
（公財）榊原記念財団（2024 年度研究業績集）

－ 27 －

1091

Circulation: Heart Failure

Circ Heart Fail. 2024;17:e011879. DOI: 10.1161/CIRCHEARTFAILURE.124.011879 November 2024

Circulation: Heart Failure is available at www.ahajournals.org/journal/circheartfailureCirculation: Heart Failure is available at www.ahajournals.org/journal/circheartfailureCirculation: Heart Failure

RESEARCH LETTER

Myocardial DNA Damage Is Responsible  
for the Relationship Between Genotype  
and Reverse Remodeling in Patients With  
Dilated Cardiomyopathy
Zhehao Dai , MD, PhD, MPH; Toshiyuki Ko , MD, PhD; Shunsuke Inoue , MD, PhD; Seitaro Nomura , MD, PhD;  
Kanna Fujita , MD, PhD; Kenji Onoue , MD, PhD; Yuki Kuramoto , MD, PhD; Yoshihiro Asano, MD, PhD;  
Manami Katoh , MD, PhD; Shintaro Yamada , MD, PhD; Mikako Katagiri , MD, PhD; Bo Zhang , MD, PhD;  
Takanobu YamadaYamadaY , MD, PhD; Tuolisi Heryed , MD; Kosuke Sawami, MD; Takahiro Jimba , MD; Nanase Hori, MD;  
Masayuki Kubota , MD, PhD; Masamichi Ito , MD, PhD; Eisuke Amiya , MD, PhD; Masaru Hatano , MD, PhD;  
Norifumi TakedaTakedaT , MD, PhD; Hiroyuki Morita , MD, PhD; Yoshihiko Saito , MD, PhD; Norihiko Takeda, MD, PhD;  
Issei Komuro , MD, PhD

DNA damage response plays a critical role in heart 
failure, including dilated cardiomyopathy (DCM), and 
assessment of myocardial DNA damage can pre-

dict treatment response and prognosis in patients with 
DCM.1 Meanwhile, genotype is also an established pre-
dictor of DCM treatment response and prognosis, with 
nonsarcomere gene variants (LMNA, etc.) predicting 
poorer prognosis compared with sarcomere gene vari-
ants (TTN truncating variants, etc.).TTN truncating variants, etc.).TTN 2 However, the rela-
tionship between genotype and myocardial DNA damage 
remains unclear.

In this study, we assessed both myocardial DNA 
damage by immunostaining of γ-H2A.X in right ventric-
ular endomyocardial biopsy specimens (Figure [A]) and 
deleterious variants using whole exome sequencing in 
patients diagnosed with DCM in 2 previous cohorts.1,3

Diagnosis of DCM was established based on impaired 
left ventricular ejection fraction (<40%), following rig-
orous exclusion of secondary causative etiologies. The 
study was approved by the institutional research boards 
of the University of Tokyo (Nos. 11801 and G2249) and 

Nara Medical University (No. G107). Informed consents 
were obtained. Evaluation of myocardial DNA damage 
from biopsy specimens has been previously reported.1,3

Whole exome sequencing data were mapped to the 
human reference genome. Rare variants with a minor 
allele frequency <1% in East Asian databases were 
extracted and filtered to obtain those predicted to 
alter protein structure or function, such as nonsynony-
mous, nonsense and splice site variants, in-frame and 
frameshift deletions, and insertions, in prespecified 
cardiomyopathy-related genes. Pathogenic and likely 
pathogenic (P/LP) variants, classified according to the 
American College of Medical Genetics and Genomics 
guidelines, were defined as deleterious mutations. Left 
ventricular reverse remodeling (LVRR) at 1 year after 
biopsy was defined by an absolute increase in left ven-
tricular ejection fraction of ≥10% to a final value >35%, 
accompanied by a decrease in left ventricular end-
diastolic diameter >10%, as assessed by echocar-
diography.1 Data are available from the corresponding 
authors upon reasonable request.
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Figure. Association between genotype and myocardial DNA damage and their effects on the prediction of reverse remodeling.
A, A representative immunofluorescence staining image. γ-H2A.X (red) staining image is presented with DAPI (blue) indicating nuclei and 
WGA (white) indicating cell membrane. Scale bar: 20 µm. B, Distribution of patients with dilated cardiomyopathy who have pathogenic or 
likely pathogenic (P/LP) variants in cardiomyopathy-related genes. Each gene is presented along with the number of carriers of P/LP variants 
in the corresponding gene. C, Baseline characteristics, treatments, and 1-year left ventricular reverse remodeling (LVRR) in each category 
of: carriers of P/LP variants in sarcomere genes, carriers of P/LP variants in nonsarcomere genes, and patients without P/LP variants in 
cardiomyopathy-related genes. Data are presented as number (percentage) for categorical variables and compared using Fisher’s exact test; 
or as median (interquartile range) for continuous variables and compared using Kruskal-Wallis test among 3 groups and Mann-Whitney U test 
between 2 groups. D, Dot plot for %γ-H2A.Xs assessed in 2 separate specimens from the same patients to evaluate reproducibility (n=22). 
The dashed line indicates the line for Y=X. E, Comparisons of the proportion of γ-H2A.X-positive nuclei (%γ-H2A.X) among different genotype 
categories. The carriers of P/LP variants in TTN and LMNA are shown as blue and orange dots, respectively. F, Comparison of %γ-H2A.X 
between patients who achieved LVRR [LVRR(+)] and did not achieve LVRR [LVRR(−)] at 1 year. G, Receiver operating characteristic curves of 
%γ-H2A.X alone (blue), genotype alone (green), and the combination of %γ-H2A.X and genotype (red) for predicting 1-year LVRR. (Continued )
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We screened 148 patients from the 2 previ-
ous cohorts, among whom 89 eligible patients con-
sented to whole exome sequencing and were included 
in this analysis, and 31 of them had P/LP variants in  
cardiomyopathy-related genes. We further catego-
rized the P/LP variants into sarcomere and nonsarco-
mere gene variants as previously reported (Figure [B]).2 
Among patients with P/LP variants in sarcomere genes 
such as TTN, 82% achieved LVRR at 1 year, which was 
significantly higher compared with 20% of patients with 
P/LP variants in nonsarcomere genes such as LMNA 
(P=0.002), although baseline characteristics were com-
parable (Figure [C]). The assessment of the percentage 
of nuclei stained with γ-H2A.X (%γ-H2A.X) was repro-
ducible in different specimens from the same patients 
(Figure [D]). %γ-H2A.X was significantly higher in non-
sarcomere gene P/LP variant carriers than in sarcomere 
gene P/LP variant carriers (21.6 [12.6–29.2]% versus 
7.0 [4.3–12.4]%; P<0.001; Figure [E]). Patients who 
achieved LVRR at 1 year presented with lower %γ-H2A.X 
regardless of genotype (Figure [F]). %γ-H2A.X alone 
was able to predict 1-year LVRR with the area under the 
receiver operating characteristic curve being 0.793 (95% 
CI, 0.697–0.888). The addition of genotype information 
(P/LP variants in sarcomere genes; P/LP variants in non-
sarcomere genes; no P/LP variants in cardiomyopathy-
related genes) resulted in similar prediction performance 
(area under the receiver operating characteristic curve, 
0.820 [95% CI, 0.730–0.912]; DeLong’s P=0.268; Fig-
ure [G]). Performance of either model may be superior to 
that of previously reported LVRR predictors such as late 
gadolinium enhancement. The odds ratio for carriers of 
P/LP variants in sarcomere genes to achieve LVRR was 
18.00 (95% CI, 2.74–118.39) compared with that for 
carriers of P/LP variants in nonsarcomere genes. How-
ever, this effect was largely attenuated after adjusting 
for %γ-H2A.X (odds ratio, 9.10 [95% CI, 1.29–64.45]; 
Figure [H]). These results suggest that myocardial DNA 
damage might mediate the link between genotype and 
LVRR in DCM. Different levels of myocardial DNA dam-
age among different genotypes may be attributed to 

(1) variant-specific contribution to DNA damage (such 
as LMNA variants via nuclear envelope abnormality)4 
and/or (2) different extents of longstanding mechanical 
stress secondary to the variants, which warrants further 
clarification.5

This study has several limitations. First, this is a retro-
spective cohort study with a limited number of patients. 
The effect of genotype was assessed according to the 
categories of variant genes rather than based on individ-
ual genes. The limited number also precluded the anal-
ysis of the association between LVRR and %γ-H2A.X 
stratified by genotype. Second, there were few clinical 
events, including death and implantation of ventricular 
assist device. Third, %γ-H2A.X was assessed in right 
ventricular biopsy specimens, which might not be equiv-
alent to those from left ventricles. Finally, the invasive 
nature of endomyocardial biopsy must be carefully con-
sidered when applying this approach in clinical practice.

In conclusion, among patients with DCM, carriers of 
P/LP variants in sarcomere genes showed less DNA 
damage and higher probability of achieving LVRR, when 
compared with carriers of P/LP variants in nonsarco-
mere genes. Quantification of myocardial DNA damage 
may be useful to predict reverse remodeling, regardless 
of the availability of genotype information.
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