dysfunction by 9 months of age (Table 7). Accordingly, LV end-
diastolic diameter and end-systolic diameter were increased and LV frac-
tional shortening was reduced by about 50%, as compared to sex- and
age-matched WT and Myhé-Cre mice (Table 7). In conjunction with these
changes, LV mass and LV mass indexed to body weight were increased.
There was no discernible echocardiographic phenotype in the Myh6-Cre
mice (Table 7).

3.5 Myocardial fibro-adipogenesis

To detect myocardial fibrosis, thin myocardial sections were stained
with picrosirius red or Masson’s trichrome at two-time points of 4 and
9 months of age. CVF, determined as the percent of the myocardial sec-
tions stained for picrosirius red, was similar among the experimental
groups at ~4 months of age (Supplementary material online, Figure S5A
and B). However, CVF was markedly increased in 9 months old Myh6-
3WF mouse hearts, comprising about 3 to 10% of the myo-
cardium, whereas it was <2% in the age- and sex-matched WT and

Cre:Tmem4

Myh6-Cre mouse hearts (Figure 2A and B). Masson’s trichrome staining
also showed patchy areas of myocardial fibrosis in the Myh6-

Cre:Tmem43WV'F

mice (Figure 2C). In accord with these findings, transcript
levels of several genes coding for the markers of fibrosis, namely Col7a1,
Col3al, Tgfb1, Tgfb2, Ctgf, and Timp1 were increased in the hearts of
Myh<$»-Cre:Tmem43W/F mice as compared to WT or Myh6-Cre mice
(Figure 2D).

To assess adipogenesis in the heart, fresh frozen myocardial sec-
tions were immunostained for the expression of the adipogenic tran-
scription factor CEBPA and the percentage of nuclei expressing
CEBPA was determined in approximately 42 000 cells per genotype.
The number of nuclei stained positive for the expression of CEBPA

WIF
3 mouse hearts

was increased significantly in the Myhé-Cre:Tmem4
as compared to WT or Myhé-Cre controls (Figure 2E and F). In addi-
tion, thin myocardial sections were stained with an antibody against
perilipin 1 (PLIN1), a specific marker for lipid-rich adipocytes, which
showed increased number of adipocytes in the /\/thé—Cre:Tmem43W/F
as compared to Myh6é-Cre or WT mouse hearts (Figure 2G and H).
Moreover, the number of cells containing oil droplets, as detected by
Oil Red O (ORO) staining of thin myocardial section, was increased in
the Myh6-Cre:Tmem43™'" hearts at 9 but not at 4 months of age as
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Figure | TMEM43 expression, localization, and deletion in mouse cardiac myocytes. (A) TMEMA43 expression and localization to myocyte nuclear
membrane illustrated in thin myocardial sections from wild-type mice upon co-staining of myocardial sections with antibodies against TMEM43 (red)
and PCM1 (green), the latter being a specific marker of cardiac myocytes nuclei. The nuclei were counter stained with DAPI (blue). (B and C) Co-staining of
isolated cardiac myocytes from wild-type mice for TMEM43 and PCM1 (B) or TMEM43 and LMNA (C). Nuclei are stained with DAPI. (D) Reverse transcrip-
tion-quantitative PCR (RT-PCR) showing reduced Tmem43 transcript levels by ~40% in the Myhé-Cre:Tmem43*"'F cardiac myocytes. ANOVA followed
by pairwise P-values are depicted (N = 5-8 per group). (E) Immunoblotting (IB) showing reduced TMEM43 protein levels in the Myhé-Cre:Tmem43*V'F as
compared to the WT cardiac myocytes. (F) Quantitative data of TMEM43 protein levels, showing reduced levels in the Myh6-Cre:Tmem43%¥'" as compared
to WT cardiac myocytes. N = 8-10 per group, P-value was obtained by t-test. (G and H) IB and the corresponding quantitative data (normalized to GAPDH)
showing unchanged TMEM43 protein levels in whole heart protein extracts in the Myh6-Cre:Tmem4.3"¥'* as compared to WT mice (N = 7 per group, P-value
was determined by unpaired t-test). (I) Kaplan—Meier survival plots showing reduced survival rate in the Myh6-Cre:Tmem43*"'F as compared to the WT
and Myhé-Cre mice (N = 35-40 per group, log-rank test P-value is shown). () Increased heart weight to body weight ratio in the Myh6-Cre:Tmem43%V'" as
compared to mice in the control groups (N = 20-31 per group, ANOVA and pairwise P-values are depicted).
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Table | Echocardiographic findings in the Myhé-

Cre:Tmem43 W'F and control mice
WT Myh6-Cre  Myhé6-Cre:  P-value
Tmem43 W'F

N (male/female) 16 (6/10) 13(4/9) 20 (12/8) 0.1972°
Age (m) 9.3+1.20 84+1.90 87+2 0.33
BW (g) 304+7.50 302+7.60 283+5.10 0.5932
HR (b.p.m.) 520.2+43.40 497+3890 522+50 0.2817
ST (mm) 0.7+0.07 0.7+0.10 0.7+0.10 0.8248
LVEDD (mm) 3.5+0.30 3.6+040 4.1+0.80%& 0.0039
LVEDDi (mm/g) 0.12+0.02 0.13£0.03  0.15+0.04%& 0.0086
PW (mm) 0.78£0.10 0.8+0.10 0.8+0.10 0.9818
LVESD (mm) 2.1+£040 24+0.30 34+ 10 <0.0001
FS (%) 39+7.80 33.1£390  19.1+9.60%% <0.0001
EF (%) 69.6 £9.60 624+520 38.6+17.50%% <0.0001
LVM (mg) 713+£1940 732+14.60 94.2+31.80%% 00019
LVMi(mglg)  23+060  25+070 34+120%% 00065

BW, body weight; FS, fractional shortening; HR, heart rate; IVST, interventricular
septum thickness; LVEDD, left ventricular end-diastolic diameter; LVEDD,
LVEDD indexed to the body weight; LVESD, left ventricular end-systolic diame-
ter; LVM, left ventricular mass; LVMI, LVM indexed to the body weight; LVPWT,
left ventricular posterior wall thickness; M/F, male/female; Myh6-Cre and WT,
controls; Myh6-Cre:Tmem43*"’F, cardiac myocyte specific heterozygous deletion
of Tmem43.

X test.

P-values were obtained by one-way ANOVA followed by Bonferroni pairwise
comparisons.

**P <0.05 vs. WT.

&p < 0.05 vs. Myh6-Cre.

compared to the corresponding control groups (Figure 21 and | and
Supplementary material online, Figure S5C and D).

To corroborate the histological findings, transcript levels of several
genes involved in adipogenesis were quantified by RT-PCR. Transcript
levels of Cebpa, Apoe, Dgat1, and Ucp 1 were significantly increased in the
Myh6-Cre:Tmem43™" hearts, whereas transcript levels of Adipoq and
Pparg were unchanged as compared to levels in WT or Myh6-Cre hearts

(Figure 2K).

3.6 Apoptosis

Apoptosis was assessed by TUNEL assay at two-time points of 4 and
9 months of age. Whereas the number of TUNEL positive cells in the
heart was not increased at 4 months of age, the number of myocardial
cells stained positive for the TUNEL assay was increased by about
three-fold at 9 months of age in the Myh6-Cre:Tmem43%V'F mice, as
compared to the WT or Myhé-Cre mice (Figure 3A and B and
Supplementary material online, Figure S5E and F). In accord with the
increased number of TUNEL positive cells, transcript levels of several
genes encoding selected markers of apoptosis, including Bnip3,
Gadd45b, Gadd45g, Cdkn1a, and Noxa were increased whereas the in-
crease in the transcript levels of Bax was of borderline significance,
and those of Bcl2(11 were decreased in the Myh6-Cre:Tmem43™'F
hearts compared to the control groups (Figure 3C). In contrast, tran-
script levels of anti-apoptosis gene Bcl2 and Puma were not different
among the experimental groups (Figure 3C). To corroborate the
findings, levels of the cleaved caspase 3 (CASP3) were analysed
in myocardial protein extracts, which were increased in the Myhé-
Cre:Tmem43*Y' hearts as compared to control hearts (Figure 3D and

E). Finally, to determine whether cardiac myocytes or fibroblasts
are undergoing apoptosis, protein extracts from cardiac myocytes
and fibroblasts were probed for the expression of cleaved and
total CASP3. Cleaved CASP3 protein was detected in myocyte
and whole heart protein extracts but not in the protein extracts
from cardiac fibroblasts (Figure 3F). Only full-length CASP3 was
detected in cardiac fibroblasts in the Myh6-Cre:Tmem43¥"'F
(Figure 3F).

mice

3.7 Cardiac myocyte size

To quantify myocyte cross-sectional area (CSA), thin myocardial sec-
tions were co-stained with WGA to mark the cell boundaries and PCM1
to tag myocyte nuclei. The number of cells expressing PCM1, i.e. cardiac
myocytes, was reduced in the Myh6-Cre:Tmem43"V'" hearts (Figure 3G
and H). Myocyte CSA, as determined from the areas stained for WGA
and corrected for the number of cardiac myocytes, was significantly in-
creased in Myh6-Cre:Tmem43*YF mouse hearts as compared to WT and
Myh6-Cre mouse hearts (Figure 31 and J). Likewise, transcript levels of se-
lected markers of cardiac hypertrophy, including Nppa, Nppb, Acta2, and
Myh7 were increased (Figure 3K), while that of Atp2a2 (Serca2a) was re-
duced in the Myh6-Cre:Tmem43%"'F as compared to control mice in ac-
cord with histology findings (Figure 3L). Myhé transcript levels were
unchanged (Figure 3L). Thus, the molecular phenotype is in accord with
the expression of myocyte hypertrophy and cardiac systolic dysfunction
inthe Myhé—Cre:Tmem43W/ F mice.

3.8 Serial cardiac myocyte RNA-seq
Cardiac myocyte transcripts from age- and sex-matched WT and Myhé-

Cre:Tmem43W'F

mice were analysed by RNA-seq at two time points of 4
and 9 months of age, defined as pre- and post-cardiac dysfunction, re-
spectively. The time points were selected based on echocardiographic
determination of cardiac function (Supplementary material online, Tables
$2 and $3). The early time point (4 months) enabled identification of
transcriptomic changes that occur early and precede the onset of cardiac
phenotype, including cardiac dysfunction, whereas the late time point
(9 months) provided the opportunity to detect cardiac myocyte tran-
scriptomic changes in mice with established phenotype.

A total of 483 genes were differentially expressed at 4 months of age,
as depicted in the volcano plot and the corresponding heat map (Figure
4A and B). The corresponding number of the DEGs in cardiac myocytes
isolated from the 9 months old Myhé-Cre:Tmem43*"'F mice was 1005
genes, which were comprised of 558 up-regulated and 447 down-
regulated genes, as compared to the WT myocytes (Figure 4C and D).
The two sets of the DEGs were analysed to detect temporal changes in
gene expression that coincide with evolution of cardiac phenotype in the
Myh6-Cre:Tmem43%"'F mice. A total of 133 genes were differentially
expressed at both time points in the Myhé-Cre:Tmem43*"'F myocytes as
compared to the corresponding WT myocytes, whereas 350 and 872
DEGs were exclusive to 4 and 9 month-time points, respectively
(Figure 4E). The heat map representing DEGs exclusive to the 9 months
old /\/thé-Cre:Tmem43W/ F myocytes is shown in Figure 4F.

To validate the RNA-seq findings, transcript levels of 55 DEGs (42
and 13 genes at 4- and 9-month time points, respectively) in the RNA-
seq data were quantified by RT-PCR in independent biological samples.
The results of the RT-PCR experiment at each time point were concor-
dant with the corresponding results of RNA-seq (Figure 4G-L).
Accordingly, fold changes in the transcript levels of the selected genes in
the Myh6-Cre:Tmem43*™"" myocytes, determined by RNA-seq and RT-
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Figure 2 Myocardial fibrosis and adipogenesis in 9 months old Myh6-Cre:Tmem43*""F mice. (A) Representative low (upper) and high (lower) magnification pan-
els of thin myocardial sections, stained with Picrosirius Red, showing increased fibrosis in the Myh6-Cre:Tmem43*"'F mice. (B) Quantitative analysis of fibrosis, pre-
sented as Collagen Volume Fraction (CVF), exhibiting increased fibrosis in the Myh6-Cre:Tmem43"¥"F mice (n = 5 per group; ANOVA P = 0.010, *P = 0.020 vs.
Myhé-Cre, P = 0.018 vs. WT). (C) Representative image of Masson’s trichrome staining, corroborating increased fibrosis in the Myh6-Cre:Tmem43"¥'F mice. (D)
Transcript levels of selected markers of fibrosis in the heart showed increased levels in the Myh6-Cre:Tmem43™' mice (n = 5 ANOVA P-value is shown; *
denotes P-value <0.05 between WT and Myhé-Cre:Tmem43*™'™, and # denotes P-value <0.05 between Myh6-Cre and Myhé-Cre:Tmem43**'" mice). (E and F)
Immunofluorescence panels stained for CEBPA using an anti-CEBPA antibody (E) and the corresponding quantitative analysis (F) showing increased number of
cells expressing CEBPA in the Myh6-Cre:Tmem43"¥"F myocardium as compared to WT and Myhé-Cre mice (n = 4 per group; ANOVA P = 0.016, *P = 0.023 vs.
Myhé-Cre, #P = 0.031 vs. WT). (G and H) Immunofluorescence panels showing myocardial sections stained for PLIN1, a specific marker of lipid containing adipo-
cytes (G) and the corresponding quantitative data (H), showing increased number of adipocytes in the Myh6é-Cre:Tmem43*"'F myocardium (n = 4 or 5 per group;
ANOVA P = 0.023, *P = 0.049 vs. Myh6-Cre, *P = 0.023 vs. WT). (I and J) Oil Red O stained thin myocardial sections in 9 months old mice (/) and the corre-
sponding quantitative data (J), shown as number of cells with oil droplets per section, indicated increased fat infiltration in the heart of the Myh6-Cre:Tmem43*V/F
mice (n = 5; ANOVA P = 0.016, *P = 0.056 vs. Myh6-Cre, *P = 0.023 vs. WT). (K) Transcript levels of adipogenic genes, analysed by RT-PCR, showing increased
levels of Cebpa (P < 0.0001), Ucp1 (P = 0.018), Apoe (P = 0.0001), and Dgat1 (P = 0.018) in the heart of 9 months old Myh6-Cre:Tmem43*"'F mice (n = 5; P-value
shown denotes ANOVA P-value between the three groups, * denotes P-value <0.05 between WT and Myh6-Cre:Tmem43*™'F, and # denotes P-value <0.05 be-
tween Myhé-Cre and Myhé-Cre:Tmem43*"'F mice). Differences among the three groups were compared by one-way ANOVA.
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Figure 3 Myocardial apoptosis and cardiac hypertrophy in 9 months old Myhé-Cre:Tmem43"¥'F mice. (A) Representative images of Terminal deoxynucleo-
tidyl transferase dUTP nick end labelling (TUNEL) assay showing apoptotic cells in the heart of the Myhé-Cre:Tmem43"¥'F mice. (B) Quantitative analysis
of TUNEL assay showing increased number of apoptotic cells in the heart of Myh6-Cre:Tmem43"¥"F mice (N = 5 per group, ANOVA followed by pairwise P-
values are depicted). (C) Transcript levels of selected markers of apoptosis in the heart, analysed by RT-PCR, showing increased levels of Cdkn1a, Bnip3,
Gadd45g, Gadd45b, and Noxa and decreased levels of Bl2(1 1 in the Myhé-Cre:Tmem43™'F as compared to WT or Myh6-Cre myocytes. Levels of Bcl2, Bax, and
Puma were unchanged (N = 6 per group, P-values by unpaired t-test). (D and E) Detection of cleaved caspase 3 (CASP3) in the heart. Inmunoblots (D) and
quantitative data showing increased levels of cleaved (active) CASP3 in the heart of Myhé-Cre:Tmem43"¥'F mice. (N = 3 per group, P-values were determined
by t-test). (F) Detection of cleaved CASP3 in the whole heart, isolated myocytes and isolated fibroblasts from the Myhé-Cre:Tmem43"¥"F mouse hearts.
Cleaved CASP3 is detected in the whole heart and isolated myocytes but not fibroblasts. (G and H) Immunofluorescence panels showing staining for PCM1, a
cardiac myocyte specific nuclear marker used to calculate the number of cardiac myocytes. Quantitative data of PCM1 staining showing decreased number of
cardiac myocytes in the Myh6-Cre:Tmem43"¥"F mouse hearts (N = 3 per group, ANOVA and pairwise comparisons). (I and J) Panels representing thin myocar-
dial sections stained for Wheat Germ Agglutinin (WGA) showing increased cardiac myocytes cross-sectional area in the Myhé-Cre:Tmem43™'F mouse heart
() and the corresponding quantitative data (, N = 5 per group, ANOVA followed by pairwise comparisons). (K and L) RT-PCR analysis of selected markers of
cardiac hypertrophy and myocardial dysfunction showing increased transcript levels of Nppa, Nppb, Acta2, and Myh7 (K) and decreased Myh6 and Atp2a2 tran-
script levels (L) in the heart of Myh6-Cre:Tmem43*Y'F mice, as compared to controls (N = 6 per group, ANOVA and t-test P-values are presented).
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Figure 4 Cardiac myocytes transcriptome in the Myh6-Cre:Tmem43™'F mice. (A and B) Volcano plot and heat map showing differentially expressed genes

(DEGs) in cardiac myocytes isolated from 4 months old WT and Myh6-Cre:Tmem4

3W/ F

mice (N =5 per group). The dash line indicates significance level at

q < 0.05. Blue indicate down-regulated, red up-regulated, and black unchanged transcripts. (C and D) Volcano plot and heat map showing DEGs in cardiac

myocytes isolated from 9 months old WT and Myhé-Cre:Tmem43*™/*

mice (N = 6 per group). (E) Venn diagram showing comparison of the DEGs at 4 and

9 months of age, which identifies DEGs common to both time points or exclusive to one. (F) The heat map illustrates DEGs that were exclusive to the
9 months old Myh6-Cre:Tmem43"¥"F myocytes. (G—I) RT-PCR data showing transcript levels of top 14 DEGs, including 7 up-regulated (G) and 6 down-regu-
lated (H), in independent samples collected at 4 months of age (N = 5 per group, unpaired t-test P-values). Fold changes in gene expression showed strong
correlation between RNA-Seq and RT-PCR in two sets of independent biological samples for 42 DEGs (I, Spearman p = 0.820). (J-L) Validation of the top
DEGs, up-regulated (f) and down-regulated (K) at 9 months old myocytes in independent biological samples by RT-PCR showing concordant results (N = 6
per group, unpaired t-test P-values) and the correlation between the two sets of data showing a strong correlation (L, Spearman p = 0.868).
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PCR experiments were strongly correlated at each time point
(Spearman r=0.820 and r=0.963 at 4 and 9 months, respectively, Figure
4l and L). A complete list of DEGs (q<0.05) has been submitted to
Gene Expression Omnibus (GSE147317).

The DEGs in the Myh6-Cre:Tmem43*Y'F myocytes at each time point
were analysed by IPA to detect enrichment for the targets of the TRs. At
the pre-cardiac dysfunction time point (4 months), only targets of the
TP53 were enriched (Z score: 2.3), predicting activation of this major
pathway (Supplementary material online, Figure S6A). Enrichment of the
TP53 target genes was further pronounced upon evolving of cardiac
phenotype in the 9months old mice (Supplementary material online,
Figure S6A). There was a modest decrease in the MAFB transcriptional
output, suggesting its suppression (Supplementary material online, Figure
S6B). In contrast, at 9 month-timepoint, targets of several TRs, in addition
to TP53, were enriched, including ATF4, MRTFA, and MEF2D
(Supplementary material online, Figure S6C). Likewise, DEGs predicted
suppression of transcriptional activities of PPARGC1A, SMAD7, KLF15,
and others (Supplementary material online, Figure S6D). A similar analysis
for the growth and mitotic factors showed marked activation of several
factors at 9 months of age, particularly TGFB1, ANGP2, and AGT, as
depicted in Supplementary material online, Figure S6E-G.

GSEA analysis of the DEGs at 4 months of age showed enrichment of
genes pertaining to biological pathways involved in protein synthesis and
oxidative phosphorylation (Supplementary material online, Figure S7). A
similar analysis of the DEGs at 9 months of age-predicted activation of
epithelial-mesenchymal transition (EMT), inflammation, and apoptosis,
and suppression of oxidative phosphorylation, adipogenesis and the met-
abolic signalling pathways (Supplementary material online, Figure S7).

3.9 Validation of the TP53 pathway
activation

Given the prominence of the TP53 pathway among the dysregulated
TRs, the pathway was further analysed. At 4 months of age, there were
modest increases in levels of total TP53, phospho(S18)-TP53 and
phospho(389)-TP53 proteins in cardiac myocyte protein extracts from
the Myh6-Cre:Tmem43*Y'F mice as compared to the WT (Supplementary
material online, Figure S8). Levels of selected proteins in the DNA dam-
age response (DDR), namely; CGAS, STINGT, total H2AFX, and
pH2AFX, were not significantly changed (Supplementary material online,
Figure $8). However, at 9 months of age, multiple lines of evidence indi-
cated activation of the TP53 pathway. The heat map of the TP53 target
genes illustrated changes consistent with activation of the TP53 in the
Myh6-Cre:Tmem43™F myocytes (Figure 5A). The dysregulated biological
pathways pertaining to the TP53 pathway are depicted in Figure 5B.
Transcript levels of genes involved in cell death, extracellular matrix, cell
cycle, and oxidative stress were dysregulated (Figure 5B). The findings of
the RNA-seq experiments showing dysregulated TP53 targets were
tested for validation by analysing transcript levels of 20 selected genes by
RT-PCR in independent biological samples. The changes were concor-
dant with those in the RNA-seq data, as all showed changes in the same
direction by both methods (Figure 5C and D). Consequently, there was a
strong correlation between changes in the transcript levels of the se-
lected genes in the Myh6-Cre:Tmem43™¥'F myocytes by the two methods
(Pearson r* = 0.89, Figure 5E). Furthermore, immunoblotting was per-
formed on cardiac myocyte protein extracts using an anti-TP53 anti-
body, which detected increased TP53 total protein levels (Figure 5F and
G). Similarly, levels of phosphorylated TP53 (518 and S389, correspond-
ing to $15 and S392 in the human TP53, respectively) were increased in

cardiac myocytes protein extracts from the /\/th(J-Cre:Tmem43W/F mice

(Figure 5F and G). Likewise, levels of CDKN1A (p21) protein, a bona-fide
TP53 target, were increased in the Myhé-Cre:Tmem43*"'F myocyte pro-
tein extracts (Figure 5H and [). Collectively, the data provide multiple evi-
dence of activation of the TP53 pathway.

3.10 Increased DDR and SASP

TP53, considered a guardian of the genome, is known to be activated in
response to DNA damage (reviewed in ref.35). In addition, TP53 is acti-
vated in cardiomyopathies caused by mutation in the LMNA gene, encod-
ing a nuclear envelope protein.'® In view of the data establishing
TMEM43 as a nuclear envelope protein, activation of the DDR pathway
was analysed in the Myh6-Cre:Tmem43"¥'" myocytes. Immunoblotting
showed increased levels of phospho- (51981) and total ATM (Ataxia
Telangiectasia mutated), an archetypical DDR protein and a major regu-
lator of TP53, in the Myh6-Cre:;Tmem43™V'F myocyte extracts (Figure 6A
and B)® Likewise, levels of CGAS protein, as sensor of cytoplasmic
DNA, and its downstream molecule STING1 (TMEM173) were in-
creased (Figure 6A and B). Moreover, levels of phospho-histone H2AFX,
which is activated in response to double stranded DNA breaks (DSBs)
were increased as detected by immunoblotting of myocardial protein
extracts as well as IF staining of thin myocardial sections (Figure 6A and
B). Furthermore, immunofluorescence staining of thin myocardial sec-
tions detected an increased number of nuclei expressing pH2AFX in the
Myh6-Cre:Tmem43™'F hearts (Figure 6C and D).

A hallmark of activation of the DDR/TP53 pathway is context-
dependent increased expression of a set of secreted proteins collectively
referred to as senescence associated secretory phenotype (SASP)
(reviewed in ref.37). Therefore, the DEGs were analysed for the expres-
sion of genes whose encoded proteins are expected to be secreted, re-
ferred to as secretome. The secretome comprised 117/1005 (11.64%)
of the DEGs in 9 months old Myh6-Cre-Tmem43*"'" cardiac myocytes,
the majority of which (86/117, 74%) was up-regulated. A heat map of dif-
ferentially expressed secretome is presented in Figure 6E. Trophic and
mitotic factors predicted to regulate expression of the differentially
expressed secretome are presented in Figure 6F, which included AGT
and TGFB1 among the top regulators. A GSEA plot representing enrich-
ment of genes involved in the SASP is shown in Figure 6G.*®

To validate the findings, transcript levels of selected up- and down-
regulated genes in the DDR pathway and SASP were analysed by RT-
PCR in independent sets of samples. The results were largely concordant
with those obtained by RNA-seq data (Figure 6H and Supplementary ma-
terial online, Figure S9). Finally, to extend the findings, immunoblotting
was performed to assess levels of selected secreted protein members of
SASP, namely LGALS3, VCAN, and GDF15 (Figure 6l). Quantitative data
showed increased levels of the selected SASP, which have a diverse array
of functions, in the Myh6-Cre-Tmem43*"' hearts (Figure &)).

3.11 Validation of TGF31-SMAD2/3

pathway activation

Given that TGFB1 is the prototypic SASP protein and in view of enrich-
ment of the TGFB1 pathway targets, activation of EMT, and the promi-
nence of myocardial fibrosis in the Myhé-Cre-Tmem43"'"" hearts, the
activation of the TGF31-SMAD?2/3 pathway was further analysed by mul-
tiple complementary methods. To detect TGFP1 expression in the
heart, thin myocardial sections were stained with an anti TGFB1 anti-
body followed by detection using a chromogenic DAB substrate. The
data qualitatively suggested increased TGFP1 expression in the Myhé-
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Figure 5 Validation of TP53 activation in the Myh6-Cre:Tmem43™'F cardiac myocytes. (A) The heat map depicting altered transcript levels of the TP53 tar-
get genes in the Myhé-Cre:Tmem43™'F myocytes. Genes expected to be suppressed or activated upon activation of TP53 are shown. (B) Gene network
(plotted using DiVenn application) for TP53 targets obtained from IPA demonstrating dysregulation of genes involved in four major biological functions asso-
ciated with the TP53 pathway, namely, cell death, extracellular matrix, cell cycle, and oxidative stress. Red and blue nodes denote up-regulated and down
regulated TP53 target genes in the network, respectively.(C—E) RT-PCR data showing transcript levels of 15 selected TP53 target genes, including those up-
regulated (C) or down-regulated (D) in independent biological samples. (E) Panel depicts correlation in the transcript levels of selected TP53 target genes as
analysed by RNA-Seq and RT-PCR techniques (N = 18, Pearson r* = 0.89). (F and G) Immunoblots and the quantitative data showing increased total, phos-
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Immunoblots and the quantitative data showing increased CDKN1A protein levels, a bona fide target of the TP53 activation, in the Myh6-Cre:Tmem43%V'"
cardiac myocytes (N = 3; unpaired t-test P-values).
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Figure 6 DNA damage response (DDR) and senescence associated secretary phenotype (SASP). (A) Immunoblots showing increased expression of several
proteins in the DDR pathways, namely pATM, total ATM, CGAS, STING1, pH2AFX, and total H2AFX in the in the Myhé-Cre:Tmem43W/ F myocytes.
(B) Quantitative data representing protein levels of DNA damage markers. N = 3—-6, P-values by unpaired t-test). (C) Graph depicting the percentage of nuclei
stained positive for pH2AFX upon immunofluorescence staining of thin myocardial sections. Approximately, 20 000 nuclei per genotype were scored and per-
centage positive nuclei were compared between WT and Myh6-Cre:Tmem43"¥"F mice by t-test. (D) Immunofluorescence panels showing thin myocardial sec-
tions probed with an antibody against pH2AFX, a marker of double-stranded DNA breaks (DSBs). The number of nuclei expressing p2H2AFX was increased in
the Myh6-Cre:Tmem43*™F myocytes, as shown in panel C. (E) Heat map of differentially expressed genes (DEGs) encoding secreted proteins (secretome) in
Myh6-Cre:Tmem43"¥F myocytes, as determined from the RNA-Seq data. (F) Top trophic and mitotic factors predicted to regulate expression of the secretome.
(G) Gene set enrichment analysis (GSEA) showing enrichment of SASP in the Myh6-Cre:Tmem43"¥"F myocytes. Normalized enrichment score (NES) and the
g-value are shown. (H) Reverse transcriptase-polymerase chain reaction (RT-PCR) of transcript levels of selected genes coding for secretome. Unpaired t-test
P-values are depicted N = 6 per group). (I) Immunoblots showing expression of the selected secretome proteins in the Myhé-Cre:Tmem43*""" hearts.
() Quantitative data showing increased GDF15, VCAN, and LGALS3, SASP markers, in the Myh6-Cre:Tmem43*"'F hearts (N = 3 per group, unpaired t-test).
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Figure 7 Activation of TGFB1-SMAD2/3 | pathway in the Myh6-Cre:Tmem43™F myocytes. (A) Immunohistochemistry staining of thin myocardial sections

using an anti-TGFp1 antibody, suggesting increased expression of TGFB1 in the Myh6-Cre:Tmem4

W/F
3/

mouse myocardium. (B and C) Immunoblots and the

corresponding quantitative data showing increased total TGFP1 protein level in the Myhé-Cre:Tmem43*"'F cardiac myocyte extracts (N = 3, unpaired t-test
P-value). (D) Active TGFP1 levels as determined by an ELISA showing increased levels of active TGFP1 in the Myhé-Cre:Tmem43™Y'F cardiac myocytes
(N = 4; unpaired t-test P-value). (E and F) Immunoblots showing protein levels of total and phospho- SMAD2 and SMAD3 in the Myhé-Cre:Tmem43*"/"
cardiac myocyte protein extracts (E). Quantitative analysis of the immunoblots, normalized to GAPDH or total SMADs, are shown in panel F. (G and H)
Immunoblots showing protein levels of total and phospho-SMAD2 and SMAD3 in the Myh6-Cre:Tmem43™/F whole heart protein extracts (G). Quantitative

data, are shown in panel H, show a modest increase in SMADS3 levels in the whole heart (N = 3, P-values were calculated by unpaired t-test).
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compared to the WT mouse hearts (Figure 7A). In sup-
port of the immunohistochemistry data, immunoblotting of cardiac myo-
cyte protein extracts showed increased TGFB1 protein levels in the
Myh6-Cre:Tmem43%Y'F myocytes (Figure 7B and C). To further substanti-
ate the histochemical findings, levels of active TGFB1 were determined
in cardiac myocyte protein extracts by ELISA. The latter showed in-
creased levels of active TGFB1 by ~2-fold in the Myh6-Cre:Tmem43"V'F
as compared to WT cardiac myocytes (Figure 7D).

To investigate the downstream effectors of the activated TGFB1, the
DEGs were analysed for enrichment of the TRs using EGSEA, which
identified SMAD:s, the intracellular signal transducers of the canonical
TGFp1 signalling pathway, as the top activated TRs (Supplementary ma-
terial online, Figure S10). Given this finding and in view of the well-
recognized phosphorylation of SMAD2 and SMAD3 upon binding of
TGFpB1 to its cognate receptors, expression levels of total and phos-
phorylated (p)SMAD2 and pSMAD3 were determined by immunoblot-
ting in cardiac myocyte as well as the whole heart protein lysates. Levels
of pPSMAD2 and pSMAD?3 in cardiac myocyte protein extracts from
Myh6-Cre:Tmem43™'® mice were markedly increased, as compared to
WT myocytes, whereas levels of total SMAD2 were unchanged and
those of total SMAD3 were increased (Figure 7E and F). Levels of
pSMAD2 and pSMAD3 in the whole heart protein lysates from the
Myh6-Cre:Tmem43%Y"F mice were also increased, albeit they were less
pronounced as compared to their levels in the isolated myocytes (Figure
7G and H).

3.12 Interactions between TMEMA43,
TGFf31, and LMNA

To investigate the mechanism(s) associated with activation of the DDR/
TPS3/TGFB1 pathway in the Myh6-Cre:Tmem43™'"F mouse hearts, Co-IP
studies were performed on myocardial protein extracts to detect inter-
actions between TMEM43 and TGFB1. However, the assay failed to de-
tect co-immunoprecipitation of TGFB1 with an anti-TMEMA43 antibody
and conversely, co-immunoprecipitation of TMEM43 with an anti-
TGFB1 antibody (data not presented). Because LMNA has been
reported to interact with TGFB1, an indirect interaction between
TMEMA43 and TGFB1 through LMNA was explored upon cross-linked
IP3° The findings are notable for co-immunoprecipitation of LMNA with
an anti-TMEM43 antibody (Supplementary material online, Figure S17).
However, TGF1 was not detected in the precipitate.

3.13 PP2A activity

Because TMEM43 interacts with LMNA and LMNA has been reported
to interact with PP2A, which might affect phosphorylation of SMADs in
the Myh6-Cre:Tmem43%¥'F cardiac myocytes, PP2A activity was analysed
by an ELISA. There was no difference in the PP2A activity in the WT and
Myhé—Cre:Tmem43W/ F cardiac myocytes (Supplementary material online,
Figure $12).

4. Discussion

Cardiac myocyte-restricted heterozygous deletion of the Tmem43 gene
in mouse leads to activation of the DDR/TP53 pathways and expression
of SASP, which is associated with a late-onset cardiomyopathy charac-
terized by cardiac dilatation, systolic dysfunction, myocardial fibrosis, and
apoptosis. The findings support the pathogenic role of TMEM43 haploin-
sufficiency in human hereditary cardiomyopathy and provide novel

mechanistic insights by implicating activation of the DDR/TP53 pathway
as an underpinning mechanism.

The clinical and histological phenotype in the Myh6-Cre:Tmem4
mice are in accord with the molecular findings, including the cardiac
myocyte RNA-seq data obtained at two-time points. Serial analysis of
RNA-seq enabled identification of the early changes, which predicted ac-
tivation of the TP53 pathway as a regulator of gene expression in the
early stages of the disease. The approach also led to detection of the dys-
regulated pathways that occur in the context of cardiac phenotype, in-
cluding the DDR pathway. The findings were concordant across multiple
platforms and were verified by complementary methods. For example,
activation of the TGFB1-SMAD2-3 pathway, which was predicted based
on the RNA-seq data, was verified by RT-PCR, immunoblotting, immu-
nohistochemistry, and ELISA, all showing concordant findings.

The mechanism(s) of activation of the DDR pathway in the Myhé-
Cre:Tmem43™Y'F myocytes was partially explored but remains unclear.

3W/F

Crossed-liked immunoprecipitation data indicated an interaction be-
tween TMEM43 and LMNA, as the latter is known to interact with the
chromatin extensively and protect genomic DNA damage.'®*3
Mutations in the LMNA gene or Lmna haploinsufficiency are associated
with activation of DDR, likely because of increased DSBs, and cascade
activation of TP53 and related targets.'®® Thus, it is plausible that
TMEM43 haploinsufficiency to induce DSBs and release of the genomic
DNA into the cytosol through mechanisms similar to those involved in
laminopathies or indirectly through interaction with LMNA. The cyto-
solic DNA is then sensed by CGAS, which targets STING1 and its down-
stream effectors, which were activated in the Myhé-Cre:Tmem43W/ F
myocytes. Consequently, activation of the TP53 and expression of SASP,
including TGFB1 are the consequences of activation of the DDR. SAPs
target myocytes as well as non-myocyte cells in the myocardium, leading
to cell senescence, impaired proliferation, apoptosis, and fibrosis. The
exact nature of the DNA damage leading to activation of the DDR was
not elucidated but presumably entails DSBs, based on changes in the mo-
lecular markers of DSBs, such as ATM and pH2AFX. There was also no-
table variability in the expression levels of molecular markers of DNA

3™ mouse hearts, which was in accord

damage in the Myhé-Cre:Tmem4
with variability in the phenotypic expression of the disease in this mouse
model. While technical reasons for the observed variability cannot be
unambiguously excluded, its presence across multiple techniques and for
multiple phenotypes suggests a biological basis. The basis for variability in
the phenotypic expression of the disease is unclear. Finally, there were
cell-type-specific differences in expression of genes involved in apoptosis
and the apoptotic marker cleaved CASP3, which were increased in car-
diac myocytes but not in cardiac fibroblasts. Similarly, differences in the
transcript levels of selected genes differed between the myocytes and
the whole myocardium, likely reflective of cellular heterogeneity of the
latter.

Alternative mechanisms pertaining to activation of the TGF1 were
also explored, including interactions between TGFB1 and TMEM43
through Co-IP studies. Whereas a direct interaction was not detected,
an indirect interaction through LMNA is speculated as the latter is
known to interact with TGFB1 as well as PP2A. However, PP2A activity
was unchanged, excluding it as a mechanism for increased levels of
pSMAD?2/3. Given these findings, one might surmise that TGFB1 activa-
tion, an archetypical SASP, was a consequence of TP53 activation, as the
two pathways are well known to interact.***? Considering the findings
of the present study, interactions between TMEM43 and LMNA, and in-
volvement of the LMNA and other nuclear envelop proteins in DNA
damage and repair mechanisms, one might speculate that activation of
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the DDR/TP53 and consequently, expression of SAPS, including TGFpB1,
are common mechanisms in the pathogenesis of cardiomyopathies
caused by mutations in genes encoding nuclear envelope proteins.'#*
Early activation of the TP53 pathway in the Myhé-Cre:Tmem4
myocytes was concurrent with induction of the pathways involved in
protein synthesis, a finding that is consistent with the role of TP53 in car-
diac myocyte hypertrophic remodelling** This observation is also con-
sistent with the established role of TP53 in regulating expression of a
large number of cardiac genes, including those involved in maintaining

3W/ F

cardiac structure and function.*® Persistent activation of the TP53 path-
way is, however, considered detrimental to cardiac structure and func-
tion, which is in accord with the findings of the present study.'®*¢
Collectively, the data suggest the pathogenic role of the TP53 pathway in
induction of the cardiac phenotype in the Myh6-Cre:Tmem43*™V'F mice.

The increased transcriptional activity of the TP53 in cardiac myocytes
from 4months old Myh6-Cre:Tmem43™'F mice, which was predicted
based on the increased transcript levels of its target genes, was in accord
with modest increases in the levels of phosphorylated TP53 proteins.
The latter likely results in increased recruitment of the TP53 protein to
the promoter regions. Increased promoter occupancy by TP53 might be
an early marker of activation of DDR pathway, as levels of the CGAS,
STING1, and pH2AFX proteins were unchanged at the early time point.
However, at a later time point, not only levels of the TP53, including
phospho-TP53 were markedly increased but also proteins levels of sev-
eral markers of the DDR pathway, including pH2AFX, CGAS, and
STING1 were increased. Activation of TP53 in the Myh6-Cre:Tmem43"/
F myocytes was concordant with increased levels of phospho-ATM, sug-
gesting activation in response to DSBs. The present data showing early
activation of TP53 pathway in the Myhé-Cre:Tmem43W/ F myocytes are in
accord with the previous data showing its activation in the LMNA-
related cardiomyopathy.'® Taken together, one might speculate that ac-
tivation of the DDR/TP53 pathway provides a shared mechanism for the
pathogenesis of cardiomyopathy caused by deficiencies of these two nu-
clear inner membrane proteins. In addition, TP53 is also known to inter-
act with SMADs, the downstream effectors of the TGFB1, which
provides a plausible mechanism for increased myocardial fibrosis in
ACM caused by mutations in genes encoding nuclear envelope pro-
teins.*? In agreement with this notion, genetic deletion of the Tp53 gene
in mice attenuated myocardial fibrosis in a mouse model of
laminopathies.'®

The phenotype in the Myhé-Cre:Tmem43*"/F mice had a late onset and
was notable for a marked reduction in survival as well as LV dilatation
and dysfunction. The findings in the Myh6-Cre:Tmem43™V'F
principle in agreement with the observed partial reduction in TMEM43

mice are in

levels as well as the phenotype observed in a transgenic mouse model,
over-expressing a mutant TMEM43 protein, namely p.Ser358Leu, associ-
ated with human ACM.* The phenotype in the Myh6-Cre:Tmem43""'*
mice, however, was milder than the phenotype described in the
TMEM43PSer358Leu transeenic mice, as reflected in a longer mean survival
time, milder cardiac dysfunction, and lesser myocardial fibrosis.*
Whereas the p.Ser358Leu is the most commonly described founder mu-
tation in ACM, about a dozen frameshift and deletion variants in the
TMEM43 gene also have been reported in patients with ACM'®"7
(https://www.ncbi.nlm.nih.gov/clinvar). However, an unambiguous as-
sighment of causality to variants leading to TMEM43 haploinsufficiency
has remained challenging because of the sporadic nature of the cases or
the small size of the families, which suggests modest effect sizes of such

variants. The findings of the present study suggest that haploinsufficiency
of the Tmem43 gene is sufficient to induce a relatively mild and late-
onset phenotype, resembling ACM, as opposed to over-expression of
the missense mutation, which induces early and severe phenotype in
mice.*” The findings are in contrast with those of a previous study
reporting that deletion of Tmem43 gene under the transcriptional regula-
tion of the Sox2 promoter did not induce a discernible phenotype at rest
orin response to stressors.* The reason(s) for the observed differences
between the mouse models of Tmem43 haploinsufficiency might reflect
differences in the experimental design, such as the use of the Sox2 pro-
moter, which is active during development in most cell types as opposed
to the use of Myhé promoter, which is active in adult cardiac myocytes.
In addition, Cre-mediated recombination efficiency regulated by Sox2
and Myhé promoters might differ and account for the disparity in the
phenotype in the mouse models. Finally, long-term expression of Cre
recombinase under transcriptional activity of the Myh6 promoter as op-
posed to its transient expression under the Sox2 promoter might pro-
vide an additional impetus for the induction of the phenotype in the
Myhé-Cre:Tmem43™'F mice. Nevertheless, the Myh6-Cre mice alone
were included in the phenotypic characterization and did not exhibit a
discernible phenotype.

In conclusion, haploinsufficiency of the Tmem43 gene specifically in
cardiac myocytes leads to a late-onset cardiomyopathy characterized by
myocardial fibrosis and apoptosis, likely mediated by activation of the
DDR/TP53 pathway. The findings implicate the DDR/TP53/TGFp1 path-
way as a common pathway in the pathogenesis of cardiomyopathies
caused by mutations in genes encoding nuclear membrane proteins and
identify it as a potential therapeutic target in this subset of heart failure.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective

The data indicate that the DNA damage response (DDR) to double stranded DNA breaks (DSBs) is activated in a mouse model of cardiomyopathy
caused by haploinsufficiency of the Tmem43 gene. The TMEM43 gene is a known cause of arrhythmogenic cardiomyopathy in humans. The DDR
activates the TP53 pathway and leads to expression of senescence associated secretary phenotype (SASP), such as TGFf1, which induce a senes-
cence-associated pro-fibrotic cardiomyopathy.

These findings along with our previous data identify the DDR as a putative common mechanism in the pathogenesis of cardiomyopathies, and likely
in the pathogenesis of over two dozen diseases, caused by mutations in the nuclear envelope proteins (envelopathies).
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