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TSR L THRA I, TR - & NMTBT 20 7 R VIRITE & R TR THESZ L, DNA B 1{5E5
PEARELHZ 3R L (Nomura et al. Nat Commun. 2018)., EAEMEAREIREZFE T 5 KX 0 D1 ZRIREE
D&% A L (Nomura et al. Nat Commun. 2020)., /CMEODOBRKE(L - DHEEEIR T 2 B3 2 {5 1 HTRA3 %
A L C&7 (Nomura et al. Nat Commun. 2022), 0 COMMIIZIER T2 8 AN ATRE72 Bl 2 Bz L
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Z 2 TARMFETIE, LUFO 3 DOFRICEY fA, DAL 2120 & U 7o BB 7169 - ZREEERICE D
OB BIRRIE OB & B s L=,
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FTH AL > 7LV RNA-seq fEHT 36 JORIRR AR AAEFH OfEHTN B | O AiHIRe & BRAEZERIRL oo [
? TGF- B Z 4 LA BAER N DA SRICH G2 2 L 2 Uiz, DAIRIZ T TGR- B o3& L9
% 2 &I Ko T NOX4 JEMEAL 36 L OY DNA B IR HERRIX T 2542 UL DNA 852388 L T pb3 MM T 5, %
DfEE: ZACBIH I E ~DOZEHAME ST IGFBPT 72 KO RIEVER 2 5l % K 91272 > TOAREN
BT %, S OIS~ L, DT TCF- BICEHHRS S L Cofd 2 HIRA3 Z[FE L, & JISEEBEFEMICH AT
5l Ko TTIGR- B 2/l L Oiiila o FE b 278 & 5 Z & 2R L7z (Ko, Nomura et al. Nature
Commun. 2022), & HIZ IGFBPT BEALIMBENKMALN D AW ENDH I EEZWH LML, THEBETH -
COPEFHINCINE T 2 L DAREDIRENTEXHZ L 2B L7z (Katoh, Nomura et al. Circulation 2024),

S HIZFR &L, ODAMIRIZ I 1T D DNA G O ARIRRE 2 & ORREHE L TV 2022 B 5702 L TRRIRIG
F~DER 72 2T 5720, DAREE OUIBREMR AR IZI5 1T 5 DNA RIEDORRE & Z D% DGR G O BRI A
AT, TORER, FRAx QIREBETHEIN D 0AE FRRALLAE « HU2s AR LA - & EE O
e Praf =T R - DfHRRE) I8\ TIHE L T, DAMICET 5 DNA GO & = 0 BHE O3
FSEMEOBITIZHARBENRO bz, $7eb b, 0 DNA BEOFLE AT AUEiR I £, SKERRIC X
S TUIBBEERBIE T 5 ATREMEIME S D VWD Z L TH D, F7-. DNABEORRE 23l L T 5. 99% % ¥
e LTS 5 &, R FFRE L HIZ 80%REDEWIEE CLAEBREORKN TR EE#TE D 2
EHHA L7~ (Dai, Nomura et al. JACC Heart Failure. 2023), F7=.0:fh DNABE L 7 ) L8 B o BELRME
AT LT2 & 2 A, JRIERLLREICB W CIE L a 2 7 i s - BEF] COR) DNA BIEN A RICER L TH
. BRICEMERARABTHAEZ ENALMNE 257~ (Dai, Nomura et al. Circ Heart Fail. 2024),

2. DARFEZEI T 5 BAn IR

OFREIE DT iR 2 PR L CO MBI AT 28 s FIBRIE DO Z Hi L, £33 > 7 kL RNA-
seq BEOEMA I v 7 AHTIZ L - THEZER DL /3 W4 %5 IGFBPT Bin 2R A Lic, £ LTk
15 O CMEHRAE AR AR & 53U S 4 % TGF- B % 53fF9~ % HTRA3 IR F-ZF8 L L. HTRA3 IS FIZMAT 5 2 &
T, DI EREZIRE CEX 5 L2 L7 (Ko, Nomura et al. Nature Commun. 2022), F7=/[MjfHZE
BOUNRY ET Y 7 ORFZERIF 22 2B 0 A B B 2N T D 7o OIS ZEMA X v 7 A fgf 2 Ehi L, FZEE FUEI
BT 5 CSRP3 BB FE2FHR L, ZAUTKT 2BIEFIBFIC L > TRIZRLIRY 7V 7 &2RERTcE 52 &
ZfRAA U7~ (Yamada, Nomura et al. Nature Cardiovasc Res. 2023),

3. BfathO MR BRI 5 AR IR R A O B %8

B MAE RS (JERBLOFHAE « JERRLOAE - SERMEODIRE) D% X THAZRRTRIET D28, €
Mz E\ R TEET 2 B R TICADRIRRIERIE S T2 ed oz, T TANIETIE, —1E
BB H A SR CEME T 5 prime editing £4fi% in vivo THEMATHEIZ L., mFEEEEREIC L DT/ L
EIRIRIEZ LT 5 Z LA B Lo, ORISR, Nkx2. 5 BIR FARIZ L > TAE U D RMIELER (LFEHERE
KABJE) £T NV~ T AZBW TR T g EARZEE T 5 in vivo prime editing infRIEZ PR L, FER

ICLEPRRIBIEAZTEET A Z LIk (Ko T, Nomura S, et al. Circulation Genom Precis Med.
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2025 Jun 9:e005194. doi: 10.1161/CIRCGEN. 124.005194. ),

S BT, KIGHRIEDORR L 2 DAEO—EERIC LD VT AN TV Mt e 2r ) Ly —r v A7 —
ZIZEADWTIRDIZ, £, BRI OAEZIIET DI OAIESA 1BV T, germline mutation A
ST, 7 e = MEEI ORI OWTIRE L7, £ ORER, JLERLLAHIE T3 7 v — P& i OSHEE 28 E
&, Iz u— o MEEMAIFET D & germline mutation & XN L COREDOTRIFISEN: & 4 5
L EHGM™Z LT (Inoue, Nomura et al. JACC Basic Transl Sci. 2024), X H2ZNFE THEERAHT
Ho T D ARBEDIRIEIC A E—HEROMELRBFET DL EEMAL, v 7 ) — Ry — 27 = U AT
Ko TRV F =g Uiz, FERBLLIEICS W T, EHEOV L 3 AT BEFE RO M B E s
EROEINZE > T, IBRHENLILHRAE (OAE) ~EBATTLORBLET 5 L2 L7 (Hiruma,
Nomura et al. JACC Heart Failure 2024), BEJIELAE % 2T 5 BAG B EE~T 2% (Inoue, Nomura
et al. Circulation GPM 2023) « LAMP2 i&{x+ (Abe, Komuro et al. Circ J 2024) « PRKAG2 i&{x+ (Hiruma,
Nomura et al. Circulation Heart Failure 2024) « FLNC 1&{5+ (Nakayama, Nomura et al. ESC Heart Fail.
2025) DHFHERIZ L DIERBLLAHIEZ 3 K L, IERALLAGE DERS gene curation expert panel (25 -
T, 2 5DOERFDPIERKBLILHBIEIZ BT 5 definite 72 causal gene TH D Z & 3R X7~ (Hespe et al.
J Am Coll Cardiol. 2025),
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Heart diseases such as heart failure and myocardial infarction present complex pathologies involving
numerous cell types, making it difficult to elucidate common molecular mechanisms between mice and
humans. In particular, there was no technology available to analyze cellular-level molecular pathologies from
rare human clinical samples. Furthermore, even when potential target molecules for controlling the pathology
were identified, there was no technology to selectively control the function of these target molecules in specific
target cells. Additionally, many severe heart diseases are hereditary, but there were no therapeutic methods
capable of precisely editing these genetic mutations. In essence, there were technical challenges in terms of
(1) understanding molecular mechanisms, (2) targeted delivery to specific cells, and (3) precision of mutation

editing.

In response to these challenges, we have established, for the first time globally, cardiac single-
cell analysis technology in both mice and humans. Using this, we discovered DNA damage-
positive failing cardiomyocytes (Nomura et al. Nat Commun. 2018), identified dopamine D1
receptor-positive cardiomyocytes that induce lethal arrhythmias (Nomura et al. Nat Commun.
2020), and identified the HTRA3 gene, which suppresses cardiac fibrosis and dysfunction
(Nomura et al. Nat Commun. 2022). We have also established a highly efficient gene delivery
technology for cardiomyocytes, thereby building a foundation for gene therapy targeting
cardiomyocytes. Furthermore, we have developed a technology for high-precision base editing
that has fewer off-target effects than existing base editing technologies.

Therefore, in this study, we addressed the following three aims, aspiring to develop
treatments for heart diseases through cardiomyocyte-targeted gene therapy and mutation
repair therapy:

1. Development of gene therapy for heart failure
2. Gene therapy for myocardial infarction



3. Development of base editing therapy for inherited cardiovascular diseases
1. Development of Gene Therapy for Heart Failure

First, through cardiac single-cell RNA-seq analysis and cell-cell interaction analysis, we
elucidated that TGF-B-mediated interaction between cardiomyocytes and fibroblasts
contributes to heart failure formation. In cardiomyocytes, TGF- activation leads to NOX4
activation and impaired DNA repair enzyme function, resulting in DNA damage accumulation
and p53 activation. Consequently, cells convert to a senescence-associated secretory
phenotype, secreting inflammatory factors such as IGFBP7, which exacerbates heart failure.
Furthermore, we identified HTRAS3, which directly binds to and degrades TGF-f in the
myocardium, and found that genetic intervention targeting HTRA3 can control TGF-3 and
induce the normalization of cardiomyocytes (Ko, Nomura et al. Nature Commun. 2022).
Furthermore, we clarified that IGFBP7 is also secreted from senescent endothelial cells, and
found that its genetic and immunological inhibition can treat heart failure (Katoh, Nomura et al.
Circulation 2024). To further clarify the extent to which DNA damage in cardiomyocytes
dictates heart failure pathology and to pave the way for clinical application, we investigated the
relationship between the degree of DNA damage in cardiac tissue samples from heart failure
patients and their subsequent clinical outcomes. As a result, we found a common inverse
correlation between the extent of DNA damage in cardiomyocytes and the patients' drug
responsiveness across various heart failure etiologies (e.g., dilated cardiomyopathy, anti-
cancer drug-induced heart failure, hypertensive heart failure, sarcoidosis, myocarditis). This
means that the more severe the myocardial DNA damage, the lower the likelihood of cardiac
function recovery through drug treatment. Furthermore, by stratifying patients based on a DNA
damage threshold of 5.99%, we found that the clinical prognosis of heart failure patients could
be predicted with high accuracy (approximately 80% sensitivity and specificity) (Dai, Komuro
et al. JACC Heart Failure. 2023). Analyzing the relationship between myocardial DNA damage
and genomic mutations, we revealed that in dilated cardiomyopathy, non-sarcomere gene
mutation cases showed significant accumulation of myocardial DNA damage and poor
treatment responsiveness (Dai, Komuro et al. Circ Heart Fail. 2024).

2. Gene Therapy for Myocardial Infarction

We aimed to develop gene therapy methods that intervene in cardiomyocytes by
understanding the pathology of myocardial infarction. First, through single-cell RNA-seq and
spatial omics analysis, we discovered the IGFBP7 gene secreted by cardiomyocytes in the
infarct area. We then identified the HTRA3 gene, which degrades TGF- secreted by
neighboring cardiac fibroblasts, and elucidated that intervention targeting the HTRA3 gene can
treat myocardial infarction pathology (Ko, Nomura et al. Nature Commun. 2022). Additionally,
to elucidate the spatiotemporal changes in cardiac remodeling after myocardial infarction, we
performed spatial omics analysis and discovered the CSRP3 gene in the infarct border zone.
We elucidated that gene therapy targeting CSRP3 can treat pathological cardiac remodeling
(Yamada, Nomura et al. Nature Cardiovasc Res. 2023).
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3. Development of Base Editing Therapy for Inherited Cardiovascular Diseases

Many inherited cardiovascular diseases (hypertrophic cardiomyopathy, dilated
cardiomyopathy, congenital heart disease) are caused by single-nucleotide variants, but
effective treatments have not been developed due to the lack of high-precision repair
technologies. Therefore, in this study, we aimed to establish high-precision base editing
therapy by enabling in vivo prime editing technology to precisely repair single-nucleotide
variants. As a result, we developed an in vivo prime editing therapy that repairs targeted
single-nucleotide variants in a mouse model of congenital heart disease (atrial septal defect)
caused by an Nkx2.5 gene mutation, successfully treating atrial septal defect (Ko T, Nomura
S, et al. Circulation Genom Precis Med. 2025 Jun 9:e005194. doi:
10.1161/CIRCGEN.124.005194.).

Furthermore, we deepened the rare variant analysis of single-nucleotide variants causing
heart failure, which are targets for this therapy, based on whole-genome sequencing data.
First, in patients with genetically inherited dilated cardiomyopathy, we investigated the
involvement of clonal hematopoiesis in addition to germline mutations. As a result, we
revealed that the frequency of clonal hematopoiesis is high in dilated cardiomyopathy, and
furthermore, that the presence of clonal hematopoiesis exacerbates heart failure treatment
responsiveness independently of germline mutations (Inoue, Komuro et al. JACC Basic Transl|
Sci. 2024). We also elucidated the presence of copy humber variations and structural
variations in previously unexplained heart failure pathologies and validated them using long-
read sequencing analysis. In hypertrophic cardiomyopathy, we clarified that the combination of
multiple sarcomere gene mutations and cardiovascular-related gene mutations leads to a
phenotype transition from the hypertrophic phase to the dilated phase (heart failure) (Hiruma,
Komuro et al. JACC Heart Failure 2024). We discovered novel mutations in the BAG5 gene
(compound heterozygous mutations) (Inoue, Komuro et al. Circulation GPM 2023), LAMP2
gene (Abe, Komuro et al. Circ J 2024), PRKAG2 gene (Hiruma, Komuro et al. Circulation
Heart Failure 2024), and FLNC gene (Nakayama, Nomura et al. ESC Heart Fail. 2025)
causing severe heart failure, and these genes were identified as definite causal genes in
hypertrophic cardiomyopathy by an international gene curation expert panel for hypertrophic
cardiomyopathy (Hespe et al. J Am Coll Cardiol. 2025).



