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Early activation and phenotypic transformation of monocytes and macro-
phages are essential for inflammatory activities and tissue repair following
myocardial infarction (MI). However, the involvement of histone succinylation
in monocyte phenotypic regulation during MI remains poorly understood.
Here we show that succinylation, particularly histone H3K23succ, is sig-
nificantly upregulated in monocytes from both MI patients and male mouse
models, correlating with enhanced inflammatory responses. We further reveal
that histone acetyltransferase 1 (Hatl) acts as a succinyltransferase essential for
catalytic activity, and is upregulated together with histone succinylation in
proinflammatory monocytes. Deficiency in Hatl expression improves cardiac
function, reduces infarct size, and suppresses inflammatory responses in
infarcted hearts after MI. Mechanistically, Hatl modulates chromatin accessi-
bility and recruits H3K23 succinylation to regulate proinflammatory gene
expression in monocytes and macrophages post-MI. Our study reveals a cri-
tical role for histone succinylation in early MI progression and establishes that
Hatl acts as an epigenetic regulator promoting proinflammatory monocyte
transformation, highlighting its therapeutic potential for MI treatment.

Myocardial infarction (MI) is the most severe manifestation of cor- immune cells derived from bone marrow (BM), particularly monocytes
onary artery disease and remains associated with high morbidity and and macrophages, triggers a robust inflammatory cascade in the early
mortality rates worldwide'. The critical consequences of ischemic progression of MI, which is caused by the transformation of BM
cardiac tissue are exacerbated by early-onset excessive inflammatory  hematopoietic stem cells from a static state to proliferation and dif-
responses and adverse cardiac remodeling®. The rapid expansion of ferentiation states after heart attack’. Suppressing the early excessive
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inflammatory activities has been an effective therapeutic intervention
that facilitates a better post-infarct recovery*. Thus, modulating the
functional phenotypic transformation of BM and circulating mono-
cytes before they are recruited to ischemic cardiac tissues is critical for
ameliorating exaggerated inflammation, adverse cardiac remodeling,
and cardiac dysfunction. Much effort has focused on reducing the pro-
inflammatory monocyte subpopulation or alleviating inflammatory
pathways after heart attack; however, ideal anti-inflammatory or
immunomodulatory therapeutic effects remain unachieved. There-
fore, understanding the endogenous mechanisms and elucidating the
crucial factors that determine early monocyte-macrophage phenotype
transformation may help to explore better therapeutic strategies
post-MI.

Histone modifications are dynamic, reversible, and crucial in
regulating gene expression, transcription, and DNA damage repair’®.
Lysine succinylation of nonhistone proteins and histones is a newly
discovered post-translational modification®. Lysine succinylation is
reportedly related to multiple diseases, such as malignant tumors’,
Parkinson’s disease®, and metabolic diseases’. Similarly, nonhistone
succinylation has been raised as a hazardous factor for cardiovascular
disease and has been reported in hypertrophic cardiomyopathy and
atrial fibrillation'®", Increasing evidence shows that histone succiny-
lation influences the nucleosome structure and genome-wide tran-
scription. However, the involvement of specific genes in histone
succinylation in MI remains poorly understood.

Histone acetyltransferases (HATs) regulate gene transcription by
transferring an acetyl group onto specific lysine residues”. Histone
acetyltransferase 1 (Hatl) is the first discovered HAT, which is in the
nucleus and is involved in various cellular processes, including pro-
liferation, DNA replication, and cellular metabolism™"*., Recent studies
showed that Hatl activation correlates with macrophage activity in
viral infection®™. In addition, Hatl has been reported as a succinyl-
transferase and drives cancer initiation and progression by mediating
the succinylation'®. How Hatl drives the monocyte phenotypic transi-
tion of ischemic heart disease at the early inflammatory stage remains
unknown. Therefore, our objective was to investigate whether histone
succinylation collaborates with Hatl to regulate the phenotypic tran-
sition of remote monocytes and cardiac macrophages during the early
stage of ML

Here, we demonstrate that proinflammatory monocytes with high
succinylation levels accumulate in patients and mice with MI during
the early inflammatory stage. Upregulated global and histone succi-
nylation are closely associated with inflammatory responses. More-
over, Hatl was spatially and temporally coordinated with elevated
histone succinylation during the process from activation to differ-
entiation in monocytes post-MI. Reduced Hatl in monocytes atte-
nuated ischemic injury and facilitated cardiac repair by limiting
inflammatory responses and monocytes toward the proinflammatory
phenotype, and the mechanism may be that Hatl acted as succinyl-
transferase to regulate proinflammatory gene transcription. Hatl
inhibition also protects against myocardial I/R injury, presenting a
potential strategy for MI treatment.

Results

Circulating monocyte succinylation levels in patients with acute
myocardial infarction (AMI) correlate with inflammatory
responses

We measured serum succinate levels in patients with AMI and unstable
angina (UA) before percutaneous coronary intervention. Data were
collected from 98 patients, including 50 with UA and 48 with AMI. The
clinical characteristics and demographic data are presented in Sup-
plementary Data 1. Succinate levels were increased in patients with AMI
(57.11 (57.79, 71.56) uM) compared with those with UA (41.85 (37.95,
46.45) uM; P<0.001; Fig. 1a, Supplementary Data 1). A nonlinear
association with AMI was suggested for succinate concentration (P for

nonlinearity <0.001, P overall<0.001; Fig. 1b). Subsequently, we
evaluated the diagnostic performance of plasma succinate in AMIL
Receiver operating characteristic (ROC) curve analysis showed that the
area under the curve (AUC) for plasma succinate was 0.868 (Fig. 1c).

Succinate accumulation in the tricarboxylic acid (TCA) cycle
implies the production of many succinyl-CoA, which, as a substrate,
mediates protein succinylation®”. Thus, we validated global succiny-
lation levels in peripheral blood monocytes from patients with AMI
and UA. Next, monocytes were roughly isolated from the peripheral
blood mononuclear cells (PBMCs). Global succinylation levels (Pan
Ksucc) were increased (Fig. 1d) in patients with AMI compared with
those in UA controls. Furthermore, we verified the correlation between
succinate and succinylation levels. As expected, global succinylation in
monocytes was positively correlated with plasma succinate levels
(P<0.001; Fig. le). The inflammatory activity of monocytes is related
to the prognosis and severity of MI'®, Therefore, we assessed the
relationship between the global succinylation levels of monocytes and
plasma inflammatory cytokine levels. We categorized patients who had
Pan Ksucc levels above the median with AMI (or UA) as the “high”
group, and those with Pan Ksucc levels below or equal to the median as
the “low” group. The neutrophil to lymphocyte ratio (NLR), tumor
necrosis factor (TNF)-a levels, and interleukin (IL)-6 levels in the Pan
Ksucc high group exhibited significant elevation compared to those in
the Pan Ksucc low group, whereas there was no significant difference
observed in plasma IL-1B levels between the two groups (Fig. 1f) in AMI
patients. In patients with UA, however, no significant difference in NLR,
TNF-q, IL-6, or IL-13 was observed between the Pan Ksucc low- and
high-level groups (Supplementary Fig. 1). Next, we used ROC curves to
determine whether the inflammatory factors can reliably distinguish
between high and low Pan Ksucc groups in patients with AMI and UA.
NLR (AUC value = 0.865) and TNF-a (AUC value = 0.911) allowed the
differentiation between the AMI group with high Pan Ksucc levels and
those with low Pan Ksucc levels. However, IL-6 (AUC value = 0.693) and
IL-1B (AUC value =0.663) could not distinguish the low-Pan Ksucc
group from the high-Pan Ksucc group in patients with AMI. In the UA
group, Pan Ksucc levels exhibited limited discriminative power for
identifying patients with heightened inflammatory states, as reflected
by a modest AUC value compared with AMI (Fig. 1g). Pan Ksucc levels
possess significantly greater discriminatory capacity for detecting
high-inflammatory states in AMI patients compared to UA cases. These
findings suggest that Pan Ksucc may potentially contribute to guiding
targeted anti-inflammatory management in AMIL.

Histone succinylation is increased in monocytes post-MI

To elucidate the involvement of monocyte succinylation in the initial
phase of AMI, we first investigated the succinylation levels in both BM
and peripheral blood monocytes on Days 1 and 3 after MI. Global
succinylation levels were increased significantly on Day 1 in BMs and
Day 3 in peripheral blood monocytes, respectively. The band appear-
ing near 17 kDa had a similar trend compared with global succinylation
levels, which may represent histone H3 (Fig. 2a, b). Subsequently,
immunoblots of bone marrow-derived macrophages (BMDMs) stimu-
lated by lipopolysaccharide (LPS) and interferon-y (IFN-y) revealed that
the succinylation levels of histone H3 exhibited a significant increase
relative to acetylation levels (Supplementary Fig. 2a) and that
H3K23succ was upregulated most significantly compared with other
sites and H3K23ac (Supplementary Fig. 2b, c). Subsequently, we
extracted histones from post-MI mouse monocytes and found that Pan
Ksucc was elevated in BM monocytes on Day 1 and in circulating
monocytes on Day 3 (Supplementary Fig. 3a, b). To examine changes in
succinylation in infarcted hearts over 3 days, we performed multiplex
immunofluorescence co-staining for Pan Ksucc, along with antibodies
against macrophage markers (F4/80). Most macrophages exhibited
Pan Ksucc expression in the infarct region (Fig. 2c). Next, we further
found rising H3K23succ levels in monocytes of BM on Day 1 (Fig. 2d)
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and peripheral blood on Day 3 (Fig. 2e) post-MI. Immunofluorescence
staining of infarcted hearts also showed H3K23succ levels were
increased in macrophages (Fig. 2f). These results suggest that histone
lysine succinylation is increased in remote monocytes and macro-
phages infiltrating the heart and is crucial in the dynamic activation of
monocytes in the initial phase of ML

H3K23succ targets the activation of the inflammatory signaling
pathway

For the preliminary exploration of the potential functional significance
of H3K23succ in monocytes post-Ml, we performed cleavage under

targets & tagmentation (CUT&Tag) analysis to identify the candidate
pathways regulated by H3K23succ in peripheral blood monocytes
from MI and sham surgery mice on Day 3. We used anti-H3K23succ
antibodies and found significant enrichment of H3K23succ peaks in
circulating monocytes from 3-day-MI mice compared with sham mice
(Fig. 2g). Notably, monocyte from MI and sham mice comparison
showed that upregulated H3K23succ binding peaks were enriched in
the gene promoter regions (Fig. 2h). To further investigate the epige-
netic effects of H3K23succ in monocytes post-MI, upregulated genes
with different H3K23succ binding peaks were classified into different
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
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Fig. 1| Upregulated circulating monocyte succinylation positively correlates
with inflammatory indicators post-myocardial infarction (MI). a Plasma levels
of succinate in unstable angina (UA; n =50) and acute myocardial infarction (AMI;
n=48; two-tailed Mann-Whitney U test). b Restricted cubic spline analysis shows
the relationship between succinate concentration and AMI. A spline function term
was introduced into the multivariate Logistic regression model and assessed overall
effects and nonlinear trends using Wald x2 test. The solid line represents the
adjusted odds ratio (OR), and the shaded area indicates the 95% confidence inter-
val. ¢ Receiver operating characteristic (ROC) curves reveal the diagnostic efficacy
of succinate for AMI. d Immunoblot analysis and quantification of Pan Ksucc levels
in monocytes from patients with UA and AMI (n =5; two-tailed unpaired Student ¢
test). e Correlation of Pan Ksucc levels in human monocytes with plasma succinate
levels in patients with AMI (n =48; Spearman’s correlation analysis). f The levels of

NLR, TNF-a, IL-6, and IL-1B in the plasma of AMI patients with Pan Ksucc levels
greater than the median compared with those in patients with Pan Ksucc levels less
than or equal to the median (high: n =24, low: n = 24; two-tailed Mann-Whitney U
test). g ROC curves reveal the diagnostic efficacy of plasma inflammatory markers
for Pan Ksucc levels in monocytes from patients with AMI and UA. Statistical sig-
nificance between curves was determined using DeLong’s nonparametric test.

a, f Data presented as box plots, with 75th and 25th percentiles limits; centre line
represents the median; bars represent maximal and minimal values. Results are
presented as the mean + SD of independent replicates. Pan Ksucc global succiny-
lation, OR odds ratio, AUC area under the curve, NLR neutrophil-to-lymphocyte
ratio, TNF-a tumor necrosis factor-a, IL interleukin. Source data are provided as a
Source Data file.

(KEGG) pathways. These pathways were predominantly involved in the
inflammatory response (Fig. 2i, j). Further based on hallmark gene sets
and utilizing additional enrichment analysis algorithms, gene set
enrichment analysis demonstrated that genes with upregulated
H3K23succ binding peaks in MI mice were significantly enriched in the
inflammatory response, TNF-a signaling via NF-«B (Fig. 2k), and other
characteristic pathways involved in inflammation (Supplementary
Fig. 3c-f). We identified 14 genes exhibiting upregulation of
H3K23succ modification that were strongly associated with inflam-
matory processes in monocytes post-MI. To validate the observed
upregulation, we performed RT-qPCR and ChIP-qPCR to confirm both
the enhanced transcriptional expression and increased H3K23succ
enrichment at the promoter regions of these 14 inflammatory genes--
such as Cxcl10, Nos2 and Tnf (Fig. 21, m). These results indicate that
H3K23succ activates the transcription of genes encoding known
inflammatory factors in monocytes post-MIl. Hence, the down-
regulation of H3K23succ may improve cardiac function by inhibiting
the transcriptional activity of inflammation-related genes, reducing
the inflammatory response in the early stage of MI.

Hatl was significantly elevated in cardiac macrophages and
peripheral monocytes post-MI
The above findings prompted us to identify the upstream regulators
that effectively regulate histone succinylation levels. Therefore, we
hypothesize that HATs may serve as potential targets for succinylation
regulation. We first identified several characterized HATs in the
infarcted hearts of MI mice using bioinformatic transcriptome analysis
from the GEO dataset GSE206281 and GSE775. Compared with other
proteins, Hatl was significantly upregulated in the cardiac tissues on
Day 3 post-MI (Supplementary Fig. 4a, b). Moreover, Hatl levels were
higher in the infarcted area compared to the non-infarcted area during
the initial phase of MI (Fig. 3a). Therefore, we investigated Hatl
expression levels in the infarcted heart at indicated time points post-
MI. Similar to the transcriptomic analysis, Hatl protein expression
levels were significantly elevated in the infarcted area as opposed to
the non-infarcted area. Hatl expression was upregulated on Day 1 post-
MI and continued to increase progressively until Day 3. Subsequently,
Hatl levels began to recover towards baseline on Day 7 post-MI
(Fig. 3b). Similarly, immunohistochemistry demonstrated that Hatl
expression was the highest in the inflammatory-infiltrated area of the
infarct region on Day 3 post-MI, with low expression in the infarct
region on Days 7 and 14 (Fig. 3c). Western blotting showed that Hatl
levels were not elevated in the cardiomyocytes or fibroblasts under
hypoxic conditions (Supplementary Fig. 4c, d). These results indicate
that Hatl expression was increased in inflammatory cells in the
infarcted myocardium post-MI.

Furthermore, we investigated the immune cells expressing Hatl in
a single-cell RNA sequencing data set (GSE163129) of MI mice. Seven
major immune cell populations, including macrophages, monocytes,
neutrophils, T cells, B cells, natural killer cells, and dendritic cells
(DCs), were identified based on their characteristic markers of immune

cells (Supplementary Fig. 5a, b). We observed that only Hatl expression
was specifically elevated in the monophagocytic system, including
macrophages, monocytes, and DCs, whereas other HATs showed ele-
vated or unchanged expression in multiple immune cell populations in
infarcted hearts after MI (Supplementary Fig. 5c, d). Subsequently, we
compared Hatl expression in cardiac-resident (CCR2) and infiltrated
(CCR2") macrophages post-MI. Hatl expression was higher in CCR2*
macrophages (Supplementary Fig. 5e), and the Hatl increase was most
significant in CCR2" macrophages on Day 3 of MI progression (Sup-
plementary Fig. 5f). Consistent with elevated Hatl expression, cardiac
CCR2" macrophages expanded significantly from Days 3 to 5 post-MI
(Supplementary Fig. 5g). These results suggest that Hatl is critical in
cardiac-infiltrated macrophages during the inflammatory phase of MI.
To validate this bioinformatics prediction, we initially observed that
both protein and mRNA expression levels of Hatl were markedly
upregulated in BMDMs following stimulation with LPS and IFN-y
(Supplementary Fig. 6a, b). Notably, Hatl exhibited the most pro-
nounced upregulation among all succinyltransferases examined
(Supplementary Fig. 6c). Next, we confirmed the inflammation-
induced upregulation of HAT1 mRNA (Fig. 3d) and protein levels
(Fig. 3e) in monocytes from patients with UA and AMI. Hatl expression
was most significantly upregulated in BM monocytes on Day 1 (Fig. 3f)
and circulating monocytes on Day 3 (Fig. 3h) compared with other
ischemia time points. Flow cytometry further confirmed that Hatl was
increased in monocytes from the BM (Supplementary Fig. 7a; Fig. 3g)
and peripheral blood (Supplementary Fig. 7b; Fig. 3i) of MI model
mice. Multiplex immunofluorescence co-staining of Hatl and F4/80
confirmed that Hatl was specifically upregulated predominantly in the
nucleus of cardiac macrophages on Day 3 post-MI (Fig. 3j). Flow
cytometry analysis of murine heart tissues yielded consistent results,
demonstrating that Hatl expression was significantly upregulated in
cardiac macrophages isolated from MI mice at day 3 (Supplementary
Fig. 7c; Fig. 3k). Furthermore, the upregulation of Hatl was more
pronounced in CCR2*MHCII" macrophages than in their CCR2MHCII
counterparts (Supplementary Fig. 6d). Our results indicate that Hatl
regulation during the inflammatory phase of MI constitutes a multi-
stage and dynamic process. This process is initiated in the BM, persists
through the peripheral circulation, and sustains high expression within
macrophages residing in the cardiac microenvironment.

Hatl knockout alleviates cardiac dysfunction and

ischemic injury

The function of Hatl in MI remains unclear. Thus, we generated Hat1l
KO mice and confirmed the depletion of Hatl in the MI hearts of
these mice. Given that Hatl is essential for processes such as DNA
damage repair, Hatl”~ mice exhibit embryonic lethality. Hence,
Hatl1*~ (Hatl KO) heterozygous mice were generated to evaluate the
role of Hatl in MI (Supplementary Fig. 8a, b). The remarkable
reduction of Hatl mRNA (Supplementary Fig. 8c) and protein
expression (Supplementary Fig. 8d) in Hatl KO mice was validated
in both BM monocytes compared with Hatl** counterparts (termed
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WT mice). Ischemic heart tissue similarly showed reduced Hatl
expression in the heart at 3 days after MI (Supplementary Fig. 8e).
To investigate the functional role of Hatl in MI, we subjected male
Hatl KO and WT mice to surgically induced MI at nine weeks of age.
M-mode echocardiograms showed that Hatl reduction initially
improved cardiac function after MI surgery, as evidenced by
increased left ventricular ejection fraction (LVEF) and left

Hif e

ventricular fraction shortening (LVFS). The left ventricular end-
diastolic dimension (LVIDd) and left ventricular end-systolic dia-
meter (LVIDs) were decreased (Fig. 4a, b) in Hat1 KO mice compared
with WT mice after MI. TTC (Fig. 4c) and HE (Fig. 4d) staining
revealed a reduction in myocardial infarct size and inflammatory
cell infiltration, respectively, in Hatl KO mice at 3 days post-MI.
Furthermore, Masson’s trichrome staining indicated that Hatl
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Fig. 2 | Histone lysine succinylation is increased in monocytes and activates the
transcriptional activity of the inflammatory pathway-related genes post-
myocardial infarction (MI). a, b Inmunoblot analysis and quantification of Pan
Ksucc (global succinylation) level in monocytes sorted from bone marrow (a) and
peripheral blood (b) of mice indicated days after Ml (n = 3; one-way ANOVA fol-
lowed by Bonferroni multiple comparisons test). ¢ Immunofluorescence staining
and quantification of the proportion of Pan Ksucc and F4/80 in cardiac tissues on
Day 3 with sham operation or after MI (scale bar=50 pm; n = 6; two-tailed unpaired
Student ¢ test). d, e Immunoblots of the levels of H3K23succ (histone) in bone
marrow monocytes on Day 1 (d) and circulating monocytes on Day 3 (e) sorted from
MI mice (n = 3; two-tailed unpaired Student ¢ test). The blots were derived from the
same experiment and processed in parallel. Total histone H3 level was set as an
internal reference. f Immunofluorescence staining and quantification of the pro-
portion of H3K23succ and F4/80 in cardiac tissues on Day 3 with sham operation or
after MI (scale bar=50 pm; n =5; two-tailed unpaired Student ¢ test). g Heatmaps of
H3K23succ binding peaks in circulating monocytes from sham and MI mice. Color
intensity reflects the relative read count. Genes exhibiting similar distribution

patterns were subjected to clustering analysis using an algorithm, revealing the
binding trends of histone succinylation modifications across all genes. h Bar graph
showing the genomic distribution of differential H3K23succ peaks (MI vs sham)
relative to the translation start site (TSS). i, j KEGG (i) and GO (j) analyses of
upregulated genes with increased H3K23succ modification. Statistical significance
was assessed using a two-sided hypergeometric test with Benjamini-Hochberg
correction for multiple testing. k The GSEA pathways enriched in the MI mice. The
indicative genes were enriched for Inflammatory response and Tnf-a signaling via
nfkb, as defined by hallmarks. | The mRNA levels of H3K23succ-enriched inflam-
matory genes in sham and MI mice (n = 6; two-tailed unpaired Student ¢ test).

m ChIP-qPCR analysis of H3K23succ enrichment at the promoters of inflammatory
genes in sham and MI mice (n = 4; two-tailed unpaired Student ¢ test). Results are
presented as the mean + SD of independent replicates. DAPI 4/,6-diamidino-2-
phenylindole, GO Gene Ontology, KEGG Kyoto Encyclopedia of Genes and Gen-
omes, GSEA gene set enrichment analysis, NES normalized enrichment score, ChIP
chromatin immunoprecipitation, PCR polymerase chain reaction. Source data are
provided as a Source Data file.

knockout conferred sustained protection against infarct expansion,
as evidenced by significantly reduced fibrosis at 28 days after
MI (Fig. 4e).

Hatl expressed on bone marrow-derived cells was shown to
mediate MI injury

To further investigate the functional relevance of Hatl expression in
myeloid cells infiltrating the infarcted heart, we performed bone
marrow transplantation (BMT) assays using Hatl KO (CD45.2 allele)
and WT mice (CD45.1 allele) to generate chimeric mice. Eight weeks
after BMT, successful hematopoietic reconstitution was confirmed by
flow cytometric analysis of peripheral blood cells (Fig. 4f). Mice with
confirmed BM reconstitution were then subjected to MI surgery. The
heart functions were analyzed at day 3 after Ml in recipient mice. The
transplantation of Hatl KO bone marrow-derived cells into WT reci-
pients (Hatl KO BM > WT) resulted in a significant improvement in
cardiac function compared with WT recipients transplanted with WT
bone marrow (WT BM > WT). In contrast, the transplantation of WT
BM-Hatl KO led to a considerable reduction in cardiac function rela-
tive to Hatl KO mice receiving Hatl KO bone marrow (Hatl KO
BM-Hatl KO, Fig. 4g, h). Consistent with these findings, adoptive
transfer of Hat1 KO BM > WT mice markedly reduced the infiltration of
inflammatory cells compared with WT BM->WT mice. Conversely,
transplantation of WT BM->Hatl KO mice significantly enhanced
inflammatory cell infiltration relative to Hatl KO BM~>Hatl KO mice
(Fig. 4i). These findings demonstrate that Hatl in circulating mono-
cytes and their derived macrophages plays an integral role in con-
tributing to cardiac injury post-ML.

Absence of Hatl ameliorated myocardial injury and reduced
inflammatory macrophage infiltration

Evidence from previous studies suggests that ischemia-induced car-
diomyocyte apoptosis and inflammatory responses are critically
involved in myocardial ischemic injury at an early stage'®*°. Thus, we
performed terminal deoxynucleotidyl transferase-mediated deox-
yuridine triphosphate nick-end labeling (TUNEL) of the left ventricle
obtained from WT and Hatl KO mice 3 days after MI. The number of
TUNEL-positive cells around the ischemic lesions was notably
decreased in Hatl KO mice compared with that in WT mice post-MI
(Fig. 5a). According to these findings, western blotting (Fig. 5b;
Supplementary Fig. 9a) revealed that the pro-apoptotic molecules
Bax and Cleaved Caspase-3 protein levels were decreased, and those
of the anti-apoptotic molecules Bcl-2 and Caspase-3 were increased.
Furthermore, the crosstalk between Hatl KO macrophages and car-
diomyocytes was investigated. Cardiomyocytes were cultured in
conditioned medium with macrophage Hatl deficiency (Supple-
mentary Fig. 9b). Annexin V/PI double staining flow cytometry assays

demonstrated that Hatl KO medium attenuates cardiomyocyte
apoptosis (Fig. 5c). Similarly, treatment with conditioned medium
from Hatl-KO BMDMs downregulated the expression of the apop-
tosis markers Bax and Cleaved Caspase-3 in cardiomyocytes, while
also elevating levels of Bcl-2 and Caspase-3 (Supplementary
Fig. 9c, d).

Subsequently, we investigated the effect of Hatl loss on
proinflammatory monocyte-macrophage phenotypes in MI mice.
The gating strategy for circulating proinflammatory monocytes
and macrophages in infarcted hearts was identified (Supplemen-
tary Fig. 10a, d, e). The results revealed that the decreased Hatl
expression suppressed the proportion and count of Ly6Ch
monocytes (CD45'CD11b*Ly6GLy6C") post-MI on Day 3 (Supple-
mentary Fig. 10b, c). Next, we examined the impact of Hatl loss
on the infiltration of cardiac leukocytes, neutrophils, and mac-
rophages at day 3 post-MI. The obtained results demonstrated
that Hatl deficiency led to a significant reduction in leukocytes
(CD45%) and neutrophils (CD45'CD11b*Ly6G’), accompanied by a
reduction in both the proportion and abundance of macrophages
(CD45'CD11b'Ly6GF4/80*CD64", Fig. 5d). Concerning tissue
infiltration of macrophages in ischemic hearts, we observed that
the absence of Hatl caused a significant reduction in proin-
flammatory macrophages (CD45'CD11b‘Ly6GF4/80'CD64'CD86",
Fig. Se, f) and enhanced the count of reparative macrophages
(CD45'CD11b'Ly6GF4/80'CD64°'CD206", Fig. 5g, h) compared
with the WT mice on Day 3 post-MI. These changes in macro-
phage polarization were further supported by BMT assays. We
noted that Hatl KO BM > WT mice displayed a significant reduc-
tion in proinflammatory macrophages and a concomitant increase
in reparative macrophages within the heart (Supplementary
Fig. 11a, b). Moreover, compared to WT controls, Hatl deficiency
resulted in a moderate reduction in the infiltration of
CCR2*MHCII" macrophages at day 3 post-MI, while the abundance
of CCR2"MHCII~ macrophages remained unchanged (Fig. 5i). We
further assessed macrophage proliferation in the ischemic heart
using Ki67 as a proliferation marker. The results revealed no
significant difference in the proliferation rate, as indicated by
Ki67 mean fluorescence intensity (MFI), between CCR2*MHCII*
and CCR2"MHCII- macrophages (Supplementary Fig. 11c, d). RT-
qPCR analysis yielded consistent results, demonstrating that Hatl
deficiency led to downregulation of pro-inflammatory genes (/l6,
1113, Cd86) and upregulation of anti-inflammatory genes (Cd206,
Argl) in the ischemic myocardium at day 3 after MI (Fig. 5j). These
findings indicate that the reduction of inflammation in the
inflammatory phase after MI was primarily attributable to the
inhibition of monocyte/macrophage infiltration and recruitment
to the infarct area by Hatl loss.
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Fig. 3 | Hatl is specifically elevated in monocytes after myocardial

infarction (MI). a Line graph showing the expression and distribution of Hatl at
different time points in MI mouse heart tissues, as revealed through reanalysis of
transcriptome database (GSE775). b Immunoblot analysis of Hatl expression in
infarct zone (IZ) and remote zone (RZ) of post-MI hearts and sham controls at the
indicated days (n =4). ¢ Representative immunohistochemical analyses of Hatl in
sham-operation and MI mice at the indicated days after MI (scale bar = 50 um;
n=>35). Hatl expression was quantified and compared (n = 4; one-way ANOVA fol-
lowed by Bonferroni multiple comparisons test). d Quantitative PCR analysis of
HATI mRNA expression in the peripheral circulating monocytes of patients with UA
and AMI (n = 8; two-tailed unpaired Student ¢ test). e Representative Western
blotting and quantification of Hatl expression in circulating monocytes from
patients with UA or AMI (n =5; two-tailed unpaired Student ¢ test). f Inmunoblot
analysis and quantification of Hatl expression in bone marrow monocytes from Ml
mice at the indicated days (n = 4; one-way ANOVA followed by Bonferroni multiple

comparisons test). g Flow cytometry analysis and quantification of Hatl expression
in the bone marrow monocytes on Day 1 after MI (n =4 per group; two-tailed
unpaired Student ¢ test). h Representative Western blotting and quantification of
Hatl expression in circulating monocytes from MI mice at the indicated days (n=4;
one-way ANOVA followed by Bonferroni multiple comparisons test). i Flow cyto-
metry analysis and quantification of Hatl expression in the blood monocytes on
Day 3 post-MI (n =4 per group; two-tailed unpaired Student ¢ test). j Dual immu-
nofluorescence staining and quantification of the proportion of Hatl and F4/80 in
murine heart on Day 3 after Ml (scale bar=50 pm; n = 6; two-tailed unpaired Student
t test). k Flow cytometry analysis and quantification of Hatl expression in the heart
on Day 3 after Ml (n = 5; two-tailed unpaired Student ¢ test). Results are presented as
the mean + SD of independent replicates. Hatl histone acetyltransferase 1, UA
unstable angina, AMI acute myocardial infarction, DAPI 4,6-diamidino-2-pheny-
lindole, PCR polymerase chain reaction, MFI mean fluorescence intensity. Source
data are provided as a Source Data file.
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Hatl knockdown in BM monocytes improves cardiac function
after MI

We further established a BM macrophage-specific Hatl knockdown
murine model. An adeno-associated virus 9 (AAV-9) system harboring
a macrophage-specific promoter with shRNA targeting Hatl (AAV-9-
F4/80-shHatl) was administered via intra-BM injection to down-
regulate Hatl expression specifically to BM macrophages in mice

(Supplementary Fig. 12a). Hatl knockdown in macrophages of AAV-
transduced mice was confirmed by qPCR and immunofluorescence
staining (Supplementary Fig. 12b, c). Echocardiographic assessment
revealed that macrophage specific Hatl knockdown enhanced cardiac
functional recovery in Ml mice (Supplementary Fig. 12d). TTC staining
showed reduced myocardial infarct size in Hatl knockdown mice
(Supplementary Fig. 12e); similarly, H&E staining indicated that
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Fig. 4 | Hatl reduction ameliorates cardiac dysfunction after myocardial
infarction (MI). a, b Echocardiographic analysis of the left ventricular ejection
fraction (LVEF), left ventricular fraction shortening (LVFS), left ventricular end-
diastolic dimension (LVIDd), and left ventricular end-systolic diameter (LVIDs) at
the indicated days after MI or sham operation (n = 6; two-way ANOVA followed by
Bonferroni multiple comparisons test) in WT and Hatl KO mice, together with
representative M-mode echocardiographic images. ¢ The TTC staining of con-
secutive cardiac sections from WT and Hatl KO mice on Day 3 after MI and the
quantification of infarct area size. (scale bar =2 mm; n = 6; two-tailed unpaired
Student ¢ test). d Hematoxylin and eosin (H&E) staining demonstrates the extent of
inflammatory cell infiltration (up: scale bar=1 mm, down: scale bar=50 pm; n = 6).
e Masson trichrome staining of sequential heart sections from WT and Hatl KO
mice at day 28 after MI, and the quantified size of fibrotic areas (scale bar=1 mm;

n=6; two-tailed unpaired Student ¢ test). f Flow cytometric analysis of CD45.1* and
CD45.2" cells in the peripheral blood of CD45.1 (WT) and CD45.2 (Hatl KO) mice
transplanted with bone marrow cells from CD45.1 (WT) or CD45.2 (Hatl KO) mice
(n=3). g, h Representative M-mode echocardiograms and quantitative analysis of
cardiac function parameters (LVEF, LVFS, LVIDd, LVIDs) in bone marrow-
transplanted mice at day 3 post-MI (n = 6; two-way ANOVA followed by Bonferroni
multiple comparisons test). i Representative H&E staining sections of cardiac tissue
from bone marrow-transplanted mice at 3 days post-MI (up: scale bar =1 mm,
down: scale bar =50 um; n = 6). Results are presented as the mean + SD of inde-
pendent replicates. WT wild type, Hatl histone acetyltransferase 1, TTC triphenyl
tetrazolium chloride. *P< 0.05; **P < 0.01; **P < 0.001. Source data are provided as
a Source Data file.

macrophage specific Hatl knockdown reduced inflammatory cell
infiltration in the infarct zone at day 3 post-MI (Supplementary
Fig. 12f). Western blot analysis (Supplementary Fig. 12g) revealed
reduced levels of Bax and Cleaved Caspase-3, alongside elevated levels
of Bcl-2 and Caspase-3. As anticipated, Hatl reduction led to markedly
reduced expression of pro-inflammatory macrophage markers (/L-6, IL-
1B, Cd86) and concomitantly elevated expression of Cd206 and Argl in
ischemic heart tissue at day 3 post-MI compared with controls (Sup-
plementary Fig. 12h). Collectively, these results confirm that
macrophage-specific Hatl reduction confers a cardioprotective effect
following MLI.

Downregulation of Hatl inhibited H3K23succ modification in
monocytes post-MI

The catalytic activity of Hatl in regulating histone succinylation in
monocytes post-Ml was evaluated by molecular docking, which
revealed the binding modes between histone H3 and Hatl carrying
succinyl-CoA (Supplementary Fig. 13a). LigPlot+ analysis (Supplemen-
tary Fig. 13b) showed that the interaction between histone H3 and Hatl
involved the following residue pairs: Lys57 (A) - Glu54 (B), Thr33 (A) -
Asn209 (B), and Arg50 (A) - Asp47 (B), with hydrogen bonds serving as
the primary intermolecular forces. Molecular dynamics simulation was
applied to investigate the dynamic structure changes after H3K23succ
modification. Molecular dynamics simulations indicated that the suc-
cinylated H3 protein maintained overall structural stability with no
significant change in compactness (Rg), suggesting no global unfold-
ing or denaturation occurred. Locally, root mean square fluctuation
(RMSF) increased significantly at H3K23 and adjacent regions, indi-
cating enhanced backbone flexibility around this site. Additionally, a
slight decrease in solvent accessible surface area (SASA) implied that
succinylation may induce subtle surface rearrangements (Supple-
mentary Fig. 13c). These calculations indicate that H3K23succ enhan-
ces local flexibility, rather than perturbing global folding, through the
introduction of negative charge and a voluminous succinyl group. This
increased flexibility likely promotes recognition and binding of
H3K23succ at downstream gene promoters, thereby facilitating the
initiation of transcriptional regulation. Next, immunoblot assays in
BMDMs showed that the Hatl decrease significantly inhibited
H3K23succ levels under inflammatory conditions compared with other
histone H3 succinylation sites (Fig. 6a). Subsequently, co-
immunoprecipitation also demonstrated an interaction between Hatl
and H3K23succ in macrophages, which was considerably weakened by
Hatl knockdown in LPS/IFN-y-stimulated BMDMs (Fig. 6b).

To further validate the role of Hatl in regulating succinylation in
monocytes after MI, immunoblot analysis revealed markedly reduced
global succinylation levels in monocytes isolated from bone marrow
(day 1) and peripheral blood (day 3) of Hatl KO mice (Fig. 6c, d).
Consistent with the global succinylation trend, H3K23succ levels of BM
and circulating monocytes were decreased (Fig. 6e, f) in Hatl KO MI
mice compared with WT Ml mice. Succinylation levels were detected in
cardiac-infiltrating macrophages at day 3 post-MI. As expected,

reduced Hatl expression correlated with decreased global succinyla-
tion and H3K23succ levels in ischemic heart tissues (Fig. 6g, h).
Building on above findings, lentivirus-mediated knockdown of Hatl in
BMDMs (Supplementary Fig. 14a, b) reduced histone succinylation
levels (Supplementary Fig. 14c). Consistently, western blot analysis
revealed decreased Pan Ksucc and H3K23succ levels in monocytes
from both BM and peripheral blood of AAV-9-F4/80-shHatl MI mice
compared to controls (Supplementary Fig. 14d-g). Furthermore,
immunofluorescence confirmed the downregulation of both Pan
Ksucc and H3K23succ in macrophages infiltrating the infarcted heart
(Supplementary Fig. 14h, i). Our results suggest that Hatl functions as a
succinyltransferase responsible for regulating H3K23succ levels in
monocytes and macrophages after MI at the early stage.

Hatl regulates chromatin accessibility and H3K23succ enrich-
ment at proinflammatory gene promoters

To further explore the underlying mechanisms governing Hatl-
mediated phenotype programming in infarcted monocytes/macro-
phages, an assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) of circulating monocytes post-MI
at 3 days was employed to investigate the involvement of Hatl in the
regulation of gene expression associated with chromatin status.
Compared with AAV-9-F4/80-shNC circulating monocytes after mouse
cardiac ischemia, the decreased Hatl levels caused a significant
decrease of peaks enriched near transcription start sites (TSS, +2 kb)
(Fig. 7a). Furthermore, the feature proportion concerning the intensity
of the decreased differentially accessible regions from monocytes with
decreased Hatl revealed a promoter-enriching pattern, in which the
decreased peaks were assigned to the promoter region (Fig. 7b).
CUT&Tag assay using anti-H3K23succ antibodies also showed that the
enrichment of H3K23succ near TSS (+2 kb) (Fig. 7c) was decreased in
Hatl-reduced circulating monocytes from MI mice on Day 3 and that
H3K23succ peaks enriched in the promoter region were similarly
downregulated (Fig. 7d). RNA-seq analysis consistently validated phe-
notype programming at the transcriptional level. We discovered 517
downregulated and 413 upregulated differentially expressed genes in
monocytes isolated from Hatl-reduced mouse blood on Day 3 post-MI
(Supplementary Fig. 15a). Among these, several genes associated with
the proinflammatory function and phenotype were decreased in the
circulating monocytes isolated from Hatl-reduced mice compared to
those from controls post-MI, whereas the expression levels of multiple
reparative genes were upregulated (Fig. 7e). Correlation analyses of
RNA-seq with ATAC-seq or CUT&Tag revealed significant associations
between different high-throughput sequencing methods, under-
scoring the consistency of Hatl-mediated effects at different reg-
ulatory levels (Supplementary Fig. 15b). To identify Hatl-H3K23succ-
specific genes in monocytes, we conducted a comprehensive inte-
gration and analysis of four distinct sequencing datasets: CUT&Tag
from sham and MI mice, ATAC-seq, CUT&Tag, and RNA-seq from AAV-
9-F4/80-shHat1/shNC mice post-MI. The analytical workflow is shown
in Supplementary Fig. 15c. Subsequently, we screened for upregulated
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genes from CUT&Tag (sham vs. MI) and downregulated genes from
ATAC-seq, CUT&Tag, and RNA-seq (MI shNC vs. MI shHatl) and iden-
tified 41 targeted genes (Fig. 7f). Thus, these 41 intersecting genes were
designated as specific Hatl-H3K23succ targets in monocytes post-MI.
The subsequent gene enrichment analysis revealed the active invol-
vement of these specific genes in the regulation of cytokines and
inflammatory responses (Fig. 7g). Collectively, our results define a
Hatl-H3K23succ-mediated transcriptional network that modulates
monocyte inflammatory responses post-ML.

However, we cannot exclude the potential role of Hatl in reg-
ulating histone acetylation to modulate proinflammatory monocytes/
macrophages after MI. This notion is supported by western blot

analysis showing that Hatl knockdown downregulated acetylation
levels of multiple histones, including H3K23ac, in Hatl KO BMDMs
(Supplementary Fig. 15d). To directly compare the effects of Hatl on
both modifications, we performed H3K23ac CUT&Tag in Hatl-
downregulated monocytes, enabling a future integrated analysis with
our existing H3K23succ data. Consistent with the H3K23succ CUT&Tag
findings, H3K23ac enrichment around transcription start sites (TSS +
2kb) was also reduced in circulating monocytes from Hatl-
downregulated MI mice at day 3 (Supplementary Fig. 15e). This
reduction was particularly evident within promoter regions (Supple-
mentary Fig. 15f). Subsequent functional enrichment analysis (GO and
KEGG) revealed that genes associated with these downregulated
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Fig. 5 | Loss of Hatl attenuates cardiomyocyte apoptosis and suppresses
macrophage-mediated inflammation in the myocardial infarction (MI) tissue.
a TUNEL and a-actinin co-staining in the border regions of WT and Hatl KO mouse
hearts on Day 1 after MI. Nuclear staining with DAPI (scale bar=50 um; n = 6; two-
tailed unpaired Student ¢ test). b Immunoblot analysis and quantification of
apoptosis-related proteins including Bax, Bcl-2, Caspase-3, and cleaved Caspase-3
in peri-infarct areas of WT and Hatl KO from infarcted hearts on Day 3 post-MI
(n=6; two-way ANOVA followed by Bonferroni multiple comparisons test). ¢ Flow
cytometry analysis of cardiomyocyte apoptosis following co-culture with LPS/IFN-
y-stimulated WT versus Hat1KO BMDMs (n = 4; two-tailed unpaired Student ¢ test).
d Flow cytometric analysis of leukocytes (CD45"), neutrophils (CD45'CD11b*Ly6G")
and macrophages (CD45'CD11b'Ly6GF4/80°CD64") in WT and Hatl KO infarct
tissues after MI 3 days (n = 6; two-tailed unpaired Student ¢ test). e, f Flow cyto-
metric analysis of pro-inflammatory (M1) macrophages (CD45*CD11b*Ly6G™ F4/
80"CD64+CD86%) in infarcted heart tissues from WT and Hatl KO mice at 3 days

post-MI (n = 6; two-tailed unpaired Student ¢ test). g, h Flow cytometric analysis of
reparative (M2) macrophages (CD45*CD11b*Ly6G F4/80*CD64*CD206%) in
infarcted heart tissues from WT and Hatl KO mice at 3 days post-MI (n = 6; two-
tailed unpaired Student ¢ test). i Flow cytometric analysis of monocyte-derived
(CD45°CD11b*Ly6G F4/80"CD64 "CCR2*MHCII") and tissue-resident (CD45"
CD11b'Ly6G F4/80°CD64 'CCR2'MHCII) macrophage subsets in infarcted heart tis-
sues from WT and Hatl KO mice at 3 days post-MI (n = 5; two-tailed unpaired
Student ¢ test). j The mRNA expression levels of pro-inflammatory and reparative
genes in the infarcted heart tissues of WT and Hat1 KO mice on Day 3 post-MI (n = 6;
two-tailed unpaired Student ¢ test). Results are presented as the mean + SD of
independent replicates. WT wild type, Hatl histone acetyltransferase 1, TUNEL
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling, DAPI 4',6-diamidino-2-phenylindole. Source data are provided as a
Source Data file.

H3K23ac peaks were primarily involved in the regulation of cell cycle,
DNA replication, and inflammatory processes (Supplementary Fig. 15g,
h). Moreover, the level of H3K23ac was correlated with H3K23succ
signals (Supplementary Fig. 15i). Through integrated profiling of
H3K23succ and H3K23ac CUT&Tag datasets, we identified 1798 genes
that were co-regulated by both modifications. Cross-referencing these
with the 41 previously defined revealed a core set of 15 genes where
Hatl significantly modulates both H3K23ac and H3K23succ enrich-
ment in their promoter regions (Supplementary Fig. 15j). Based on
these findings, we identified that Hatl knockdown reduced chromatin
accessibility at six inflammation-related genes. Among them, four
(Aim2, Nod1, Cxcli0, and Tnf) were specifically regulated by Hatl via
H3K23succ, while two (Ax! and Nos2) were co-regulated by Hatl via
both H3K23succ and H3K23ac (Fig. 7h). Functional validation by
RT-qPCR confirmed significant repression of all these six genes after
Hatl knockdown (Fig. 7i). ChIP-qPCR corroborated the reduction of
H3K23succ at Aim2, Nod1, Cxcl10, and Tnf promoters without H3K23ac
change, and decreased both modifications at Ax/ and Nos2 (Fig. 7j;
Supplementary Fig. 16a). The dual luciferase reporter assay also
demonstrated that Hatl knockdown altered the promoter activities of
these target genes (Supplementary Fig. 16b). These findings support a
model in which Hatl orchestrates transcriptional tuning through dual
histone modification mechanisms. Notably, Hatl depletion perturbed
H3K23succ across a broader range of inflammatory gene promoters
than H3K23ac, underscoring the predominant role of its succinyl-
transferase activity in epigenetic inflammatory regulation.

Hatl catalyzes H3K23 succinylation via its 1243 residue

Molecular docking simulations performed with HDock predicted key
amino acid residues in Hatl that facilitate its interaction with succinyl-
CoA. Among these, M241, 1243, Q248, G251, A254, S281, and R415 form
hydrogen-bonds with the succinyl group, and are embedded within a
hydrophobic environment formed by residues such as 1186, E54, K284,
and L285 (Supplementary Fig. 17a-c). Therefore, we hypothesize that
these residues, which are hydrogen bonded to succinyl-CoA, are
required for Hatl succinyltransferase activity. These sites exhibited a
high degree of evolutionary conservation across mammals (Supple-
mentary Fig. 17d). We therefore introduced individual mutations at
eachresidue (M241, 1243, Q248, G251, A254, S281, and R415) to perturb
molecular interactions with succinyl-CoA. The Hatl-1243E mutant
selectively impaired succinyltransferase activity, reducing Pan Ksucc
without affecting Pan Kac levels. In contrast, Hat1-Q248A specifically
decreased acetyltransferase activity (reduced Pan Kac) while main-
taining succinyltransferase function (unchanged Pan Ksucc), whereas
the Hatl-A254E mutation disrupted both enzymatic activities (Fig. 8a).
The Hatl-1243E mutant abolished H3K23succ on histones without
altering H3K23ac levels (Fig. 8b), and suppressed H3K23succ in LPS
and IFN-y-stimulated BMDMs (Fig. 8c). Co-IP assays further confirmed
that the Hatl-1243E mutant exhibited markedly weakened binding to

H3K23succ compared to wild-type Hatl (Fig. 8d). To investigate the
functional impact of succinyltransferase-deficient mutants, we ana-
lyzed the expression of key proinflammatory Hatl target genes (Aim2,
Axl, Nodl, CxcllO, Nos2 and Tnf). Their transcript levels were sig-
nificantly downregulated in inflammatory BMDMs expressing the Hatl1-
1243E mutant (Fig. 8e). Chromatin immunoprecipitation further
revealed that this mutant specifically abolished H3K23succ enrichment
at these promoters without affecting H3K23ac (Fig. 8f; Supplementary
Fig. 18a). Consistent with this, dual-luciferase reporter assays demon-
strated that the 1243 mutation suppressed promoter activity of
downstream genes (Supplementary Fig. 18b). These results indicate
that Hatl’s succinyltransferase activity is essential for promoting the
expression of its inflammatory target genes.

To elucidate the role of H3K23succ in monocyte/macrophage-
mediated inflammatory responses, we generated a histone H3.3-K23R
point mutant. Transfection of HEK293T cells with H3.3-K23R abolished
both succinylation and acetylation at lysine 23 (Fig. 8g). Consistent
with this, the same abolition of H3K23succ was observed in BMDMs
following inflammatory stimulation (Fig. 8h). Furthermore, LPS- and
IFN-y-induced expression of Hatl’s targeted proinflammatory genes
was significantly suppressed in H3.3-K23R BMDMs compared to H3.3-
WT controls (Fig. 8i). Moreover, the H3.3-K23R mutation eliminated
H3K23succ and H3K23ac enrichment at the promoters of targeted
genes (Fig. 8j; Supplementary Fig. 18c). Next, we overexpressed Hatl in
HEK293T cells together with either H3.3-WT or H3.3-K23R mutants.
The results showed that even under Hatl overexpression, both
H3K23succ and H3K23ac modifications were unable to be catalyzed on
the H3.3-K23R mutant (Supplementary Fig. 18d, e). Subsequently, we
performed ChIP-qPCR to assess the binding of Hatl to the promoter
regions of downstream inflammatory genes known to be enriched with
H3K23succ, such as Aim2, Axl, and Nodl. No significant difference in
Hatl enrichment was observed at these promoters following Hatl
knockdown compared to WT controls (Supplementary Fig. 18f). Taken
together, these results suggest that H3K23 residue is essential for
proinflammatory responses, and Hatl does not directly bind to the
promoter of target genes but catalyzes H3K23succ (possibly in coor-
dination with H3K23ac) to mediate chromatin openness, thereby
indirectly regulating the transcriptional activation of downstream
inflammatory genes. Therefore, the Hatl-H3K23succ/H3K23ac axis
critically mediates epigenetic regulation of the inflammatory response
following MI.

Suppressed function of Hatl improves cardiac function after
myocardial ischemia/reperfusion (I/R) injury

To preliminarily assess whether monocyte Hatl confers cardiac pro-
tection in myocardial I/R injury, we targeted Hatl using AAV-9-F4/80-
shHatl. Echocardiography showed improved cardiac function in
knockdown mice, with increased LVEF and LVFS, and decreased LVIDd
and LVIDs (Supplementary Fig. 19a). Hatl reduction also attenuated
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Fig. 6 | Hatl may function as a succinyltransferase and regulate elevated
H3K23succ levels post-myocardial infarction (MI). a The H3K23succ, H3K79succ,
and H3K122succ immunoblots of WT or Hatl KO BMDM s treated with LPS and IFN-y
for 24 h (n=3; one-way ANOVA followed by Bonferroni multiple comparisons test).
The blots were derived from the same experiment and processed in parallel. Total
histone H3 level was set as an internal reference. b Immunoblot analysis of Hatl and
H3K23succ in protein complexes immunoprecipitated with anti-Hatl or anti-
H3K23succ antibody from lysates of WT or Hatl KO BMDMs with LPS/IFN-y sti-
mulation (n=3). ¢, d Immunoblots of the expression levels of Pan Ksucc in bone
marrow (c) and circulating monocytes (d) sorted from WT and Hatl KO mice post-
MI (n = 4; two-tailed unpaired Student ¢ test). e, f Inmunoblots of the expression

levels of H3K23succ in bone marrow (e) and circulating monocytes (f) sorted from
WT and Hatl KO mice post-MI (n = 4; two-tailed unpaired Student ¢ test). The blots
were derived from the same experiment and processed in parallel. Total histone H3
level was set as an internal reference. g, h Dual immunofluorescence staining and
quantification of the proportion for Pan Ksucc (g) or H3K23succ (h) with F4/80 in
the ischemic heart tissues of WT and Hatl mice on Day 3 after MI (n = 6; Scale
bar=50 um; two-tailed unpaired Student ¢ test). Results are presented as the
mean + SD of independent replicates. WT wild type, Hatl histone acetyltransferase
1, LPS lipopolysaccharide, IFN-y interferon, BMDMs bone marrow-derived macro-
phages; DAPI 4’,6-diamidino-2-phenylindole. Source data are provided as a Source
Data file.

inflammatory cell infiltration (Supplementary Fig. 19b) and reduced
the infarct area/AAR ratio (Supplementary Fig. 19¢) on day 1 post-I/R.
On day 3, proinflammatory cytokines (/l-6, ll-18, Cd86) were down-
regulated in cardiac tissues, while reparative genes (Cd206, Argl) were
upregulated (Supplementary Fig. 19d). Expression of Hatl-H3K23succ-
specific genes (Aim2, Axl, Nod1, Cxcl10, Nos2, Tnf) was also suppressed

(Supplementary Fig. 19e). These initial findings suggest that inhibiting
Hatl in monocytes improves cardiac function and alleviate inflamma-
tion after I/R injury, indicating a potential role similar to that in per-
manent MI, though further studies are warranted.

Our findings indicate that epigenetic changes are crucial in
monocytes/macrophages during early MI progression and provide
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evidence that H3K23succ is upregulated relative to inflammation in  Discussion

monocytes post-MI. Acting through its succinyltransferase and acet-
yltransferase activities, Hatl regulates the proinflammatory response,
wherein the Hatl-mediated H3K23 modification state serves as a key
epigenetic mechanism driving monocyte and macrophage proin-
flammatory responses (Supplementary Fig. 19f). Inhibiting the func-
tion of Hatl might be an approach to limiting the inflammatory
response, ameliorating cardiac ischemic injury, facilitating cardiac

tissue repair, and enhancing cardiac function post-MI.

Myeloid cells originating from the hematopoietic system induce a
sharp elevation in leukocytes, particularly monocytes and macro-
phages, causing excessive inflammation, which is strongly correlated
with complicated outcomes after MP>?. In this study, during the early
inflammatory phase of MI, elevated histone succinylation in remote
monocytes exacerbated monocyte activation and inflammatory
response. Moreover, we demonstrated the significance of Hatl in
triggering pro-inflammatory programming in circulating monocytes
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Fig. 7 | Knocking down Hatl reduces chromatin accessibility and H3K23succ
enrichment in the promoter regions of pro-inflammatory genes. a Heatmap
showing the ATAC-seq peak density within +2 kb of the transcription start sites
(TSS) in circulating monocytes from AAV-9-F4/80-shNC and AAV-9-F4/80-shHatl
mice on Day 3 after MI. b Bar graph representing differential chromatin accessibility
at annotated genomic regions. ¢ Heatmaps for H3K23succ binding peaks in circu-
lating monocytes from AAV-9-F4/80-shNC and AAV-9-F4/80-shHatl mice after Ml
on Day 3. d Bar graph representing the distribution of H3K23succ sites relative to
TSS in control and Hatl-reduced mice post-MI. e Volcano plot of the expression of
genes in circulating monocytes isolated from AAV-9-F4/80-shNC and AAV-9-F4/80-
shHatl mice on Day 3 after MI. The labeled genes represent phenotype and repair
function. f Venn diagram showing the number of overlapped genes from four
datasets, including CUT&Tag (MI vs. sham, MI shHatl vs. MI shNC), ATAC-seq
(shHat1 vs. MI shNC), and RNA-seq (shHatl vs. MI shNC); the analysis process is
revealed in Supplementary Fig. 15c. g Radar plot showing enriched pathways in the

overlapped genes screened from (f). h Integrative Genomics Viewer analysis of
peaks density view from ATAC-seq, H3K23succ and H3K23ac binding signal from
CUT&Tag in the gene locus of Aim2, Axl, Nod1, Cxcl10, Nos2, and Tnf. i The mRNA
expression levels of Aim2, Axl, Nod1, Cxcl10, Nos2, and Tnf detected through
quantitative polymerase chain reaction (QPCR) in WT and Hatl KO BMDM s stimu-
lated by LPS and IFN-y for 24 h (n = 6; two-tailed unpaired Student ¢ test). j ChIP and
gPCR analysis of H3K23succ enrichment in the promoters of Aim2, Axl, Nod1,
Cxcl10, Nos2, and Tnf in WT and Hatl KO BMDMs stimulated by LPS and IFN-y for
24 h (n=4; two-tailed unpaired Student ¢ test). Results are presented as the

mean + SD of independent replicates. NC null control, Hatl histone acetyl-
transferase 1, WT wild type, BMDMs bone marrow-derived macrophages, LPS
lipopolysaccharide, IFN-y interferon, ChIP chromatin immunoprecipitation,
CUT&Tag cleavage under targets & tagmentation, ATAC-seq assay for Transposase-
Accessible Chromatin with High-Throughput Sequencing. Source data are pro-
vided as a Source Data file.

and cardiac macrophages post-MI. Hatl loss-of-function limits pro-
inflammatory gene transcription by downregulating histone succiny-
lation levels, reducing pro-inflammatory monocyte phenotypes, alle-
viating ischemic injury, and facilitating cardiac repair. Our study
illustrates that inhibiting the Hatl function represents a potential
therapeutic strategy for treating MI.

Under hypoxic or inflammatory environments, disease-causing
TCA cycle defects cause succinate accumulation??, Thus, accumu-
lating evidence suggests that succinate is closely associated with the
inflammatory response, exacerbating the progression of aortic
aneurysms®**, Similarly, our preliminary findings confirmed that
patients with AMI had higher serum succinate concentrations than
those with UA and that high levels of succinate are strongly associated
with AML. The hydrolysis of succinyl-CoA to succinate is catalyzed by
succinyl-CoA synthetases. Succinate accumulation indicates increased
production of succinyl-CoA?®, which, as a protein succinylating agent,
mediates protein succinylation®. Hence, we investigated the global
succinylation of PBMCs in patients with AMI and UA. Consistent with
succinate levels, patients with AMI had higher succinylation levels in
circulating monocytes, which were significantly associated with suc-
cinate concentrations. We further discovered that the global succiny-
lation in monocytes is related to inflammatory markers, such as NLR,
TNF-a, and IL-6. Thus, we believe that the upregulated succinylation in
circulating monocytes from individuals with AMl is related to excessive
inflammatory activity and is pathological in MI progression, similar to
succinate.

Lysine succinylation has emerged as a novel post-translational
modification and has been reported in cancer and cardiovascular
diseases'®”. Although most studies have explored the role and func-
tion of succinylation in nonhistone proteins, a preliminary report on
succinylation also includes lysine succinylation of histones®. Histone
succinylation reveals a potential role in modulating gene expression
and chromatin dynamics®. However, the study of histone succinyla-
tion is unreported in MI. Our study highlights an unknown role for high
levels of histone succinylation in monocytes driving MI. We also found
that elevated histone succinylation continued from activation to dif-
ferentiation and promoted the transcription of genes associated with
inflammatory pathways in monocytes at the early stage of MI. Our
results support the hypothesis that high levels of histone succinylation
promote the pathological progression of MI and are not conducive to
recovery after cardiac infarction. Therefore, identifying the targets
that effectively inhibit histone succinylation is essential.

To identify the effective targets of histone succinylation, we
screened Hatl from HATs through the transcriptome and single-cell
databases, which are specifically elevated in proinflammatory mono-
cytes and macrophages after MI. Previous studies have reported that
Hatl can regulate various histone modifications, such as acetylation®,
methacrylation®, and succinylation'®. As Hatl is specifically upregu-
lated in proinflammatory macrophages derived from circulating

monocytes compared with other HATs and may function as a succi-
nyltransferase, we selected Hatl as the target to regulate the levels of
histone succinylation post-MI. Although Hatl has been implicated in
the pathogenesis of cancer®* and early onset aging®, its function and
mechanism of action in Ml are partially established. Our study showed
that Hatl regulation involves a multistage and dynamic process initi-
ated in the bone marrow, persisting through peripheral circulation,
and finally executed in the local microenvironment of the heart at the
early phase of MI.

Hatl could be activated by toll-like and TNF-a receptor-triggered
calcium/calmodulin-dependent protein kinase 2 and plays a central
role in maintaining the inflammatory program®*. Our findings further
verified the significance of Hatl in controlling the inflammatory phe-
notype of monocytes, reducing the infarct size, and alleviating post-MI
cardiac dysfunction. In addition, we found that reducing Hatl levels
inhibited apoptosis in the border infarct regions, possibly because we
inhibited excessive inflammation in macrophages after ischemic car-
diac injury®. We did not enrich the anti-inflammatory pathways in the
later assays of CUT&Tag and RNA-seq; however, the infarcted cardiac
tissue exhibited elevated repair gene expression after Hatl knockdown
in monocytes. BMT and Ki67 staining collectively demonstrated that
the expansion of reparative macrophages following Hatl depletion
originates from functionally polarized circulating monocytes, thereby
explaining their accumulation in the ischemic heart. Therefore, Hatl
inhibition is equivalent to reversing the inflammatory programming of
myeloid cells at its source and consolidating it at multiple subsequent
steps, ultimately leading to the phenotypic switching and attenuation
of inflammation that we observed locally in the heart.

Hatl is essential for maintaining the nuclear structure and integ-
rity and regulating the epigenetic inheritance of heterochromatin®.
Our study revealed that Hatl regulates the chromatin accessibility of
inflammatory gene promoter regions. Subsequently, we investigated
that Hatl functions as a succinyltransferase with residue 1243, essential
for this catalytic activity, in monocytes. Hatl regulated the level of
H3K23succ more significantly in LPS- and IFN-y-stimulated BMDMs
compared with the H3K122succ site reported in the previous study'.
Our findings and those of other studies suggest that Hatl may act as a
succinyltransferase and effectively regulate histone succinylation
levels. Using data from two CUT&Tag (sham vs. Ml and MI AAV-9-F4/
80-shHatl vs. Ml AAV-9-F4/80-shNC), ATAC-seq, and RNA-seq, we
found that Hatl controlled monocyte phenotype by regulating the
enrichment of H3K23succ at the promoter regions of characteristic
pro-inflammatory genes. Nevertheless, the role of Hatl in regulating
histone acetylation remains relevant. Our results indicate that Hatl
modulates H3K23ac levels and cooperates with H3K23succ to co-
regulate a subset of inflammatory genes. Notably, Hatl perturbation
influenced H3K23succ enrichment across a broader spectrum of pro-
moters than H3K23ac, underscoring the more extensive and central
role of its succinyltransferase activity in transcriptional regulation.
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This functional divergence may be attributable to the larger molecular
volume and stronger charge character of the succinyl-CoA group
compared to acetyl-CoA. Our results also confirm that H3K23 serves as
a key mediator of Hatl-dependent immune regulation, indicating that
Hatl modulates the transcriptional activity of downstream inflamma-
tory genes through catalytic modification of H3K23 residues. In addi-
tion, Hatl is known to regulate inflammatory responses by facilitating
the formation of the PLZF-HDAC3-NF-kB p50 transcription complex®*.

Therefore, we consider it possible that Hatl-mediated H3K23succ may
provide the necessary platform for the binding and function of these
transcription factors to jointly regulate inflammation by changing the
local chromatin accessibility or may promote succinylation of these
transcription factors to promote or inhibit their function. These effects
may jointly establish a sophisticated transcriptional regulation pro-
gram of inflammatory genes. This study provides insights into how
Hatl coordinately regulates pro-inflammatory responses through its
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Fig. 8 | Macrophage inflammatory response is regulated by Hatl via its role in
catalyzing H3K23succ formation. a HEK293T cells were transfected to express
Myc-tagged wild-type Hatl (WT1) or the indicated mutants (M241K, 1243E, Q248A,
G251A, A254E, S281A, and R415A). Lysine succinylation and acetylation levels were
assessed by immunoblotting (n =3). b HEK293T cells were transfected to over-
express Myc-tagged WT1 or the Hatl-1243E mutant. Levels of H3K23succ and
H3K23ac were analyzed by immunoblotting (n = 3; one-way ANOVA followed by
Bonferroni multiple comparisons test). The blots were derived from the same
experiment and processed in parallel. Total histone H3 level was set as an internal
reference. c BMDMs were transfected to overexpress Myc-tagged WT1 Hatl or the
Hat1-1243E mutant. Levels of H3K23succ were analyzed by immunoblotting (n=3;
two-tailed unpaired Student ¢ test). The blots were derived from the same experi-
ment and processed in parallel. Total histone H3 level was set as an internal
reference. d Immunoblot analysis of Hatl and H3K23succ in protein complexes
immunoprecipitated with anti-Hat1 or anti-H3K23succ antibody from lysates of
WT1 or Hat1-1243E HEK293T cells (n = 3). e The mRNA expression levels of Aim2, Ax,
Nodl, Cxcll0, Nos2, and Tnf detected through quantitative polymerase chain
reaction (qQPCR) in WT1and Hat1-1243E BMDM s stimulated by LPS and IFN-y for 24 h
(n=6; two-tailed unpaired Student ¢ test). f ChIP and qPCR analysis of H3K23succ
enrichment in the promoters of Aim2, Axl, NodI, Cxcl10, Nos2, and Tnfin WT1 and

Hat1-1243E BMDMs stimulated by LPS and IFN-y for 24 h (n = 4; two-tailed unpaired
Student ¢ test). g HEK293T cells were transfected to overexpress Flag-tagged wild-
type H3.3 (WT2) or H3.3K23R mutant. Levels of H3K23succ and H3K23ac were
analyzed by immunoblotting (n = 4; one-way ANOVA followed by Bonferroni mul-
tiple comparisons test). The blots were derived from the same experiment and
processed in parallel. Total histone H3 level was set as an internal reference.

h BMDMs were transfected to overexpress Flag-tagged WT2 or H3.3K23R mutant.
Levels of H3K23succ were analyzed by immunoblotting (n = 3; two-tailed unpaired
Student ¢ test). The blots were derived from the same experiment and processed in
parallel. Total histone H3 level was set as an internal reference. i The mRNA
expression levels of Aim2, Axl, Nod1, Cxcl10, Nos2, and Tnf detected through qPCR
in WT2 and H3.3K23R BMDMs with LPS and IFN-y stimulation for 24 h (n = 6; two-
tailed unpaired Student ¢ test). j ChIP and qPCR analysis of H3K23succ enrichment
in the promoters of Aim2, Axl, Nodl, Cxcli0, Nos2, and Tnf in WT2 and H3.3K23R
BMDMs with LPS and IFN-y stimulation for 24 h (n = 4; two-tailed unpaired Student ¢
test). Results are presented as the mean + SD of independent replicates. Hatl his-
tone acetyltransferase 1, BMDMs bone marrow-derived macrophages, LPS lipopo-
lysaccharide, IFN-y interferon, ChIP chromatin immunoprecipitation. Source data
are provided as a Source Data file.

dual enzymatic activities. Specifically, its succinylation activity at
H3K23 may regulate inflammatory genes with greater precision, either
in coordination with or independently of acetylation. Our findings
demonstrate that the modification status of H3K23 serves as a pivotal
epigenetic nexus driving pro-inflammatory responses in macrophages,
and acts as an indispensable downstream effector through which Hatl
exerts its immunomodulatory functions.

To be applicable to the clinical treatment status, we expected Hatl
to have a similar protective effect in myocardial I/R injury; however,
our results have only been preliminarily validated. This is a limitation of
this study. Hatl may also affect the activation, chemotaxis, and infil-
tration of other immune cells, including neutrophils and lymphocytes,
after MI, which we also did not explore. In addition, the effect of Hatl
on regulating nonhistone protein succinylation cannot be ignored. We
explored the regulatory role of Hatl and succinylation on specific
monocyte functional proteins.

Our study revealed that increased histone succinylation depends
on Hatl levels in monocytes during early MI progression. We found the
significance of Hatl in promoting pro-inflammatory gene transcription
and expression through epigenetic regulation in early remote mono-
cytes post-MI. Our findings provide a novel perspective into the
pathogenic mechanisms of monocyte activation and the inflammatory
response after ischemic cardiac injury, which presents a promising
therapeutic target for MI treatment.

Methods

Study population

98 patients with acute coronary syndromes (ACS) were involved
between December 2023 and February 2024. Patients are between 18
and 85 years old and the medical records were complete. Acute
myocardial infarction (AMI) was defined as when there is acute myo-
cardial injury with clinical evidence of acute myocardial ischemia, a rise
of cardiac troponin I with at least one value >99th percentile upper
reference limit, as well as with one or more of the following markers:
ischemia symptoms, new ischemic ECG changes, pathological Q waves
in the ECG, evidence of new viable myocardium loss or new abnormal
regional wall motion obtained from imaging, or angiography findings
of an intra-coronary thrombus®. Unstable angina (UA) was defined as
myocardial ischemia at rest or during minimal exercise in the absence
of acute cardiomyocyte injury/necrosis. The specific criteria include
the following: specific clinical features of prolonged (>20 min) angina
at rest; new onset of severe angina; angina that is increasing in fre-
quency, longer in duration or lower in threshold, or angina that occurs
after a recent episode of MI*®, Patients with infectious diseases, severe

liver dysfunction or renal insufficiency were excluded from our study.
Finally, we recruited 48 patients with AMI and 50 patients with UA.

Blood sample of ACS were collected before surgery, and mostly
on the first day of admission. The human plasma was obtained from
the peripheral venous blood and immediately deposited into EDTA-
treated tubes. The blood was then subjected to centrifugation at
3000g for 15min at 4°C temperature. The plasma was delicately
segregated, deposited into 1.5 mL tubes. Human PBMCs were isolated
from 5SmL of peripheral venous blood using a Ficoll-Paque solution
following the manufacturer’s described protocol (P8680, Solarbio). All
blood samples were collected and separated by centrifugation imme-
diately and stored at —80 °C until analysis. This study was approved by
the ethics committee of the First Affiliated Hospital of Harbin Medical
University (Harbin, China) and performed according to the criteria set
by the Declaration of Helsinki, and all patients provided written
informed consent.

ELISA assay of human plasma

The method of ELISA assay to determine the succinate, TNF-a, IL-6,
and IL-1B levels. The succinate level was measured using Succinate
(Succinic Acid) Colorimetric Assay Kit (ab204718, abcam). The level of
TNF-o, IL-6, and IL-1B in plasma were measured using the ELISA Kit
(NE104-01, Transgen Bio; JL14113, Jianglai Bio; JL13662, Jianglai Bio),
according to the instruction provided by the manufacturer.

Animals

C57BL/6) male mice aged 8-10 weeks were purchased from Liaoning
Changsheng Biotechnology (Benxi, China). Mice were housed at the
First Affiliated Hospital of Harbin Medical University animal facility.
Hatl conventional knockout (KO) mice were generated by disrupting
the Hatl gene using CRISPR-Cas9 gene editing at Cyagen Biosciences
Inc (Suzhou, China), with Hat1"* littermates serving as wild-type (WT)
controls. Hatl homozygous (Hatl”) mouse embryos were lethal, so we
used Hatl heterozygotes (Hatl*) for our experiments. All mice were
maintained on C57BL/6 background, and male mice aged 8-10 weeks
were used in this study. The cages were kept on a 12-h light/12-h dark
cycle, with room temperature and humidity kept constant and mon-
itored. Animals were given access to food and water. All animal
experiments were performed according to the regulations approved
by the Research Ethics Committee of the First Affiliated Hospital of
Harbin Medical University (Harbin, China). The animal care and sur-
gical procedures complied with the Principles of Animal Care outlined
in the National Society for Medical Research and the Guide for the Care
and Use of Laboratory Animals (NIH publication).
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Myocardial infarction (MI)

Mice were anesthetized by intraperitoneal injection of 2% isoflurane
and placed on mechanical ventilation. After the left thoracotomy in the
third intercostal space over the left chest and exposure of heart, an 7-0
silk ligature was tied around the left anterior descending branch (LAD)
near the bottom edge of the left auricular appendage. The occlusion of
LAD was verified by the rapid myocardial bleaching in the area between
the ligation position and the heart apex. In sham-operated mice, the
ligation was at a similar location but not tied. At designated time
points, mice were euthanized under anesthesia, and hearts were col-
lected for subsequent experiments.

Myocardial I/R injury model

Myocardial I/R injury model was performed by ligating at LAD with silk
ligature around fine PE-10 tubing with a slipknot. Complete occlusion
of the vessel was confirmed by the presence of myocardial blanching in
the perfusion bed. Mice were subjected to 45 min of LAD ischemia
followed by releasing the ligature and removing the PE-10 tubing. In
sham-operated mice, the ligation was at a similar location but not tied.
Mice were euthanized under anesthesia on day 1 post-surgery for heart
collection and subsequent analysis.

Bone marrow transplantation (BMT)

CD45.1 strain mice were obtained from Cyagen Biosciences Inc. (Suz-
hou, China). BMT experiments were performed between WT (CD45.1)
and Hatl KO (CD45.2) mice. Bone marrow (BM) cells were harvested
from the femurs and tibias of 8-week-old male donor mice after
euthanasia. Recipient male mice, also aged eight weeks, underwent
lethal irradiation, and were subsequently transplanted with BM cell
suspensions comprising 100% CD45.1' or CD45.2" cells from the
respective donors. To ensure uniform irradiation doses and minimize
mobility, recipient mice were placed in a pie cage and exposed to two
radiation doses, each amounting to 450 rad, administered four hours
apart. Following the second irradiation, each recipient mouse received
an injection of 5 x10° BM cells via the retro-orbital vein plexus. During
the initial 14 days post-transplantation, these mice were housed in
sterile cages and provided with food and water supplemented with
antibiotics. Reconstitutions were assessed through flow cytometry
analysis of peripheral blood. Eight weeks after the BMT, these mice
were subjected to cardiac MI surgery.

AAV-9-F4/80-shHatl delivery in vivo

We knocked down Hatl in murine monocytes and macrophages by
constructing an adeno-associated virus 9 (AAV-9) with F4/80-specific
promoter region. Both AAV-9-F4/80-shHatl and negative control for
nonsequence-specific effects were synthesized by HanBio (Shanghai,
China). The nucleotide sequence of AAV-9-F4/80-shHatl/shNC are as
followings: AAV-9-F4/80-shHatl (5- GCTACAGACTGGATATTAA-3).
We injected 5x10" viral genome particles of AAV-9-F4/80-shHatl vec-
tor into 8-week-old mice via bilateral tibia bone marrow*” and per-
formed the MI and IR surgery at 2-week after gene transfer. The
injection was completed with a 10 pL microsyringe at the rate of 0.1 puL/
min and then withdrawn.

Monocytes isolation from mice

Mice monocytes were isolated from peripheral blood using a mouse
monocyte isolation kit (Solarbio, P5230) following the manufacturer’s
described protocol. Bone marrow-derived monocytes were isolated
from bone marrow using a mouse bone marrow mononuclear cell
isolation kit (Solarbio, P6900), similarly following the manufacturer’s
described protocol.

Triphenyltetrazolium chloride (TTC) staining
The infarct size of myocardium was analyzed by TTC staining. Mice
were sacrificed at 3 days after MI. The heart was quickly excised,

washed two times with cold phosphate-buffer saline (PBS), immedi-
ately frozen at -20 °C for 30 min, and sliced at 1 mm thickness. After-
ward, the sections were incubated in a 1% TTC (T8877, Sigma-Aldrich)
solution at 37°C for 20 min to visualize infarcts and viable myo-
cardium. Then the sections were fixed in 4% paraformal dehyde at 4 °C
for 24 h and digitally photographed. The areas of myocardial fibrosis
and infarction were measured by Image]J software.

Evans blue/TTC double-staining

Mice were anesthetized at 1 day after IR injury, the LAD artery was
reoccluded at the previous ligation, and 1 mL of 1% Evans blue (E2129,
Sigma-Aldrich) was injected into the left ventricular cavity. Subse-
quently, we performed TTC staining, which was subjected as described
above for TTC staining protocols. We assessed the left ventricular area,
the area at risk (AAR, stained red) and the infarcted area (IA, stained
white) by computerized planimetry and comprehensively analyzed in
serial sections of each mouse, using ImageJ software as well.

Histology analysis

The cardiac specimens were immersed in a 4% paraformaldehyde
solution at 4 °C for 24 h. After a series of dehydration steps using an
alcohol gradient and subsequent clearing, specimens were embedded
in paraffin wax. Subsequently, the sliced sections (4 pum thick) were
stained with haematoxylin and eosin (H&E) to assess the infiltration of
cardiac inflammatory cells. To investigate the effects of Hatl on car-
diomyocyte apoptosis, terminal deoxynucleotidyl transferase-
mediated deoxyuridinetriphate nick-end labeling (TUNEL) staining
was performed using HRP/ Alexa 488/Cy3 TUNEL Cell Apoptosis
Detection Kit (AFIHCO030, Aifang Bio) according to the manufacturer’s
protocol. Following this, the sections were co-stained with Anti-
Sarcomeric Alpha Actinin (ab68167, abcam) and DAPI (C1005, Beyo-
time Bio) to specifically label cardiomyocytes and nuclear. Images
were quantified using Image] software. Green fluorescence-labeled
apoptotic cells were counted, in order to assess the apoptotic index
(number of TUNEL-positive cardiomyocytes).

Immumohistochemical (IHC) staining was performed using
paraffin-embedded tissue sections. After the inhibition of endogenous
peroxidase activity, the sections were incubated with primary Hatl
polyclonal antibody (11432-1-AP, Proteintech), at 4 °C overnight. Fol-
lowing the incubation, the appropriate Polymer-HRP-coupled sec-
ondary antibodies (PV6001, ZSGB Bio) were used, and they were
applied for 1h at room temperature. After the visualization with DAB
(ZL1-9018, ZSGB Bio), the sections were counterstained with
hematoxylin.

Multiplex immunofluorescence was performed using double-
labeled multiplex immunofluorescence kit following the manu-
facturer’s described protocol (AFIHC023, Aifang Bio). After depar-
affinization, heat-mediated antigen retrieval in citrate buffer pH 6.0
and blocking with 5% goat serum at room temperature for 30 min,
appropriate antibodies were used to detect the specific protein
expression. Primary antibodies used were Hatl polyclonal antibody
(11432-1-AP, Proteintech), mouse F4/80 Polyclonal antibody (29414-
1-AP, Proteintech), Anti-Succinyl-Histone H3 (Lys23) Mouse mAb
(PTM-422, PTM Bio), Anti-Succinyllysine Rabbit pAb (PTM-401, PTM
Bio), and the samples were incubated with these antibodies over-
night at 4°C. The appropriate Polymer-HRP-coupled secondary
antibodies (PV6001, PV6002, ZSGB Bio) were used, and they were
applied for 1h at room temperature. Afterward, the sections were
counterstained with DAPI (C1005, Beyotime Bio) and cover slipped,
which was followed by analysis using fluorescence microscopy. The
multiplex immunohistochemistry staining procedure closely
resembled traditional IHC, with the addition of a signal amplifica-
tion step involving tyramide signal amplification inserted into each
staining cycle. This modification enables the simultaneous detec-
tion of multiple biomarkers in the same paraffin-embedded section
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through successive rounds of single-label and multi-round re-
staining.

Echocardiography analysis

Transthoracic echocardiography was performed using the high-
resolution VIVID E9 imaging system (GE Healthcare) with a 30 MHz
probe. Briefly, mice were gently anesthetized with 2% isoflurane. The
cardiac images were obtained in two-dimensional mode in the para-
sternal long-axis section. Within this section, an M-mode cursor was
placed vertically to the interventricular septum and the posterior wall
of the left ventricle, at the level of the root of the papillary muscles. The
left ventricular inner diameters, including the left ventricular internal
diameter at end-diastole (LVIDd) and left ventricular internal diameter
at end-systole (LVIDs), left ventricular ejection fraction (LVEF), and
fractional shortening (LVFS) were measured and calculated from three
independent cardiac cycles.

Flow cytometric analysis

Single cell suspensions were prepared from peripheral blood, bone
marrow and heart tissue. Red blood cells from peripheral blood and
bone marrow were lysed using ACK lysis buffer (A10492-01, Gibco) for
backup use. The procedure for preparing cardiac single cell suspen-
sions is described below. The hearts from MI mice were extensively
rinsed and then removed. Use scissors to mince the heart tissue and
digest it with a cocktail of 1 mg/mL type Il collagenase (BS164, Biosh-
arp), 100 U/mL hyaluronidase (H3506, Sigma-Aldrich), and 100 U/mL
DNase I (10104159001, Sigma-Aldrich) for 1h at 37 °C with gentle agi-
tation. Following the digestion, the tissue samples were triturated and
passed through a 70 um cell strainer (Abs7008, Absin). The obtained
cells were enriched, and the isolated cells were counted after ery-
throcyte lysis and washed with RPMI-1640 cell culture medium for
further analysis.

Afterwards, single-cell suspensions were incubated with anti-
CD16/32 antibody (156603, Biolegend) to prevent unspecific antibody
binding. Thereafter, cells were stained with fluorochrome-labeled
antibodies at 4 °C for 30 min. CD206 and Hat1 staining was performed
using the True-Nuclear™ Transcription Factor Buffer Set (424401,
Biolegend). The samples were analyzed by Flow Cytometer (Apogee),
and the data were analyzed by Flowjo V10. The primary antibodies are
listed in Supplementary Data 2.

Hypoxic primary cardiomyocytes were digested with trypsin,
after which the digestion was stopped and the cells were resuspended.
The procedure was performed according to the instructions of the
apoptosis detection kit (CA1020, Solarbio). The samples were mixed
and analyzed by flow cytometry. Flowjo software was used to quantify
the proportion and number of cells in various states, including early
apoptosis, late apoptosis, and cell death.

HEK293T cells culture and treatment

The HEK293T cell line was kindly provided by the Stem Cell Bank,
Chinese Academy of Sciences (CAS) and cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS) according to the manu-
facturer’s instructions. Cells were used within five passages for all
experiments. Transfection of plasmids was performed using Lipo-
fectamine 3000 (L3000150, Invitrogen,) following the manufacturer’s
protocol. A DNA sequence encoding Hatl was cloned into the vector
(pCMV-MCS-3xMyc-Neo) to create the Myc-Hatl plasmid. The Hatl
(M241K, 1243E, Q248A, G251A, A254E, S281A and R415A) mutant was
generated from the Myc-Hatl plasmid using the QuikChange site-
directed mutagenesis kit (Agilent). The plasmids were purchased from
Miaoling Co. Ltd, Wuhan, China. A DNA sequence encoding H3.3 was
cloned into the vector (pcDNA3.1-C-3xFlag) to create the Flag-H3.3
plasmid. The H3.3K23R mutant was generated from the Flag-H3.3
plasmid using the QuikChange site-directed mutagenesis kit (Agilent).
The plasmids were purchased from Jima Co. Ltd, Suzhou, China.

Bone marrow-derived macrophages (BMDMs) culture and
treatment

Bone marrow-derived macrophages (BMDMs) were isolated and dif-
ferentiated into mature macrophages. BM cells were flushed from the
tibias and femurs of 6-to 8-week-old male mice. Red blood cells were
removed by ACK lysis buffer (A10492-01, Gibco). After beinf washed,
the cell suspension was passed a 100 um cell strainer and supple-
mented with 20 ng/mL macrophage colony stimulating factor (M-CSF,
MCE) in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin for 7 days. The culture medium was replaced
every 3 days. Lentiviral particles used to knockdown Hatl in BMDMs
were purchased from GenePharma (Suzhou, China). Primary BMDMs
were plated in a six-well plate, infected with the Hatl lentivirus
(shHatl), Myc-HatIMutant plasmid and Flag-H3.3K23R plasmid. The
following shRNAs were used in this study: mouse Hatl shRNA: 5-
GCTACAGACTGGATATTAA-3'. Mouse promoters, including Aim2, Ax{,
Nod1, Cxcl10, Nos2 and Tnf, which contained putative H3K23succ
binding sites, were amplified and cloned into the pGL3-Basic vector
(Promega) to produce firefly reporter plasmid. Different fragments of
targeted gene promoters were inserted into pGL3-Basic vector to yield
various firefly reporter plasmids. pRL-TK vector (constitutively
expressing Renilla luciferase) was purchased from Promega. All plas-
mids were verified by DNA sequencing. 24 h after transfection, cells
were treated with lipopolysaccharide (LPS, 100 ng/mL, Sigma-
Aldrich) + IFN-y (20 ng/mL, MCE) for 24 h or left untreated, and used to
perform further experiments.

Isolation of neonatal mouse cardiomyocytes (CMs) and
treatment

Hearts were aseptically isolated from neonatal mice (1-3 days old) and
rinsed three times with D-Hanks solution. The tissues were then
minced into approximately 1 mm?3 fragments and digested with 0.25%
trypsin. After digestion, the cells were collected by centrifugation at
1500 rpm for 5 minutes and resuspended in DMEM supplemented with
10% fetal bovine serum. To separate cardiac fibroblasts from CMs,
differential adhesion was performed based on their distinct attach-
ment kinetics. The resulting purified primary neonatal mouse cardio-
myocytes were seeded into culture flasks or 6-well plates according to
experimental requirements and maintained at 37°C in a 5% CO.
incubator in DMEM containing 10% FBS. Cardiomyocytes (CMs) were
either subjected directly to 24 h of hypoxia or treated for 24 h with
conditioned medium from inflammatory-stimulated BMDMs (WT/Hatl
KO), followed by an additional 24 h period of hypoxia.

Protein extraction and immunoblot

Whole-cell lysates were extracted using cell lysis buffer supplemented
with protease inhibitor cocktail and PMSF, and histones were extracted
according to the guidelines provided in the histone extraction kit
manual (OP-0006, EpigenTek). Subsequently, the proteins were
resolved using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to polyvinylidene difluoride membranes, then
incubated with specific antibodies. The membranes were blocked
using 5% milk and incubated overnight at 4 °C with primary antibodies.
The dilution doses of antibodies were according to the instructions.
The next day, the membranes were then incubated with secondary
antibodies for 1 h at room temperature. The band signals were visua-
lized using Tanon Image software. The signal intensities of the target
western bands were normalized with internal control protein, and then
calculated as the fold change compared with the control group. The
primary antibodies are listed in Supplementary Data 2.

RNA isolation and quantitative real-time polymerase chain
reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen, USA) and
reverse-transcribed into complementary DNA using the Transcriptor
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First Strand cDNA Synthesis Kit (FSQ101, TOYOBO) following the
manufacturer’s protocol. RT-qPCR was performed using Fast Start
Universal SYBR®Green Master Mix (Q711-02, Vazyme) for analysis. The
specific primers are listed in Supplementary Data 2.

Molecular docking

AlphaFold2 was used to predict and construct histone H3 (Uniprot ID:
P68431)*°, Hatl (PDB ID: 2POW) and succinyl-CoA (PDB ID: 5TRL)
structure was used from the PDB database*. Select HDock*, the
software is based on global search and mixed strategies for protein-
docking, has achieved excellent performance docking score
237.22 kcal/mol. PyMOL 2.5.1was performed for graphical display and
LigPlot 2.1 was used for visual display*>*.

Molecular dynamics simulation

Molecular dynamics simulations were performed using Gromacs
2019.6". The Amberl14SB force field*® was applied to the protein,
while the GAFF2 force field*” was used for non-standard residues. The
system was solvated in a TIP3P water model within a periodic box and
neutralized with sodium ions. For energy minimization, the steepest
descent algorithm was employed with a maximum of 50,000 steps.
Short-range nonbonded interactions were truncated at 1.4 nm for
both Coulombic and van der Waals interactions. Long-range elec-
trostatics were treated with the Particle Mesh Ewald method. The
system was subsequently equilibrated under NVT and NPT ensem-
bles, followed by a production MD simulation of 100 ns at 300 K and
1bar. During the simulation, hydrogen bonds were constrained with
the LINCS algorithm using a 2-fs integration time step. A cutoff of
1.2nm was set for short-range electrostatics and van der Waals
interactions. Temperature and pressure were maintained at 300K
and 1bar using the V-rescale thermostat and Berendsen barostat,
respectively. Both NVT and NPT equilibrations were conducted for
30 ps each. The root mean square deviation (RMSD) was calculated
to assess structural convergence, with a fluctuation threshold set at
0.2 nm. The solvent accessible surface area (SASA) was monitored to
evaluate changes in surface exposure of the complex during the
simulation.

Immunoprecipitation assay (IP)

The total protein from the cell lysate was immunoprecipitated. Firstly,
the extract was incubated with anti-Succinyl-Histone H3 (Lys23) Mouse
mAb (PTM-422, PTM Bio) or Hatl polyclonal antibody (11432-1-AP,
Proteintech) for 24 h at 4 °C. The protein A/G Magnetic Beads (HY-
K0202-1 mL, MCE) were added and further incubated for 3 h at 4 °C
followed by centrifuged at 12,000 g for 5min. Then, recovered the
precipitate for washing, resuspended it in 30 pL SDS lysis buffer and
boiled at 95°C for 5min, and finally analyzed the precipitate by
immunoblotting with the indicated antibody.

RNA sequencing

The total RNA was extracted from 1 x 10° circulating monocytes using
TRIzol reagent (n =3 biologically independent samples). The TruSeq
Stranded mRNA LT Sample Prep Kit (Ilumina, San Diego, CA, USA)
was used to construct an RNA-seq library. The RNA sequencing was
performed by OE Biotechnology (Shanghai, China). Raw data reads
quality was checked by FastQC and then mapped to the mouse
reference genome (mm10), and quantification was performed using
salmon (v1.4.0) and tximport (v1.26.1). Differential expression ana-
lysis was performed using DESeq2 (v1.38.2) to identify differential
expression genes (DEGs)*®. Based on Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) database*”°, the
enrichment analysis of DEGs was conducted using clusterProfiler
package (v4.6.0) to reveal their potential biological functions®.
Multiple hypothesis tests were corrected by the Benjamini-Hochberg
method.

The single-cell RNA sequencing (scRNA-seq) data preprocessing
and analysis

The scRNA-seq dataset of mouse heart after myocardial infarction was
obtained from the Gene Expression Omnibus (GEO) database
(GSE163129). Initially, cells expressing at least 200 genes were selected,
and the genes were expressed in at least 3 cells, and cells with a per-
centage of mitochondria greater than 10% were removed. Subse-
quently, the DoubletFinder package (v2.0.3) was employed to further
identify and remove doublets®. After quality control, the integrated
workflow recommended by Seurat 4 (v4.0.5) was adopted, and batch
effects were mitigated and data were integrated using harmony
package (v0.1.1)***. Next, data were clustered using the “FindNeigh-
bor” and “FindClusters” functions, and the “RunTSNE” function was
used to generate visualization plots based on the two-dimensional t-
distributed stochastic neighbor embedding (t-SNE) model. Major cell
clusters were assigned based on known cellular lineages predicted by
marker genes within the t-SNE model. Subsequently, manual assign-
ment of cell clusters to major cell types was performed based on
established markers. Clusters showing markers for two distinct cell
types were manually identified and excluded.

Assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq)

ATAC-seq libraries were constructed using using Hyperactive ATAC-
Seq Library Prep Kit (TD711, Vazyme Biotech, China) in accordance
with the manufacturer’s instructions. NGS was leveraged to sequence
the DNA (n = 3 biologically independent samples). Cell preparation was
similar with CUT&Tag. Cutadapt (v1.18) was employed to remove
sequencing adapters, short reads, and low-quality reads, yielding clean
and high-quality data®. Subsequently, data quality was assessed using
FastQC (v0.12.1). Fixed reads were then mapped to the mouse refer-
ence genome (mml0) using Bowtie2 (v2.5.1), followed by filtration
using Samtools (v1.6), and the results were saved in BAM format®®*’.
PCR duplicates were removed using Picard (v2.0.1)*. Peak calling was
performed using MACS2 (v2.2.7.1) with default parameters to identify
significant genomic regions™. Finally, BED files were utilized alongside
the ChIPSeeker package for peak annotation of genomic features®. To
visualize the occupancy of the genome around peaks within +2 kb of
the transcription start sites (TSS), BAM files were converted to BigWig
format using the bamCoverage function in deepTools (v3.5.1), and
visualization was conducted using the computeMatrix and plotHeat-
map functions®. For representation in genome browsers, the BigWig
files were loaded into the Integrative Genomics Viewer.

Cleavage under targets & tagmentation (CUT&Tag)

CUT&Tag libraries were constructed using Hyperactive Universal
CUT&Tag Assay Kit (TD903, TD904, Vazyme Biotech, China). For cell
preparation, the monocytes were isolated from mice peripheral blood
(Sham vs MI, MI AAV-9-F4/80-shHatl vs AAV-9-F4/80-shNC) using the
method described above. The cells (1x10°%) were coupled with con-
canavalin A-coated magnetic beads, followed by an overnight incu-
bation at 4 °C with the indicated antibodies respectively. Subsequent
to this, samples were incubated with a secondary antibody and
Hyperactive pA/G-Transposon for 1 h. The DNA was subjected to TTBL
treatment at 37 °C for 1h, followed by extraction and purification for
library amplification. Next Generation Sequencing (NGS) was lever-
aged to sequence the DNA (n=3 biologically independent samples).
Cutadapt (v1.18) was employed to trim sequencing adapters and filter
out short, low-quality reads to generate high-quality data®. Subse-
quently, data quality was assessed using FastQC (v0.12.1). Processed
reads were aligned to the mouse reference genome (mml0) using
Bowtie2 (v2.5.1)*. Samtools (v1.6) was utilized to filter SAM format files
and save them in BAM format®’. Picard (v2.0.1) was utilized to remove
PCR duplicates®®. MACS2 (v2.2.7.1) was utilized for peak calling to
identify significant genomic regions®”. ChIPseeker was used to
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annotate peak positions in genomic features®. Additionally, deep-
Tools (v3.5.1) was employed to convert BAM files to BigWig format for
peak count normalization and visualization. Finally, these BigWig files
were uploaded and viewed using the Integrative Genomics Viewer.
ChlIPseeker was used to annotate peak positions in genomic features.
Additionally, deepTools (v3.5.1) was employed to convert BAM files to
BigWig format for peak count normalization and visualization®.
Finally, these BigWig files were uploaded and viewed using the Inte-
grative Genomics Viewer.

Chromatin immunoprecipitation (ChIP)-qPCR

To prepare the samples for ChIP, 5x10° BMDMs/sample were cross-
linked with 37% methanol-free formaldehyde for 10 min before per-
forming a ChIP assay using SimpleChIP Plus Enzymatic Chromatin IP
Kit (#9005, Cell Signaling Technology). The chromatin is then frag-
mented by sonication into segments of 150-900 bp in length. The
fragmented chromatin was then incubated with specific primary anti-
bodies targeting anti-Succinyl-Histone H3 (Lys23) Mouse mAb (PTM-
422, PTM Bio) overnight at 4 °C with gentle rotation. After that, mag-
netic Beads were added into the sample and incubated for 2 h with
rotation. Then the beads were sequentially washed in washing buffers
with different salt concentrations and finally eluted with an elution
buffer containing 1% SDS. The obtained antibody-chromatin complex
sequentially underwent the steps of reverse cross-linking and DNA
purification. The obtained DNA samples were subjected to RT-qPCR
using the primers listed in Supplementary Data 2. The primers were
designed to determine the enrichment of H3K23succ.

Dual-luciferase reporter assay

The plasmids were purchased from Miaoling Co., Ltd, Wuhan, China.
Plasmid transfection for dual-luciferase reporter assay was conducted
as described above. Luciferase activity was assessed using the Dual-
Luciferase Reporter Assay System (E2920, Promega) following the
guidelines provided by the manufacturer. In brief, cells were collected
in a passive lysis buffer, and the activities of firefly and renilla luciferase
in the lysate were quantified. Renilla luciferase activity (pRL-TK) served
as an internal control due to variations in transfection efficiency. The
luciferase activity of firefly was normalized to that of renilla to deter-
mine the promoter activity. The results were expressed as fold changes
compared to the empty vector group.

Statistical analysis

Data were analyzed using SPSS (version 26.0), R (version 4.2.2) and
GraphPad Prism (version 9.0.1). Categorical variables were expressed
as numbers and percentages. After the Kolmogorov-Smirnov test of
data distribution, continuous variables were shown as mean+
standard deviation for normally distributed data or as median (quar-
tile) for non-normally distributed data. Between-group comparisons
were performed by Student’s ¢ test, Mann-Whitney U test, one-way
ANOVA, two-way ANOVA, Kruskal-Wallis H test, x2 test, or Fisher’s
exact test, as appropriate. Odds ratios (ORs) and 95% Cls were also
calculated. Restricted cubic spline analysis was applied to evaluate the
association between plasma succinate levels and AMI. Receiver oper-
ating curves were performed to predict the diagnostic value of succi-
nate in AMI. Linear regression was used to show the correlation
between succinate and the global succinylation expression. Data vio-
lating core assumptions of each test were either transformed or
alternative (non-parametric) tests were used, as indicated in detail in
the respective figure legends. If not stated otherwise, multiplicity-
adjusted (Bonferroni) P values are reported throughout, with the
threshold of a set at 0.05 (two-tailed).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings described in this study are available in
the article and the Supplementary Information. The CUT&Tag, ATAC-
seq, and RNA-seq data generated in this study have been deposited in
the Genome Sequence Archive (GSA)®* at the National Genomics Data
Center®® under accession code CRA030478. Other publicly available
data used in this study can be found in the Gene Expression Omnibus
(GEO) under accession numbers GSE206281°*, GSE163129%, and
GSE775°. Source data are provided with this paper.
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