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SUMMARY

Hereditary dilated cardiomyopathy (DCM) is a primary disease of cardiac myocytes caused by mutations in
genes encoding proteins with a diverse array of functions. Mutations in the LMNA gene, encoding the nuclear
envelope protein lamin A/C, are the second most common causes of DCM. The phenotype is characterized by
progressive cardiac dysfunction, leading to refractory heart failure, myocardial fibrosis, cardiac arrhythmias, and
sudden cardiac death. The molecular pathogenesis of DCM caused by the LMNA mutations is not well known.
The LMNA protein is involved in nuclear membrane stability. It is also a guardian of the genome involved in the
processing of the topoisomerases at the transcriptionally active domain and the repair of double-stranded DNA
breaks (DSBs). Deletion of the mouse Lmna gene in cardiac myocytes leads to premature death, DCM,
myocardial fibrosis, and apoptosis. The phenotype is associated with increased expression of the cytosolic DNA
sensor cyclic GMP-AMP synthase (CGAS) and activation of the DNA damage response (DDR) pathway. Genetic
blockade of the DDR pathway, upon knockout of the Mb21d1 gene encoding CGAS, prolonged survival,
improved cardiac function, partially restored levels of molecular markers of heart failure, and attenuated
myocardial apoptosis and fibrosis in the LMNA-deficient mice. The findings indicate that targeting the CGAS/
DDR pathway might be beneficial in the treatment of DCM caused by mutations in the LMNA gene.

(J Am Coll Cardiol Basic Trans Science 2022;7:1232-1245) © 2022 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/).
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ABBREVIATIONS
AND ACRONYMS

CGAS = cyclic GMP-AMP
synthase

DCM = dilated cardiomyopathy
DDR = DNA damage response

DSB = double-stranded DNA
break

IRF3 = interferon regulatory
factor 3

LMNA = lamin A/C

NFkB1 = nuclear factor kappa B
subunit 1

STINGT = stimulator of
interferon 1

TBK1 = TANK-binding kinase 1

eart failure is a leading cause of mortality

and morbidity, affecting approximately

65 million people worldwide."-* Dilated car-
diomyopathy (DCM) is a prototypic form of heart fail-
ure with reduced ejection fraction and a major
indication for heart transplantation.® Hereditary
DCM is a genetically heterogeneous disease caused
by mutations (pathogenic variants) in more than 2
dozen genes.* Mutations of the LMNA gene encoding
the lamin A/C protein (LMNA) are among the most
common causes for hereditary DCM.>° There is no
specific therapy for DCM caused by mutations in the
LMNA gene.

The LMNA protein is expressed ubiquitously in
almost all differentiated cells, including cardiac
myocytes.” LMNA, because of its topographic location
within the nuclear inner membrane, interacts with
chromatin and regulates gene expression.®° Given its
ubiquitous expression and interactions with a large
part of the chromatin, mutations in the LMNA gene
cause more than a dozen distinct phenotypes, such as
Hutchinson-Gilford progeria syndrome, muscular
dystrophy, lipodystrophy, and restrictive dermop-
athy, among others, which are collectively referred to
as laminopathies.'®"

Several mechanisms are involved in the pathogen-
esis of the laminopathies, including dysregulated
gene expression and altered mechanical properties of
the nuclear membrane.'®'*>'> Recently, induction of
double-stranded DNA breaks (DSBs), release of the
DSBs into the cytosol, and activation of the DNA
damage response (DDR) pathway are implicated in the

pathogenesis of DCM in laminopathies.'*'> Activation
of the DDR pathway, comprised of the cytosolic DNA
sensor cyclic GMP-AMP synthase (CGAS) and its
downstream effectors, stimulator of interferon 1
(STING1) and TANK-binding kinase 1 (TBK1), leads to
expression of proinflammatory cytokines through the
interferon regulatory factor 3 (IRF3) and the nuclear
factor kappa B subunit 1 (NFkB1) pathways.'® Conse-
quently, a proinflammatory milieu in the myocardium
is established, which induces cell death and fibrosis,
leading to cardiac dysfunction and heart failure.
The purpose of the present study was to determine
contributions of activation of the CGAS/DDR pathway
to the pathogenesis of DCM caused by the LMNA
deficiency in cardiac myocytes.

METHODS

ANESTHESIA AND EUTHANASIA. Echocardiography
was performed under general anesthesia, which was
induced with 3% inhaled isoflurane and maintained
at 0.5%-1.0% isoflurane throughout the procedures.
The mice were killed with CO, gas inhalation followed
by cervical dislocation.

Myh6-Cre:Lmna™F MICE. Generation and phenotypic
characterization of the Myh6-Cre:Lmna®™F mice have
been published."” In brief, to delete the Lmna gene in
cardiac myocytes, the mice with the floxed exon 2 of
the Lmna gene (Lmna®™'¥) were crossed to the Myhé6-
Cre transgenic mice, as published.””’® Mice were
housed in a 12-hour light/dark cycle facility with food
and water available ad libitum.
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Genomic DNA was extracted from tail clips and
used for genotyping. In brief, the mouse tails were
incubated with 50 uL extraction buffer and 12.5 pL
tissue preparation solution (Sigma, cat. nos. E7526
and T3073) on a 55 °C water bath for 10 minutes fol-
lowed by incubation at 95 °C for 3 minutes. Neutral-
ization solution was added to the samples before
polymerase chain reaction (PCR). An aliquot of 2 pL of
the solution containing tail DNA from each sample
was used along with REDExtract-N-AMP PCR Ready
Mix (Sigma, cat. no. R4775) for genotyping. The list of
the oligonucleotide primers used for genotyping is
presented in Supplemental Table 1.

B6(C)-Cgastm'd(EUCOMMHmMou/J qp Mp27d] (CGAS)
KNOCKOUT MICE (JAX STRAIN NO. 026554). These
mice lack exon 2 of the Mb21d1 gene, which is removed
with the use of Cre-recombinase followed by the sub-
sequent excision of the Cre recombinase transgene.”®

SURVIVAL. Survival of male and female wild-type
(WT), Myh6-Cre, Mb21d1~'~, Myh6-Cre:Lmna™'*¥, and
Myh6-Cre:Lmna®/F:Mb21d1~/~ mice were analyzed by
means of Kaplan-Meier survival curves.

ECHOCARDIOGRAPHY. Cardiac function was
assessed by means of echocardiography with the use
of a Vevo 1100 ultrasound imaging system (Fujifilm
VisualSonics), as published.'>'”*'"*3 Male and female
mice were anesthetized with the use of 1% isoflurane
and heart rate maintained at 500 beats/min. M-mode
images were obtained, and a leading-edge method
was used to measure the interventricular septal
thickness (IVST), posterior wall thickness (PWT), left
ventricular end-diastolic diameter (LVEDD), and left
ventricular end-systolic diameter (LVESD) in 5 to 6
cardiac cycles, and mean values were used. Using the
measured parameters, the left ventricular fractional
shortening (LVFS) and left ventricular mass were
calculated. For calculating the left ventricular mass,
the following formula was used®*: [AIVST + LVEDD +
PWT) x (IVST + LVEDD + PWT) x (IVST + LVEDD +
PWT) — (LVEDD x LVEDD x LVEDD) x 1.04 x 0.80].
Left ventricular mass was divided by body weight to
obtain left ventricular mass index (LVMI).

GROSS MORPHOLOGY. The heart was excised from
the chest cavity, the excess blood was flushed out
from the chambers, and then the heart was weighed.
The heart weight was indexed to body weight and the
mean values compared among the groups.

IMMUNOBLOTTING. Expression of the selected pro-
teins in the mouse heart was analyzed by means of
immunoblotting, as published.'”** Briefly, the heart
tissue was minced and homogenized in radio-
immunoprecipitation buffer (Pierce, cat. no. 89900)
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containing 25 mmol/L Tris-HCI pH 7.6, 150 mmol/L
NaCl, 1% NP40, 1% sodium deoxycholate, and 0.5%
sodium dodecyl sulfate as well as protease and
phosphatase inhibitors (Roche cat #4693116001 and
cat #49068459001). Protein extracts were quantified
with the use of the Bradford protein assay reagent
(Thermofisher Scientific, cat. no. 23200) with a spec-
trophotometer at 595 nm wavelength. Aliquots of
50-75 pg protein lysates were denatured, resolved on
8%-15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel, and transferred onto a nitrocel-
lulose membrane. The membranes were probed with
antibodies to detect the target protein of interest
specified in Supplemental Table 1. Immunoblotting
was performed with all samples loaded into a single
gel, and the signal intensities on a single blot were
compared to avoid drift in data quantification.

IMMUNOFLUORESCENCE. Expression and localiza-
tion of pH2AFX were detected by immunofluores-
cence staining of thin myocardial sections, as
published.'>**?° Briefly, the hearts were placed on an
Optimal cutting temperature compound (OCT)
(Fisher, cat. no. 23-730-571) and snap-frozen in cold
2-methyl butane. Thin 5-pym myocardial sections were
obtained by sectioning using a cryostat and fixed in
4% formaldehyde at room temperature for 10 mi-
nutes. The myocardial sections were incubated in a
blocking buffer containing 10% goat serum and 1%
bovine serum albumin in 1x phosphate-buffered
saline solution (PBS) containing 0.5% Triton X-100
followed by overnight incubation at 4 °C with
the antibody against pH2AFX, as specified in
Supplemental Table 1. Following incubation with the
primary antibody, sections were then incubated with
a secondary antibody conjugated with a fluorescent
dye. Nuclei were counterstained with 4/,6-diamidino-
2-phenylindoledihydrochloride (DAPD) (Sigma-
Aldrich, cat. no. D8417). The sections were mounted
with fluorescent mounting medium (Dako, cat. no.
S3023) and imaged with an inverted fluorescent mi-
croscope (Axioplan Fluorescence Microscope, Zeiss)
using AxioVision software. Quantitation was per-
formed in at least 30 images of x40 magnification
field from a minimum of 3-6 sections and at least 5
animals in each experimental group. A total of 8,000-
15,000 DAPI-positive nuclei were counted per
animal. Images were analyzed with the use of Image
J software.

MYOCARDIAL FIBROSIS. Mice were killed by CO,
inhalation followed by cervical dislocation. Hearts
were removed from the chest cavity, rinsed in cold
PBS, and fixed overnight in 10% neutral-buffered
formalin. The heart tissue was dehydrated in a
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FIGURE 1 Activation of the DDR Pathway in the Myh6-Cre:Lmna®'/F Mouse Hearts
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gradient of ethanol concentrations of 70%, 80%, 95%,
and 100% followed by incubation in xylene for 15 mi-
nutes 2 times and embedded in paraffin. Thin
myocardial sections were cut using a microtome
(Leica) and placed on top of a Superfrost microscopic
slide (VWR, cat. no. 48311-703).

Cardiac fibrosis was detected in the myocardial
sections by staining in Picrosirius red as pub-
lished."?' Thin myocardial sections were deparaffi-
nized in xylene for 15 minutes 2 times and rehydrated
in 100%, 95%, 80%, 70%, and 50% ethanol gradient
for 2 minutes each. The slides were washed in water
and incubated with Picrosirius red staining solution
(Sigma Aldrich, cat. no. P6744-1GA) according to the
manufacturer’s instructions. Images were acquired
with the use of an Olympus BX40 microscope equip-
ped with a digital camera. Image J software was
used to calculate collagen volume fraction (CVF) by
analyzing 10 high-magnification fields (x20) per sec-
tion and in 6 sections per heart and at least 5 mice per
genotype.

MYOCARDIAL APOPTOSIS. Myocardial apoptosis
was detected using a terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling
(TUNEL) assay and In-Situ Cell Death Detection
Fluorescein Kit (Roche, cat no. 11684795910) as pub-
lished.'>'7>'23 Briefly, the myocardial sections were
deparaffinized in xylene for 15 minutes 2 times fol-
lowed by rehydration in ethanol gradient as described
above. After washing in PBS, the sections were
treated with proteinase K at a concentration of 20 pg/
mL in 10 mmol/L Tris-HCI pH 7.5 buffer containing
1 mg/mL bovine serum albumin for 20 minutes at
room temperature. After the proteinase K treatment,
the sections were washed in PBS and incubated with
TUNEL reaction mixture for 1 hour at 37 °C, and nuclei
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were counterstained with 1 pg/mL DAPI. Images were
acquired by means of a Zeiss Axioplan fluorescence
microscope using Axiovision software. A total of 30
high-magnification fields representing 6 sections per
heart and at least 5-7 mice per group were analyzed
with the use of Image J software to calculate the
percentage of nuclei that stained positive for the
TUNEL assay. A total of 20,000-40,000 DAPI-positive
nuclei were counted per heart and the mean per-
centages of TUNEL-positive nuclei were compared
among the genotypes.

REVERSE-TRANSCRIPTION PCR. Total RNA was iso-
lated from the heart tissue with the use of miRNeasy
Mini Kit (Qiagen, cat. no. 217006) following the
manufacturer’s instructions. The genomic DNA was
removed with the use of DNase I (Qiagen, cat. no.
79254) by in-column digestion. Around 1 pg total RNA
was reverse transcribed with the use of a high-
capacity cDNA synthesis kit (Applied Biosystems,
cat. no. 4368814) and random primers. Approxi-
mately 5 ng cDNA was used to determine the tran-
script levels using either Sybr green or TagMan assay
reagents. Changes in the transcript levels were
calculated with the use of the AACt method. Gapdh
transcript levels were used to normalize the tran-
script levels of genes of interest. The relative fold
changes were presented by normalizing to the WT
transcript levels. All reverse-transcription (RT) PCR
experiments were conducted in technical duplicates
and 5 biological replicates. Primers used in the study
are presented in the Supplemental Table 1.

STATISTICAL METHODS. An equal number of male
and female mice were used in all of the experiments.
Data analysis was performed without the knowledge
of genotype wherever possible. Only 1 mouse per

FIGURE 1 Continued

(A) Immunoblot analysis showing expression of key proteins involved in the DDR pathway, including ATM, pH2AFX, H2AFX, phosphorylated
P53 (Ser15), total P53, and CDKN1A, the latter a bona fide target of the TP53, in the whole heart extracts in the 3-week-old wild-type (WT),
Myh6-Cre, and Myh6-Cre:Lmna™" mice. (B) Quantitative data depicting expression levels of the key DNA damage response proteins. Data are
normalized to the corresponding GAPDH protein levels and presented as fold change relative to the expression levels in WT mice.

(C) Representative immunofluorescence panels of thin myocardial sections, including magnified views, from the 3-week-old WT, Myh6-Cre,
and Myh6-Cre:Lmna™'" mice stained for the expression of phosphorylated H2AFX (Ser139), a marker of double-stranded DNA breaks. The
pH2AFX protein is shown in red and PCM1, which tags the cardiac myocyte nuclei, is shown in green. Nuclei are counterstained with DAPI.
(D, E) Quantitative data showing (D) percentage of the nuclei expressing pH2AFX in the whole myocardium and (E) percentage of cardiac
myocyte nuclei costained for pH2AFX and PCM1. A total of 8,000-20,000 DAPI-stained nuclei were counted per heart and in a total of 4-6
hearts per genotype. The data are presented as percentage of nuclei stained for the marker of interest. (F) Immunoblot showing increased
levels of the cyclic GMP-AMP synthase (CGAS) protein in the hearts of Myh6-Cre:Lmna®" mice compared with the WT and Myh6-Cre control
mouse hearts at 3 weeks of age. (G) Quantitative data depicting CGAS protein expression levels in the WT, Myh6-Cre, and Myh6-Cre:Lmna™/®
mouse hearts. In all figures, the normally distributed data among the groups were compared by means of 1-way analysis of variance fol-
lowed by Bonferroni pairwise multiple comparisons test. Otherwise, data were analyzed by means of Kruskal-Wallis test followed by Dunn
multiple comparisons test (D and E). Only significant P values are presented. In all graphs, each dot represents 1 independent sample.



https://doi.org/10.1016/j.jacbts.2022.06.015

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 12, 2022 Cheedipudi et al 1237
DECEMBER 2022:1232-1245 Inhibition of the DNA Damage Pathway Is Beneficial in DCM

FIGURE 2 Genetic Blockade of the DDR Pathway in the Myh6-Cre:Lmna™'F Mice
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litter was randomly selected and used in the molec-
ular biology and histology experiments to maintain
the assumption of independence of the samples
in the statistical analysis. However, multiple mice
from the same litter were included in the survival
analysis and the echocardiographic assessment of
cardiac function. This approach might induce corre-
lation between mice in each genotype. Because it was
not feasible to identify the litter structure, survival
analysis and echocardiographic data were analyzed
on the assumption of independence.

The data were analyzed for gaussian distribution
by means of the Shapiro-Wilk normality test. An a
value of >0.05 was set as an indication of non-
departure from normality. The data that followed
normal distribution were analyzed by means of 1-way
analysis of variance followed by Bonferroni pairwise
multiple comparisons test. The main experimental
groups, namely, the WT, Myh6-Cre:Lmna®’¥, and
Myh6-Cre:Lmna®/*:Mb21d1~/~ mice were included in
the statistical analysis. The data deviating from the
gaussian distribution were analyzed by means of
Kruskal-Wallis test followed by Dunn correction
for multiple comparisons. The average ratios of the
signal intensity in the test to loading control protein
were compared among the groups. The Ct values of
the technical replicates were averaged and used to
calculate the ACt values between each test and con-
trol gene in the RT-PCR experiments. The ACt values
were used in the statistical analyses. The AACt values
were used to show the fold change in the graphic data
presentation.

The survival rates between Myh6-Cre:Lmna®'F and
Myh6-Cre:Lmna®/F:Mb21d1~/~ mice were analyzed by
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means of the log-rank test. Each vertical drop in the
survival curves indicates an event (death), and each
dot represents the censoring age of a mouse alive at
the time of data analysis. Mice were killed when in
the moribund state, as determined by the institution
care-providing veterinarian, or died naturally. Cate-
goric values were analyzed by means of Fisher exact
or chi-square test. All of the data were presented as
mean + SD. Statistical analysis was performed in
GraphPad Prism 8.0.

STUDY APPROVAL. Animal procedures complied
with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of
the University of Texas Health Science Center-
Houston (AWC-21-0015).

RESULTS

ACTIVATION OF THE DDR PATHWAY IN THE
Myh6-Cre:Lmna™F MOUSE HEARTS. To assess acti-
vation of the DDR pathway, levels of key DDR
pathway proteins were determined with the use of
immunoblotting in the cardiac protein extracts.
Levels of ATM, H2AFX, P(Ser15)TP53, total TP53, and
CDKN1A were markedly increased in the Myh6-
Cre:Lmna®™F compared with the Myh6-Cre or WT
mouse hearts (Figures 1A and 1B). The Lmna®F mice
were not included in the studies, because they do not
exhibit a discernible phenotype.'” To test for corrob-
oration of the findings, thin myocardial sections were
co-immunostained for the expression of pH2AFX and
pericentriolar membrane 1 protein, the latter to
mark the cardiac myocyte nuclei.®?® The number of

FIGURE 2 Continued

F/F,

ANOVA followed by Bonferroni pairwise multiple comparisons test.

(A) Immunoblots and (B) quantitative data showing increased expression levels of the CGAS protein in the whole heart protein lysates from the
Myh6-Cre:Lmna™’F mice and complete absence of the cyclic GMP-AMP synthase (CGAS) protein in Mb21d7~/~ mouse hearts and its marked
reduction in the Myh6-Cre:Lmna™/F:Mb21d1~/~ mouse hearts. (C) Immunoblots and (D) quantitative data showing increased expression levels of
the TBK1 in the whole heart protein lysates from the Myh6-Cre:Lmna®/" mice and its reduction on deletion of the Mb21d1 gene in the Myh6-
Cre:Lmna®/":Mb21d1~/~ hearts. (E) Immunoblots and (F) quantitative data showing expression levels of the STING1 protein, a downstream
target of CGAS, in the whole heart lysates from the wild-type, Myh6-Cre, Mb21d1~/~, Myh6-Cre:Lmna™'*, and Myh6-Cre:Lmna*/F:Mb21d1~/~
mice. (G) Immunoblots and (H) quantitative data showing comparisons of the expression of (top) pIRF3 and (bottom) total IRF3 in the 5 ge-
notypes. Data show marked elevation of pIRF3 levels in the Myh6-Cre:Lmna®/f mouse hearts and normalization of the levels on deletion of
Mb21d1 gene. (I, K) Immunoblots and (J, L) quantitative data showing expression levels of components of the canonic NFkB pathway, including

(1, J) RELA/p65 and (K, L) NFkB1/P50 in the wild-type, Myh6-Cre, Mb21d1~/~, Myh6-Cre:Lmna™F, and Myh6-Cre:Lmna™F:Mb21d1~/~ mouse
hearts. (M) Transcript levels of selected targets of NFkB and IRF3 transcription factors, as quantified by reverse-transcription polymerase chain
reaction. Transcript levels of selected but not all targets show increased levels in the Myh6-Cre:Lmna
the Myh6-Cre:Lmna‘/F:Mb21d1~/~ mouse hearts. The wild-type, Myh6-Cre, and Mb21d1~/~ mouse hearts were included as control groups. ACt
values were used to calculate P values by means of 1-way analysis of variance (ANOVA) comparing wild-type, Myh6-Cre:Lmna™'", and Myh6-
Cre:Lmna*/*:Mb21d1-'~ genotypes. Only the significant P values were presented. Some of the membranes were stripped and re-probed with
different antibodies. Therefore, the same membranes were also re-probed with the antibody against GAPDH. Only significant P values are
presented after comparing the 3 main groups, that is, wild-type, Myh6-Cre:Lmna™*, and Myh6-Cre:Lmna*/F:Mb21d1~'~, by means of 1-way

F/F mouse hearts and their attenuation in
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myocytes expressing pH2AFX was increased in the
Myh6-Cre:Lmna®™® mouse hearts, representing
approximately 0.49% + 0.54% of the myocyte nuclei
(Figures 1C to 1E). Finally, levels of CGAS protein, the
cytosolic DNA sensor, were assessed with the use of
immunoblotting, and they were markedly increased
in the Myh6-Cre:Lmna®™F mouse hearts (Figures 1F
and 1G).

GENETIC ABLATION OF THE Mb21d7 GENE IN THE
Myh6-Cre:Lmna™F MOUSE HEARTS. To block the
CGAS component of the DDR pathway, Myh6-
Cre:Lmna®™F mice were crossed with the Mb21di
knockout mice. To test effective blockade of the CGAS
pathway, expression of the CGAS protein, encoded by
the Mb21d1 gene, and its downstream effectors were
analyzed with the use of immunoblotting. The CGAS
protein was expressed at low levels in the WT and
Myh6-Cre mouse hearts, its expression was not
detected in the Mb21d1~/~ mouse heart, as expected,
and its levels were markedly increased in the Myh6-
Lmna®¥ mouse hearts (Figures 2A and 2B).

GENETIC BLOCKADE OF THE CGAS PATHWAY.
Deletion of the Mb2idi gene in the Myh6-Lmna™'®
mouse hearts abolished expression of the CGAS pro-
tein (Figures 2A and 2B). Likewise, whereas levels of
TBK1and STING1 were increased in the Myh6-Lmna™'®
mouse hearts, in the Myh6-Cre:Lmna™/*:Mb21d1~'~
mouse hearts, TBK1 levels were reduced to levels
similarly to those in the WT and Myh6-Cre control
mouse hearts, whereas the reduction in STING1 levels
were modest (Figures 2C to 2F).

The TBK1-STING1 complex targets IRF3 for activa-
tion by phosphorylation and activation of the canonic
(p65 and p50) and noncanonic (p52 and RELB) com-
ponents of the NFkB1 pathway. Immunoblotting
showed increased pIRF3 levels in the Myh6-Lmna®/F
mouse hearts and normalization of the levels in Myh6-
Cre:Lmna®/F:Mb21d1~'~ mouse hearts (Figures 2G and
2H). Changes in the p65 (RELA) components of the
NFkB1 pathway were less remarkable (Figures 21 and
2J), whereas levels of p50 (NFkB1), which were
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increased in the Myh6-Lmna®™* mouse hearts, were

normalized in the Myh6-Cre:Lmna™/*:Mb21d1~/~
mouse hearts (Figures 2K and 2L).

To further assess inhibition of the CGAS pathway,
transcript levels of selected genes that are known to
be targets of IRF3 and NFkB1 were analyzed with the
use of RT-PCR. Transcript levels of several but not all
tested NFkB and IRF3 target genes were increased in
the Myh6-Cre:Lmna®™F mouse hearts (Figure 2M).
Deletion of the Mb2i1di gene attenuated transcript
levels of several IRF3 and NFkB1 target genes in the
Myh6-Cre:Lmna®'¥:Mb21d1~/~ mouse hearts, but only
the Cd44 transcript levels were reduced significantly
(Figure 2M).

PHENOTYPIC CONSEQUENCES OF GENETIC BLOCKADE OF
CGAS PATHWAY IN THE Myh6-Cre:Lmna™F MICE.
The Mb21d1~/~ mice showed no discernible cardiac
phenotype during the time course of the study, which
is consistent with the initial description of this ge-
netic model.?° However, deletion of the Mb21d1
gene significantly attenuated the cardiac phenotype
in the Myh6-Cre:Lmna™* mice.

Survival. The WT, Myh6-Cre, and Mb21d1~/~ mice
had normal survival, but, as reported previously, the
Myh6-Cre:Lmna®™" mice exhibit total mortality
within the first 4 weeks of life with maximum and
median survival rates of 25 and 20 days, respectively
(Figure 3A)."” Deletion of the Mb21d1 gene prolonged
the maximum and median survival rates of the Myh6-
Cre:Lmna®™F mice to 36 and 26 days, respectively
(Figure 3A).

Cardiac size and function. Heart weight-body
weight ratio was increased in the Myh6-Cre:Lmna™'*
compared with the WT, Myh6-Cre, and Mb21d1~/~
mice, whereas it was similar between the WT,
Myh6-Cre, and Myh6-Cre:Lmna™/¥:Mb21d1~/~ mice
(Figure 3B). Evaluation of cardiac size and function
by means of echocardiography showed markedly
increased LVEDD and LVESD and reduced LVFS in
the Myh6-Cre:Lmna®™* mice (Figure 3C, Table 1).
Deletion of Mb2id1 significantly attenuated the

FIGURE 3 Continued

(A) Kaplan-Meier survival plots showing the survival rates in the wild-type, Myh6-Cre, Mb21d1~/~, Myh6-Cre:Lmna‘’¥, and Myh6-

Cre:Lmna®/*:Mb21d1~/~ mice. The log-rank test was used to calculate chi-square and P values. Each vertical drop in the survival curves
indicates an event (death) and each dot represents the censoring age of a mouse alive at the time of data analysis. (B) Graph depicting
the increased heart weight to body weight ratio in the 3-week-old Myh6-Cre:Lmna
of the ratio in the Myh6-Cre:Lmna™F:Mb21d1~/~ mice. (C) Selected echocardiographic indices of cardiac size and function in the 5
genotypes showing increased cardiac size and depressed function in the Myh6-Cre:Lmna
Myh6-Cre:Lmna®/F:Mb21d1~/~ mice. (D) Transcript levels of selected markers of cardiac dysfunction in 3-week-old mice as assessed with
the use of reverse-transcription polymerase chain reaction, showing the anticipated dysregulation in the Myh6-Cre:Lmna
their attenuation in Myh6—Cre:LmnaF/F:Mb21d7’/’ hearts. LV = left ventricular; LVEDD = left ventricular end-diastolic diameter.

/¥ mice compared with wild-type and normalization

/¥ mice and attenuation of the indices in the

FI¥ hearts and
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FIGURE 4 Effects of Genetic Blockade of the DNA Damage Response Pathway on Myocardial Apoptosis in the Myh6-Cre:Lmna”'" Mice
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myocardial sections, showing increased number of the apoptotic cells in the Myh6-Cre:Lmna
mouse hearts. Nuclei were stained with DAPI. (C) Transcript levels of selected markers involved in apoptosis are quantified with the use of reverse-transcription po-

F/F

(A) Representative images and (B) quantitative data for the terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assay in the thin
hearts and near complete rescue in the Myh6-Cre:Lmna™/F:Mb21d1~/~

lymerase chain reaction. Transcript levels of a few but not all markers were increased in the 3-week-old Myh6-Cre:Lmna™F mouse hearts and attenuated in the Myh6-
Cre:Lmna*/F:Mb21d1~/~ mouse hearts. Differences in the Bad transcript levels were compared by means of the Kruskal-Wallis test.

cardiac phenotype by improving LVEDD, LVESD,
and LVFS in the Myh6-Cre:Lmna®'F mice (Figure 3C,
Table 1).

In accord with improved indices of cardiac size and
function, deletion of Mb21d1 also improved transcript
levels of markers of cardiac hypertrophy and failure
in the Myh6-Cre:Lmna®F mice (Figure 3D). Accord-
ingly, transcript levels of Nppb, Nppa, Actai, and
Myh7 were increased in the myocardium from the
Myh6-Cre:Lmna®™" mice, whereas levels of Atp2a2
and Myh6 were reduced, all of which are consistent
with the molecular phenotype of heart failure
(Figure 3D). Deletion of Mb21di1 reversed and attenu-
ated transcript levels of Nppb, Nppa, and Actal,
markers of cardiac hypertrophy and failure, but only

Acta1 transcript levels met the statistical significance
level (Figure 3D).

Myocardial apoptosis. Myocardial apoptosis was
assessed with the use of the TUNEL assay as well as
quantification of transcript levels of selected genes
involved in apoptosis. The number of nuclei that
stained positive for the TUNEL assay was markedly

increased in the Myh6-Cre:Lmna™F

mouse myocar-
dium, whereas the number of apoptotic nuclei was
reduced in the Myh6-Cre:Lmna®/F:Mb21d1~/~ mouse
myocardium (Figures 4A and 4B). In accord with the
increased number of the TUNEL-positive nuclei,
in
F

transcript levels of several genes involved
apoptosis had changed in the Myh6-Cre:Lmna™

mouse myocardium (Figure 4C). Deletion of the
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FIGURE 5 Effects of Genetic Blockade of the DNA Damage Response Pathway on Myocardial Fibrosis in the Myh6-Cre:Lmna®/F Mice
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(A) Representative images of thin myocardial sections stained with Picrosirius red in the 5 experimental groups. (Top) Low- and (bottom) high-magnification panels are
shown. (B) Quantitative data depicting collagen volume fraction (CVF) in the experimental groups. CVF was markedly increased in the 3 weeks old Myh6-Cre:Lmna’/*
mouse hearts and reduced in the Myh6-Cre:Lmna®/F:Mb21d1~/~ mouse hearts. (C) Transcript levels of selected markers involved in fibrosis as quantified with the use of
reverse-transcription polymerase chain reaction. The data show increased transcript levels of selected but not all markers in the 3-week-old Myh6-Cre:Lmna®/" hearts
compared with control groups and their attenuation in the Myh6-Cre:Lmna"/f:Mb21d1~/~ mouse hearts.

Mb21d1 gene reduced transcript levels of Noxa and criterion for statistical significance only for the Timpi
Gadd45b genes (Figure 4C). gene (Figure 5C).

Myocardial fibrosis. Fibrosis was assessed by

quantification of CVF on staining of the thin DISCUSSION

myocardial section with Picrosirius red, which
constituted about 7.2% of the myocardium in the The findings of this study highlight significant con-
Myh6-Cre:Lmna®™F mouse myocardium, compared tributions of DSBs and activation of the CGAS axis of
with around 1% in the WT, Myh6-Cre, and Mb21d1~/~ the DDR pathways to the pathogenesis of DCM caused
mice (Figures 5A and 5B). CVF was significantly by LMNA deficiency. The DDR pathway is activated in
attenuated in the Myh6-Cre:Lmna®™*:Mb21d1~/~ the Myh6-Cre:Lmna™F mouse hearts, and genetic
mouse myocardium. Likewise, RT-PCR analysis of blockade of the CGAS component of the DDR
transcript levels of several genes involved in fibrosis pathway, on deletion of the Mb21di gene, which
showed increased levels in the Myh6-Cre:Lmna®’F
mouse myocardium and attenuation of the transcript cardiac function, and attenuated myocardial fibrosis
levels of several genes in the Myh6-Cre:Lmna™F: and apoptosis. CGAS is the best characterized as a
Mb21d1~/~ mice, however, the attenuation met the cytosolic DNA sensor, which on binding to the

encodes the CGAS protein, improved survival and
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TABLE 1 Echocardiographic Indices of Cardiac Size and Function
Myh6-Cre:Lmna*'F:
wt Myhé6-Cre Mb21d1-/~ Myh6-Cre:Lmna*'® Mb21d1~/~
(n=10) (n=14) (n=14) (n =16) (n=17) P Value

Male/female 5/5 6/8 4/10 6/10 9/8 0.687
Age, d 20.10 + 0.88 20.86 + 1.46 2043 £1.34 20.38 + 0.89 20.06 +1.25 0.237°
Body weight, g 10.59 + 2.58 9.55 £+ 0.62 9.14 + 0.85 8.21 + 1.18>¢ 9.02 + 1.31 0.009”
Heart rate, beats/min 496.18 + 16.43 501.16 + 23.46 508.47 +16.22 479.51 + 36.75 498.45 + 31.43 0.094
IVST, mm 0.46 + 0.04 0.45 + 0.03 0.44 + 0.03 0.37 + 0.03><¢ 0.36 + 0.03%<¢ <0.0001
PWT, mm 0.47 + 0.04 0.49 + 0.05 0.46 + 0.04 0.37 +£0.05><¢ 0.39 +0.04"<¢ <0.0001
LVEDD, mm 2.69 + 0.27 2.81+0.20 2.63 + 0.1 3.50 + 0.42°<¢ 3.1 + 0.31°4¢ <0.0001
LVEDDI, mm/g 0.27 + 0.06 0.29 + 0.02 0.29 + 0.03 0.43 + 0.05%<¢ 0.35 £ 0.05>“4¢  <0.0001
LVESD, mm 144 + 0.26 1.57 + 0.27 1.47 £ 0.19 3.07 + 0.48><¢ 2.51 + 0.45>%%¢  <0.0001
FS, % 46.58 £ 6.18 44.40 + 6.67 4419 + 6.73 12.54 + 4.97°<¢ 19.81 + 7.74<4e <0.0001
LVM, mg 23.19 £ 4.30 25.51 + 2.43 21.49 + 1.61° 28.41 £ 9.50 23.15 + 4.51 0.014°
LVMI, mg/g 2.27 £ 0.47 2.67 £0.23 237 £ 0.29 3.43 + 0.85"¢ 2.60 + 0.57¢ 0.0002
Values are mean =+ SD. Chi-square test was used to assess the M/F distribution, and normally distributed samples were analyzed by means of 1-way analysis of variance with
Bonferroni pairwise comparisons. 2P value determined by means of Kruskal-Wallis test with Dunn test for multiple comparisons. ®Significant P value compared with wild type.
SSignificant P value compared with Myh6-Cre. YSignificant P value compared with Mb21d1~/~. ®Significant P value compared with Myh6-Cre:Lmna‘’F.

IVST = interventricular septal thickness; LVEDD = left ventricular end-diastolic diameter; LVEDDI = left ventricular end diastolic diameter index; LVESD = left ventricular end
systolic diameter; LVFS = left ventricular fractional shortening; LVM = left ventricular mass; LVMI = left ventricular mass index; M/F = male/female; PWT= posterior wall
thickness; WT = wild type.

cytosolic DNA activates the TBK1-STING1 complex,
leading to increased transcriptional activities of the
IRF3 and NFkB pathway and consequent expression
of the proinflammatory cytokines. Several compo-
nents of the CGAS pathway were activated in Myh6-
Cre:Lmna®F mouse hearts, including CGAS, TBK1,
and STING1 proteins and their downstream effectors
of gene expression pIRF3 and NFkB transcriptional
regulators. Similarly, increased expression of mitotic
factors, such as transforming growth factor f1, likely
as part of the senescence-associated secretory
phenotype, provides a mechanistic explanation
for increased myocardial fibrosis in the Myh6-
Cre:Lmna®* mouse myocardium. Genetic ablation of
the Mb21d1 gene normalized elevated levels of the
CGAS pathway proteins and suppressed expression of
the proinflammatory cytokines through pIRF3 and
NFkB pathways, providing a mechanistic basis for
the salutary effects of genetic blockade of the CGAS/
DDR pathway in this mouse model of LMNA-
associated DCM.

Activation of the DDR pathway in the Myh6-

/F confirmed for

Cre:Lmna™" mouse hearts
multiple components of the pathway and by com-
plementary methods. The beneficial effects of genetic
blockade of the CGAS pathway were consistent across
the clinical (survival), functional (echocardiographic
phenotype), histologic (fibrosis and apoptosis), and
molecular (gene expression) phenotypes and were
mostly confirmed by alternative methods. Likewise,
the effect sizes of the beneficial effects, such as a 30%
improvement in survival, were notable and beyond

the biological variability that is often observed in the

was

model organisms. The findings of the genetic ablation
of the CGAS pathway provide proof-of-principle data
and set the stage for follow-up pharmacologic inhi-
bition of this pathway for therapeutic gains in DCM
observed in laminopathies. Given that CGAS and the
DDR pathways are implicated in other forms of
inherited cardiomyopathies as well as in heart failure
in general, the findings might have broader clinical
implications.””*” Small molecule inhibitors of the
CGAS pathway protein have been developed and are
currently being tested for their efficacy in various
pathologic conditions.?®->°

The phenotype rescue, not unexpectedly, was
incomplete, which is in accord with the multifarity
of the involved mechanisms in the pathogenesis of
DCM caused by LMNA deficiency. A notable example
is the ATM/TP53 component of the DDR pathway,
which was activated in the Myh6-Cre:Lmna®’F
Activation of the ATM/TP53 pathway in response to
DSBs is mostly independent from and in parallel
to the activation of CGAS-TBK1-STING1 axis. There-
fore, genetic deletion of the Mb21d1 is not expected
to directly target the ATM/TP53 and other dysregu-
lated pathways, which could play major roles in the
pathogenesis of the phenotype. It is also noteworthy
that the deletion of the Mb21d1 gene did not fully
rescue all components of the NFkB pathway and

mice.

expression levels of the proinflammatory cytokines
that were analyzed in this study. The incomplete
molecular rescue is also in agreement with regula-
tion of expression of these key molecules through
mechanisms independent of the CGAS-TBK1-STING1
axis.
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By design, this was a preventive study, because the
Mb21d1~/~ mice carry the germline deletion of the
Mb21d1 gene and therefore the CGAS protein was
absent in the Myh6-Cre:Lmna®™F:Mb21d1~/~ mice
before the onset of heart failure. Whether inhibition
of the CGAS protein would attenuate or reverse
established heart failure in the Myh6-Cre:Lmna®’F
mice is an empirical question that awaits to be tested
upon the development of a mouse model of inducible
deletion of Mb21di. Pharmacologic inhibition of
CGAS, once pharmacokinetics and pharmacody-
namics of the available CGAS inhibitors in mice are
established, would enable testing of the effects of
inhibition of CGAS on established heart failure. The
use of the recombinant adeno-associated viruses to
express a short hairpin RNA to knock down the
expression of the Mb2idi gene would provide an
alternative approach to testing the potential benefits
of knocking down the CGS protein in heart failure.

Despite the evidence of activation of the CGAS
molecule in various models of cardiac pathology, the
relevance of the findings to human DCM caused by
the LMNA mutations remains to be established.>°**
Equally unclear is whether activation of CGAS is
specific to heart failure caused by LMNA mutations or
is generalizable to other forms of heart failure in
humans. Given the cardinal role of the LMNA protein
in genome stability, one might speculate that heart
failure caused by LMNA mutations is the prime model
for the activation of the CGAS pathway.**** Never-
theless, cell death and mitochondrial damage are
common features of heart failure. Consequently, one
might also envision the release of the genomic and/or
mitochondrial DNA from the damaged myocardium,
regardless of its cause, to activate the CGAS pathway
in heart failure. Finally, whether increased expres-
sion of proinflammatory cytokines, ie, molecular
inflammation, because of activation of the CGAS
pathway also extends to cellular inflammation on
recruitment of the inflammatory cells to the myocar-
dium in heart failure caused by LMNA mutations
should be tested.

The mechanisms involved in genomic instability in
laminopathies, and therefore increased DSBs, are not
well understood. The LMNA protein is implicated in
the induction as well as the repair of the DNA breaks
during replication stress.>*3> Accordingly, LMNA is
considered to be necessary for the processing of
topoisomerase 2B (TOP2B) at the chromatin loops,
which cuts both DNA strands near the CTCF insulator
to release the torsional stress and make the chromatin
available for gene expression.?®3” Intact LMNA
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function is considered necessary for the dissociation
of TOP2B from the break sites and their repairs by the
homologous recombination.?®*° Moreover, LMNA
also interacts with several repair proteins and is
considered to be essential for their recruitment to the
DSB sites.*' Thus, in laminopathies both induction
and repair of the DSBs might be affected.

In conclusion, the data showed activation of the
DDR pathway, in response to DSBs, and the salubrious
effects of genetic ablation of the Mb21d1 gene, which
encodes the key cytosolic DNA sensor CGAS, on
multiple phenotypes in a mouse model of DCM
caused by LMNA deficiency. The findings raise the
prospect for pharmacologic interventions targeting
the DDR pathway for therapeutic gains in DCM and
possibly in other forms of heart failure.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
findings of the present study inform clinicians and the
researchers about the presence and clinical signifi-
cance of DSBs and the cellular responses to DSBs in
the pathogenesis of dilated cardiomyopathy.

TRANSLATIONAL OUTLOOK: The DDR pathway is
activated in the heart in dilated cardiomyopathy
caused by LMNA mutations. Activation of the DDR
pathways provokes inflammatory responses contrib-
uting to myocardial fibrosis, cell death, and cardiac
dysfunction. The findings of the present study,
showing the beneficial effects of genetic inhibition of
the DDR pathways in DCM, set the stage for the
therapeutic targeting of the DDR pathway in heart
failure. Pharmacologic inhibitors of the molecules
involved in the DDR pathways are being tested in
various diseases and are primed for testing for their
beneficial effects in patients with heart failure.
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