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REGENERATION

PTMA controls cardiomyocyte proliferation and cardiac
repair by enhancing STAT3 acetylation

Ning Liu11', Jianqiu Pei21', Yifan Xie11', He Xuan1, Nan Jiang3, Jue Wang3, Yangyang Gao4, Yixun Li1,
Xiangjie Li', Weijing Liu', Chenying Xiang', Zheng Qiao’, Haiping Cao’, Yu Nie"®*

The adult mammalian heart has limited regenerative capacity due to the low proliferative ability of cardiomyo-
cytes, whereas embryonic cardiomyocytes exhibit robust proliferative potential. Using single-cell RNA sequenc-
ing of embryonic hearts, we identified prothymosin o (PTMA) as a key factor driving cardiomyocyte proliferation.
Overexpression of PTMA in primary mouse and rat cardiomyocytes significantly promoted cardiomyocyte prolif-
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eration and similarly enhanced proliferation in human iPSC-derived cardiomyocytes. Conditional knockout of
Ptma in cardiomyocytes impaired neonatal heart regeneration. AAV9-mediated overexpression of Ptma extended
the neonatal proliferative window and showed therapeutic promise for enhancing adult heart regeneration.
Mechanistically, PTMA interacted with MBD3, inhibiting its deacetylation activity within the MBD3/HDAC1 NuRD
complex. This inhibition increased STAT3 acetylation, which positively regulated STAT3 phosphorylation and acti-
vation of its target genes. These findings establish PTMA as a critical regulator of heart regeneration and suggest

its potential as a therapeutic target for ischemic myocardial injury.

INTRODUCTION
Ischemic heart disease continues to be a leading cause of mortality
worldwide, posing a substantial threat to human health (1). Ischemic
stress leads to extensive cardiomyocyte death, which consequently
overburdens the surviving cells. Due to the limited proliferative ca-
pacity of adult cardiomyocytes, the heart cannot adequately repair
itself after myocardial infarction (MI) (2). This initiates a cascade of
pathological cardiac remodeling that can culminate in the progres-
sion to heart failure (3, 4). In stark contrast, embryonic cardiomyo-
cytes have a potent proliferative capacity that is crucial for driving
embryonic heart growth and ensuring normal heart development
(5, 6). The embryonic heart can accomplish complete regeneration
even tolerating a loss of 50 to 60% cardiomyocytes, through aug-
menting the resident cardiomyocyte proliferation (7). However, this
regenerative ability rapidly declines shortly after birth (8-11). It is
hypothesized that the silencing of embryonic proliferation activators
marks the cardiomyocyte cell cycle arrest. Therefore, identifying the
key molecules that enhance embryonic cardiomyocyte proliferation
could unlock critical targets for promoting adult cardiac regeneration.
To uncover the pivotal genes that govern cardiomyocyte prolif-
eration, we performed single-cell RNA sequencing (scRNA-seq) on
embryonic hearts across a range of developmental stages [embry-
onic day 8.5 (E8.5) to E17.5]. By integrating these data with RNA
sequencing (RNA-seq) from cardiomyocytes at different postnatal
ages and conducting functional validation, we identified Ptma as a
core driver of cardiomyocyte proliferation. Prothymosin o (PTMA)
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is a nuclear protein encoded by Ptma, which plays a pivotal role in
numerous cellular processes, including cell division, chromatin re-
modeling and apoptosis (12-17). However, the specific role and un-
derlying mechanisms of nuclear PTMA in promoting cardiomyocyte
proliferation and heart regeneration remain to be further elucidated.

In this study, we demonstrated that Ptma was a core conserved
gene that drove the proliferation of primary cardiomyocytes from
mice and rats, as well as human-induced pluripotent stem cells. Our
investigation further confirmed that PTMA was both necessary and
sufficient for promoting heart regeneration and functional repair in
both neonatal and adult mice. Additionally, we elucidated that
PTMA facilitated cardiomyocyte proliferation through interacting
with MBD3, which suppressed the deacetylation activity of HDAC1
in the nucleosome remodeling and deacetylation repressor (NuRD)
complex, thereby promoting signal transducer and activator of tran-
scription 3 (STAT3) acetylation and phosphorylation activation.
Our findings demonstrated that PTMA could serve as a promising
therapeutic target for enhancing adult cardiac repair, opening a
groundbreaking therapeutic avenue for patients suffering from isch-
emic heart disease.

RESULTS

scRNA-seq of embryonic hearts reveals Ptma as a key factor
driving cardiomyocyte proliferation

To identify key factors driving proliferation in embryonic cardio-
myocytes, we performed scRNA-seq on cardiac cells from seven de-
velopmental stages, including E8.5, E9.0, E9.5, E10.5, E11.5, E14.5,
and E17.5 (Fig. 1A), and this enables a detailed exploration of the
dynamic changes in gene expression that underpin the embryonic
cardiomyocyte development. We captured and sequenced 36,039
cells across all samples, achieving a median of 3880 genes and 16,249
unique transcripts per cell after quality filtering (fig. S1, A and B). We
visualized the integrated dataset using a t-distributed stochastic
neighbor embedding (#-SNE) plot with respect to cell types and their
time points (Fig. 1B and fig. S1C). Using the expression of known
cellular marker genes and distinct gene expression signatures, we
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Fig. 1. scRNA-seq of embryonic hearts reveals Ptma as a key factor driving cardiomyocyte proliferation. (A) Schematic of the experimental design for screening
cardiomyocyte proliferative factors. (B) The t-distributed stochastic neighbor embedding (t-SNE) visualization of the 15 clusters in embryonic hearts (n = 36,039 cells).
ACM, atrial cardiomyocytes; VCM, ventricular cardiomyocytes; Endo, endocardial cells; EC, endothelial cells; MC, mesenchymal cells; FB, fibroblasts; SMC, smooth muscle
cells; Epi, epicardial cells; IC, immune cells. (C) Violin plots of the expression of cell cycle gene Mki67 and Aurkb in VCM1-VCM6 cells. (D) Heatmap of the relationship be-
tween the blue module and cardiomyocyte proliferation traits (left), and scatter plot (right) presenting the module gene expression pattern in various stages of cardio-
myocyte development. The correlation coefficients (r) values and the corresponding P values are shown in the rectangles and the brackets, respectively. (E) Gene
Ontology (GO) terms of the blue module. (F) Venn diagram presenting the intersection of differential expressed genes in VCM1 and hub genes in the blue module (left),
and the heatmap presenting the expression of 17 co-expressed genes in cardiomyocytes at differential heart developmental periods (right). (G to J) Representative im-
ages of EdU incorporation (G), pH3 (I) staining in neonatal mouse cardiomyocytes (NMCMs) infected with lenti-Ptma, lenti-Tubb5, and lenti-Tuba1b. Scale bars, 20 pm.
Quantification of EdU (H)- and pH3 (J)-positive cardiomyocytes, n = 4. Data are presented as means + SEM. By One-way analysis of variance (ANOVA) analysis, ***P < 0.001
(versus lenti-Ctrl); n.s. indicates that the P value is not significant. DAPI, 4’,6-diamidino-2-phenylindole.
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identified the major cardiac cell types (fig. S1, D and E), including six
ventricular cardiomyocyte clusters (VCM1 to VCMS6) (Fig. 1B and
fig. S1F). Among the six ventricular cardiomyocyte clusters, VCM1
highly expressed cell cycle genes, such as Mki67 and Aurkb (Fig. 1C
and fig. S1, G to L). The cell-cycle scoring analysis (18) showed that
78.39% of VCM1 cardiomyocytes were in the G,-M phase, while the
other five clusters exhibited lower proportions (fig. SIM), indicating
that VCML1 is the proliferative cardiomyocyte population during em-
bryonic heart development. Then, we conducted differential gene
expression analysis by comparing VCM1 with the other five VCM
clusters and identified 120 genes [fold change (FC) > 1.2, adjusted P
value < 0.05] that were highly expressed in over 90% of VCM1 car-
diomyocytes (Fig. 1F).

To focus on genes that regulate the proliferation of cardiomyo-
cytes during both embryonic and postnatal stages, we used our previ-
ous bulk RNA-seq data of isolated cardiomyocytes from regenerative
E14.5 and neonatal hearts [postnatal day 1 (P1), P4, and P7], along
with the nonregenerative adolescent (P14) and adult (P56) hearts
(19). We conducted weighted gene co-expression network analysis
(WGCNA) (20) and identified a gene module consisting of 407 hub
genes [module membership (MM) > 0.95, gene significance (GS) >
0.75, adjusted P value < 0.05], whose expression pattern correlates
with cardiomyocyte proliferation window [correlation coeflicient
(r) = 0.79, P value = 8.0 x 10~°] (Fig. 1, A and D to F, and fig. SIN).
Combined analysis revealed that, among the highly expressed genes
in VCML1, 17 genes were down-regulated in conjunction with the loss
of cardiomyocyte proliferative capacity during postnatal heart devel-
opment, among which Ptma, Tubb5, and Tubalb were the most sig-
nificant (Fig. 1F and figs. S10 and S2A).

We overexpressed Ptma, Tubb5, and Tubalb, respectively, in pri-
mary neonatal mouse cardiomyocytes (NMCMs) using lentivirus to
investigate whether these genes induce cardiomyocyte proliferation
(fig. S2, B and C). 5-Ethynyl-2’-deoxyuridine (EdU) incorporation
and immunostaining of phospho-histone H3 (pH3; a marker of mi-
tosis) showed that only PTMA overexpression significantly enhanced
both cardiomyocyte DNA synthesis and mitosis (Fig. 1, G to J). To
further investigate the relevance of PTMA in embryonic cardiomyo-
cyte proliferation, we performed co-immunofluorescence staining
for PTMA, cardiomyocyte marker cTnT, and the cell cycle marker
Ki67. Our analysis revealed that 94.85 + 1.84% of PTMA-positive
cardiomyocytes were also Ki67 positive, whereas only 10.90 + 3.54%
of PTMA-negative cardiomyocytes exhibited Ki67 positivity (fig. S2,
D and E). These findings strongly suggest that PTMA is a core factor
driving cardiomyocyte cell cycle reentry in embryonic hearts.

PTMA promotes postnatal and adult cardiomyocyte
proliferation in vivo

To investigate whether PTMA overexpression induces cardiomyo-
cyte proliferation at the early postnatal stage, we constructed an
adeno-associated virus 9 (AAV9) vector with a ¢TnT promoter for
cardiomyocyte-specific overexpression of Ptma (AAV9-Ptma) (21).
We then infected the wild-type (WT) mice with AAV9-Ptma at P1,
and AAV9-Luciferase (AAV9-Luc)-infected hearts were used as
negative control. Four days after AAV9 infection, we labeled the car-
diomyocytes with EAU every day for 4 days by intraperitoneal injec-
tion. We performed immunofluorescence co-staining for cTnT with
proliferative markers EdU, pH3, and Aurora B in P8 hearts (Fig.
2A). The results showed that PTMA overexpression elevated the
proportion of EdU-positive cardiomyocytes from 4.07 & 0.97% to
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16.73 + 1.16% (Fig. 2, B and C). Additionally, PTMA overexpression
enhanced the number of cardiomyocytes undergoing mitosis, with
the proportion of pH3-positive cardiomyocytes increasing from
2.09 + 0.16% in AAV9-Luc hearts to 5.73 + 0.77% in AAV9-Ptma
hearts (Fig. 2, D and E). Of note, PTMA overexpression hearts ex-
hibited a 4.86-fold increase in Aurora B—positive cardiomyocytes,
rising from 0.022 + 0.001% to 0.107 + 0.030% (Fig. 2, F and G).
These findings clearly indicate that PTMA overexpression effective-
ly promotes cardiomyocyte cell cycle reentry during the early post-
natal stage.

To further investigate whether PTMA is sufficient to promote
adult cardiomyocyte proliferation, we overexpressed PTMA in the
adult hearts by intramyocardial injection of AAV9-Ptma or AAV9-
Luc. Four days after AAV9 injection, we labeled the cardiomyocytes
with EdU daily through intraperitoneal injection (Fig. 2H). Immu-
nostaining showed that PTMA overexpression led to a substantial
increase in adult cardiomyocyte DNA synthesis (EdU™; Fig. 2, T and
1), mitosis (pH3%; Fig. 2, Kand L), and cytokinesis (Aurora BY; Fig.
2, M and N). Collectively, these comprehensive results demonstrate
that overexpression of PTMA is sufficient to promote cardiomyo-
cyte cell cycle reentry in adult mice.

Ptma is required for cardiomyocyte proliferation and

heart regeneration

To further explore the role of PTMA in cardiomyocyte proliferation,
we isolated cardiomyocytes from E17.5 mouse hearts and infected
them with an adenovirus carrying a green fluorescent cell cycle re-
porter system (FUCCI) (22). This system overexpresses a nonfunc-
tional human Geminin deletion mutant fused to Azami Green
[mAG-hGeminin (1/110)], driven by the troponin T2 (Tnnt2) pro-
moter, to specifically label cardiomyocytes in the S, G2, and M phas-
es of the cell cycle. We knocked down Ptma in cardiomyocytes with
small interfering RNA (siRNA; si-Ptma) (fig. S3, A and B) and ob-
served a significant decrease in the proportion of FUCCI-labeled
cardiomyocytes compared with scrambled siRNA (si-NC) (Fig. 3, A
and B). We also observed a significant decrease in EQU*, pH3", and
Aurora B* cardiomyocytes following si-Ptma treatment both in
E17.5 and P1 hearts (fig. S3, C to H). RNA-seq and the following
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) revealed that Ptma knockdown down-regulated genes associ-
ated with cardiomyocyte cell cycle and cell division (fig. S3, I and J).
These results suggest that Ptma is essential for cardiomyocyte pro-
liferation.

We then generated cardiomyocyte-conditional knockout mice
by crossing Myh6-Cre mice with Ptmd”" mice (Ptma-cKO mice)
and performed apical resection (AR) operation at P1 (Fig. 3C). Im-
munostaining of PTMA protein showed effective knockout of Ptma
in cardiomyocytes with no effect on the expression of PTMA in
non-cardiomyocytes in Ptrma-cKO hearts (Fig. 3, D and E). We col-
lected the injured hearts at 7 days post-resection (dpr). Compared
to Ptma" littermates, we observed a significant reduction in EdU™,
pH3", and Aurora B* cardiomyocytes in Ptma-cKO hearts (Fig. 3, F
to K). Wheat germ agglutinin (WGA) staining indicated that Ptma
deficiency leads to an increase in cardiomyocyte size (Fig. 3, L and
M). Masson’s staining showed that the heart regeneration capacity
was suppressed in Ptina-cKO mice, with a significant increase in the
fibrotic area and a decrease in the number of regenerative hearts at
1 month post-AR injury (Fig. 3, N to P). Echocardiography revealed
a reduction in cardiac ejection fraction (EF) and left ventricular
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Fig. 2. PTMA promotes postnatal and adult cardiomyocyte proliferation in vivo. (A) Schematic plot showing the experimental procedure for AAV9-delivered PTMA
overexpression in neonatal hearts, created in BioRender (S. Gai, 2025), https://BioRender.com/q64z784, with modifications. (B to G) Representative images of immunostain-
ing for EAU (B), pH3 (D), and Aurora B (F) heart sections. Scale bars, 5 pm [(B) and (F)] and 10 pm (D). Quantitative analysis of EdU (C)-, pH3 (E)-, and Aurora B (G)-positive
cardiomyocytes at P8 mice hearts, n = 3. Data are presented as means + SEM, by Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001. (H) Schematic plot showing the
experimental procedure for AAV9-delivered PTMA overexpression in adult hearts, created in BioRender (S. Gai, 2025), https://BioRender.com/q64z784, with modifications.
(I to N) Representative images of immunostaining for EAU (1), pH3 (K), and Aurora B (M) heart sections. Scale bars, 10 pm [(I) and (M)] and 5 pm (K). Quantitative analysis of
EdU (J)-, pH3 (L)-, and Aurora B (N)-positive cardiomyocytes at P70 mice hearts, n = 5. Data are presented as means + SEM. By Student’s t test, *P < 0.05 and ***P < 0.001.

posterior wall thickness [LVPW;s (millimeters)], along with a dila-
tion of the cardiac chamber internal diameter [LVID;s (millime-
ters)] (Fig. 3, Q to T, and table S1). Together, these findings indicate
that Ptma is necessary for sustaining cardiomyocyte proliferation
and neonatal heart regeneration in mice.

PTMA overexpression extends heart regenerative window

To explore whether PTMA is sufficient to promote heart regeneration,
we infected P1 mice with AAV9-Ptma and performed MI at P8 (Fig.
4A). Immunostaining showed the overexpression of PTMA protein in
cardiomyocyte nuclei (Fig. 4B). Compared with AAV9-Luc-infected
control hearts, PTMA overexpression significantly increased the num-
ber of cardiomyocytes undergoing DNA synthesis and mitosis, as evi-
denced by EdU incorporation and pH3 staining (Fig. 4, C to G). We

Liu et al., Sci. Adv. 11, eadt9446 (2025) 23 May 2025

further observed a significantly higher proportion of Aurora B* car-
diomyocytes (Fig. 4, H and I). WGA staining of PTM A overexpression
hearts showed a reduction in cardiomyocyte size (Fig. 4, ] and K).
These results demonstrate that PTMA overexpression effectively pro-
motes the cardiomyocyte cell cycle reentry during the postnatal peri-
od post-MI injury.

Serial echocardiography was performed to determine whether
cardiomyocyte proliferation induced by PTMA overexpression could
contribute to the consequential cardiac repair following MI. The re-
sults revealed that PTMA overexpression significantly improved car-
diac function, while, in AAV9-Luc-infected hearts, a progressive
deterioration in cardiac function was observed following MI (Fig. 4,
L to P, and data S1). Sirius red and Fast green co-staining showed that
PTMA overexpression substantially reduced the size of the infarcted
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Fig. 3. Ptma is required for cardiomyocyte proliferation and heart regeneration. (A and B) Representative images (A) and quantitation of FUCCI* cardiomyocytes (B),
n = 4. Scale bars, 20 pm. (C) Schematic showing the experimental procedure in Ptma-cKO mice, created in BioRender (S. Gai, 2025), https://BioRender.com/q64z784.
(D and E) Immunostaining for PTMA (green) and cTnT (red) post-AR. Scale bars, 20 pm (D). Quantitation of PTMA-positive cells in cardiomyocytes and non-cardiomyocytes,
n = 3 (E). (F to K) Representative immunostaining images for EdU (F), pH3 (H) and Aurora B (J). Scale bars, 20 pm [(F) and (H)] and 10 pm (J). Quantitation of EdU (G)-, pH3
(I)-, and Aurora B (K)-positive cardiomyocytes at 7 dpr, n = 5. (L and M) Wheat germ agglutinin (WGA) staining. Scale bars, 20 pm (L). Quantification of cardiomyocyte size
in hearts at 7 dpr, n = 6 (M). (N to P) Representative images of Masson’s trichrome staining. Scale bars, 1 mm (N). Quantification of the fibrosis area (O), and the number of
regeneration or non-regeneration hearts at 28 dpr (P), n = 14 for Ptma™” and n = 12 for Ptma-cKO group. (Q) M-mode echocardiography of the hearts at 28 dpr. (Rto T)
Echocardiography analyses of cardiac function of EF% (R), LVPW;s (S), and LVID;s (T) at 28 dpr, n = 14 for Ptma™" and n = 12 for Ptma-cKO group. Data are means + SEM. By
Student’s t test [(B), (E), (G), (I), (M), and (O)] and by Mann-Whitney test (K), *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. PTMA overexpression extends heart regenerative window following Ml injury. (A) Schematic plot showing the experimental procedure for AAV9-delivered
PTMA overexpression following Ml injury at P8, created in BioRender (S. Gai, 2025), https://BioRender.com/c86w605. (B) Representative images of PTMA (green) and cTnT
(red) co-staining. Scale bars, 20 pm. (C to I) Representative immunostaining images for EdU (C), pH3 (F), and Aurora B (H) heart sections. Scale bars, 20 pm [(C) and (F)] and
10 pm (H). Quantitative analysis of EAU (D)-, adjacent EdU (E)-, pH3 (G)-, and Aurora B (I)-positive cardiomyocytes in hearts at 3 dpi. (J and K) WGA staining. Scale bars,
20 pm (J). Quantification of cardiomyocyte size at 56 dpi, n = 5 (K). (L) Representative images of M-mode echocardiography of mice at 56 dpi. (M) Echocardiography
analyses of EF% in mice hearts from 14 to 56 dpi, n = 6 (sham) and n = 10 (MI). (N to P) Echocardiography analyses showing the change in EF% (N), LVPW;s (O), and LVID;s
(P) in mice hearts at 56 dpi relative to 3 dpi, n = 10. (Q and R) Representative images of Sirius red/Fast green staining. Scale bar, 1 mm (Q). Quantification of the scar size
(R) in hearts at 56 dpi. Sirius red/Fast green staining marks myocardium (green) and fibrosis scar (red), n = 5. Data are presented as means + SEM. By Student’s t test [(D),
(E), (1), (K), (N), (O), (P), and (R)], by Mann-Whitney test (G), and by two-way ANOVA analysis (M), *P < 0.05, **P < 0.01, and ***P < 0.001.
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area (Fig. 4, Q and R). These findings suggest that PTMA extends the
heart regenerative window following MI injury.

PTMA augments adult cardiac regeneration and repair

To assess the potential of PTMA as a therapeutic target for treating
adult M1, we induced MI in adult mice and delivered AAV9-Ptma
via intramyocardial injection (Fig. 5A). Immunostaining showed
the overexpression of PTMA protein in the infected hearts (Fig. 5B).
We observed that PTMA overexpression improved heart morphol-
ogy at 56 days postinfarction (dpi) compared to hearts infected with
AAV9-Luc (Fig. 5C). Survival analysis revealed that PTMA overex-
pression significantly enhanced the survival rate following MI in
adult mice, with a mortality rate of 14.3%, whereas the AAV9-Luc
group exhibited a mortality rate of 40% at 14 dpi (Fig. 5D).

Serial echocardiography revealed that overexpression of PTMA
significantly improved cardiac EF over time, whereas a progressive
deterioration in cardiac function was observed in AAV9-Luc-infected
hearts post-MI (Fig. 5, E to G; fig. S4A; and data S2). Consistent with
this, AAV9-Ptma-infected hearts maintained LVPW;s (Fig. 5H)
while decreasing LVID;s (Fig. 5I). Sirius red and Fast green co-
staining revealed that overexpression of PTMA substantially reduced

the infarct size (Fig. 5, ] and K), further indicating that PTMA im-
proves cardiac function and alleviates pathological cardiac remodel-
ing. In sham hearts, PTMA overexpression had no significant impact
on cardiac function or fibrosis (fig. $4, B to D, and data S2).

We then investigated whether PTMA overexpression induces car-
diomyocyte proliferation in adult MI hearts. We observed that PTMA
overexpression led to a reduction in cardiomyocyte size (fig. $4, E and
F) and a significant increase in DNA synthesis (Fig. 6, A and B), as well
as in cardiomyocyte mitosis and cytokinesis (Fig. 6, C to F). Moreover,
we isolated adult cardiomyocytes from hearts injected with AAV9-Luc
and AAV9-Ptma after MI and quantified the number of cardiomyo-
cytes. The PTMA overexpression hearts exhibited a significant eleva-
tion in the total number of cardiomyocytes (Fig. 6, G and H). This
result further corroborated the role of PTMA in promoting adult car-
diomyocyte proliferation in response to MI. Furthermore, using in-
ducible multicolor R26R-Confetti Myh6-MerCreMer reporter mice
(fig. S4G) (23, 24), we traced the de novo generation of cardiomyo-
cytes and observed a significant increase in adjacent red fluorescent
protein (RFP)-labeled and nGFP-labeled daughter cardiomyocytes in
AAV9-Ptma-infected hearts compared to AAV9-Luc-infected hearts
(Fig. 6, 1to L). Together, these findings suggest that PTMA contributes
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Fig. 5. AAV9-delivered Ptma gene therapy augments adult cardiac repair. (A) Schematic diagram showing the experimental procedure of AAV9-delivered therapeutic
potential in adult Ml injury, created in BioRender (S. Gai, 2025), https://BioRender.com/q64z784. (B) Representative images of heart sections stained with PTMA (green)
and cTnT (red). Scale bars, 20 pm. (C) Representative images of heart morphology from AAV9-Luc- and AAV9-Ptma-treated hearts. Scale bars, 2 mm. (D) Survival curves of
AAV9-Ptma group compared to AAV9-Luc group after Ml injury, n = 14 (AAV9-Luc) and n = 15 (AAV9-Ptma). (E) Representative images of M-mode echocardiography of
mice at 56 dpi. (F) Analyses of changes in EF from 3 to 56 dpi, n = 7 (AAV9-Luc) and n = 10 (AAV9-Ptma). (G to I) Bar chart with individual data points showing changes in
EF% (G), LVPW;s (H), and LVID;s (1) at 56 dpi relative to 3 dpi, n = 7 (AAV9-Luc) and n = 10 (AAV9-Ptma). (J and K) Representative images of Sirius red/Fast green staining of
series of transverse sections after Ml injury, myocardium (green), and myocardial fibrosis scar (red). Scale bar, 1 mm (J). Quantification of scar size, n = 5 (K). Data are
means + SEM. By Student’s t test [(B), (E), (G), (1), (M), and (O)] and by Mann-Whitney test (K), **P < 0.01, and ***P < 0.001.
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to enhanced cardiac repair by promoting cardiomyocyte proliferation
in adult hearts.

PTMA promotes hiPSC-CM proliferation

To explore the translational potential of PTMA, we overexpressed
the human PTMA gene in human-induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) using an adenovirus delivery
system (Ad-PTMA) (Fig. 7A). Western blot analysis showed the in-
creased expression of human PTMA in hiPSC-CMs (Fig. 7B). EAU
incorporation assays showed that PTMA overexpression increased
the proportion of EQU* hiPSC-CMs to 6%, compared with 1.5% in
cells infected with Ad-Luc (Fig. 7, C and D). Immunostaining dem-
onstrated significant increases in both pH3" and Aurora B™ hiPSC-
CMs when PTMA was overexpressed (Fig. 7, E to H). Unbiased
RNA-seq analysis of transcriptomes in hiPSC-CMs treated with Ad-
PTMA revealed significant up-regulation of genes related to cell
proliferation and development compared to Ad-Luc group, while
genes involved in oxidative phosphorylation and apoptotic signal-
ing pathways were down-regulated (Fig. 7, I to K). These results sug-
gest that PTMA acts as a human cardiomyocyte proliferative factor,
holding the potential for promoting human cardiac repair.

Liu et al., Sci. Adv. 11, eadt9446 (2025) 23 May 2025

PTMA facilitates cardiomyocyte proliferation by inhibiting

the deacetylation activity of MBD3/HDAC1 NuRD complex

PTMA is an unstructured, intrinsically disordered acidic nuclear pro-
tein which exerts its function mainly by binding to target proteins. To
explore the interacting targets mediating PTMA-induced cardiomyo-
cyte proliferation, we performed co-immunoprecipitation (co-IP) of
MYC-tagged PTMA in cardiomyocytes using an adenovirus to de-
liver the MYC-tagged PTMA construct, and then we used mass spec-
trometry to identify PTMA-interacting proteins (Fig. 8A and fig.
S5A). Because PTMA is a nuclear protein (Figs. 4B and 5B), we fo-
cused on the binding proteins mainly located in nucleus. A total of 25
nuclear proteins were identified (unique peptide > 2, intensity ra-
tio > 3, and score > 20) (Fig. 8B and table S2). To examine whether
PTMA modulated cardiomyocyte proliferation through interaction
with these targets, we knocked down the top four enriched PTMA
binding proteins NSUN2, GRWD1, H2A/z, and MBD3 in PTMA-
overexpressed cardiomyocytes using siRNA. Immunostaining of pH3
revealed the knockdown of Mbd3 further enhanced PTMA-promoted
proliferation of cardiomyocytes, while knockdown of Nsun2, Grwdl,
and H2az had no significant effect (Fig. 8, C and D, and fig. S5, B and
C). We further verified the interaction of PTMA with MBD3 by co-IP
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Fig. 7. PTMA promotes hiPSC-CM proliferation. (A) Schematic diagram showing the experimental procedure for Ad-PTMA treatment in hiPSC-CMs, created in BioRender

(S. Gai, 2025), https://BioRender.com/c82t417. (B) Western blot of PTMA protein expression in hiPSC-CMs. (C to H) Representative images of EdU incorporation (C)
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(Fig. 8, E and F) and validated that PTMA co-localizes with MBD3 in
cardiomyocytes by immunofluorescence staining (Fig. 8G). We fur-
ther performed MBD3 IP on isolated WT neonatal cardiomyocytes
and quantified the enrichment of its binding protein PTMA by nor-
malizing to immunoglobulin G. The enriched PTMA in MBD3 IP
further showed the endogenous interaction of PTMA with MBD3
(Fig. 8, H and I). We then knocked down Mbd3 in cardiomyocytes
and found that partial deletion of Mbd3 leads to a significant increase
in the proliferation of cardiomyocytes (Fig. 8, ] and K). These data
indicate that MBD3 mediates the role of PTMA in promoting cardio-
myocyte proliferation.

MBD3 is an essential component of the NuRD complex, which
comprises MBD3, HDACI1, CHD4, and other components (Fig.

Liu et al., Sci. Adv. 11, eadt9446 (2025) 23 May 2025

8L) (25, 26). The NuRD complex exhibits dual enzymatic func-
tions: histone deacetylation via its HDAC proteins and chromatin
remodeling via the adenosine triphosphatase (ATPase) CHD do-
main CHD4. Subsequently, we investigated whether the interac-
tion between PTMA and MBD3 affects the function of the NuRD
complex. We used MBD3 IP to assess the impact on NuRD com-
plex interaction upon PTMA overexpression. The result demon-
strated a significant reduction in MBD3’s interaction with HDACI,
while the interaction between MBD3 and CHD4 remained unaf-
fected (Fig. 8, M and N, and fig. S5D), indicating that overexpres-
sion of PTMA inhibits the deacetylation activity of MBD3/HDAC1
NuRD complex by disrupting the interaction between MBD3
and HDACI.
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PTMA promotes cardiomyocyte proliferation by

acetylating STAT3

To explore how PTMA represses the deacetylation function of the
MBD3/HDACI NuRD complex, we investigated the interacting
nuclear proteins in PTMA co-IP. Among them, only STAT3 and
RBPJ are reported to undergo direct deacetylation by HDACI (Fig.
8B and table S2). STAT3 is a pleiotropic transcription factor, which
plays an important role in regulating genes involved in cell prolif-
eration and survival (27). Acetylation at Lys685 was crucial for STAT3
to form stable dimers, which may potentially prevent phosphatases
from binding to STAT3, thereby maintaining higher phosphoryla-
tion levels, which enabled STAT3 to enhance the transcription of
cell growth related genes and promote cell cycle progression (28, 29).
Deacetylation of STAT3 by HDACs can shut down its activity (29).
Previous research from our laboratory and others has established
STAT3 phosphorylation activation as a regenerative therapeutic
strategy for MI (30, 31). RBP] is a major downstream effector of the
Notch signaling pathway (32). As PTMA overexpression post-MI
promotes the phosphorylation activation of STAT3 without affect-
ing the expression of NICD, which reflects the Notch signaling path-
way activation (Fig. 9, A and B), we mainly focused on PTMA’s
regulation of STAT3. Our MYC-tagged PTMA co-IP identified an
interaction between PTMA and STATS3 in cardiomyocytes (Fig. 9, C
and D). We then performed STAT3 IP, which showed that PTMA
treatment reduced the interaction between STAT3 and HDACI,
leading to elevated lysine acetylation of STAT3 (Fig. 9, E and F). The
Western blot further showed that there was boosted STAT3 acetyla-
tion and phosphorylation upon PTMA overexpression in hypoxic
neonatal rat cardiomyocytes (NRCMs) (Fig. 9, G and H). In con-
trast, knockdown of Ptma in cardiomyocytes inhibited STAT3 acet-
ylation and phosphorylation (Fig. 9, I and J). To further reveal that
PTMA promotes STAT3 acetylation and phosphorylation activation
by blocking the deacetylation activity of the MBD3/HDACI1 NuRD
complex, we knocked down Mbd3 to disrupt the function of the
NuRD complex and found that Mbd3 knockdown boosted acetyla-
tion and phosphorylation of STAT3 (Fig. 9, K and L) and promoted
the transcriptional activation of STAT3-targeted genes (Fig. 9M),
including Myc, Pim1, Birc5, and Cryab, which have been reported to
regulate cardiomyocyte proliferation and survival (33-36).

Last, we tested whether PTMA promoted cardiomyocyte prolif-
eration by activating STAT3. We knocked down Stat3 in PTMA-
overexpressing cardiomyocytes and found that Stat3 repression
almost completely abrogated the proliferative effect induced by
PTMA (Fig. 9, N and O, and fig. S6, A and B). These results indicate
that PTMA enhances cardiomyocyte proliferation mainly by block-
ing the deacetylation function of the MBD3/HDAC1 NuRD com-
plex, which, in turn, leads to the elevated STAT3 acetylation and
activation of the genes involved in cell proliferation and survival
(Fig. 10).

DISCUSSION

The limited regenerative capacity of the adult mammalian heart sig-
nificantly hinders recovery and survival following MI (2, 4). In con-
trast, the fetal and neonatal hearts exhibit robust regenerative
capabilities due to their retention of the fetal gene program (7, 8).
Understanding the fetal gene program in hearts with different re-
generative abilities is crucial for identifying previously unknown thera-
peutic targets to enhance cardiac repair. In this study, we conducted

Liu et al., Sci. Adv. 11, eadt9446 (2025) 23 May 2025

scRNA-seq of embryonic hearts and identified Ptma as a key regulator
of embryonic cardiomyocyte proliferation. The deletion of Ptma sup-
presses cardiomyocyte proliferation and neonatal heart regeneration.
Conversely, cardiomyocyte-specific overexpression of PTMA extends
the proliferative time window of cardiomyocytes. We observed that
PTMA overexpression enhances cardiac repair by promoting cardio-
myocyte proliferation in neonatal and adult hearts, suggesting that
PTMA is an effective therapeutic target for heart regeneration. Fur-
thermore, PTMA induces the proliferation of hiPSC-CMs, highlight-
ing its potential for promoting human cardiac repair. Mechanistically,
we demonstrated that PTMA interacted with MBD3, thereby competi-
tively inhibiting the deacetylation activity of MBD3/HDACI NuRD
complex. This inhibition leads to increased acetylation of STAT3, en-
hancing its phosphorylation and activation of genes involved in cell
proliferation and survival.

During early heart development, clonal expansion of proliferating
cardiomyocytes is responsible for embryonic heart growth and nor-
mal morphogenesis. The events of coherent proliferation and clonal
expansion of cardiomyocytes were found as early as E8.5 when heart
tube looping initiated and started to decrease around E12.5 (37). We
collected embryonic hearts at seven developmental time points (E8.5,
E9.0, E9.5, E10.5, E11.5, E14.5, and E17.5) and conducted scRNA-seq.
These scRNA-seq data provide a source of information for research
into embryonic heart development and cardiomyocyte proliferation.
We defined the proliferative cardiomyocyte population on the basis of
the cell cycle scoring analysis and the expression of cell cycle marker
genes Mki67 and Aurkb in the scRNA-seq data. Our results showed
that, among the 17964 cardiomyocytes, 18.78% were proliferative,
while 81.22% had exited the cell cycle during embryonic development.
Through comparative analysis of these two populations, we identified
120 genes significantly enriched in proliferative cardiomyocytes. As
cardiomyocytes rapidly arrest their cell cycle within the first postnatal
week, we introduced our bulk RNA-seq data from purified cardiomy-
ocytes during postnatal heart development. This includes data from
regenerative stages (E14.5, P1, and P4) and non-regenerative stages
(P7,P14, and P56) (19). Consequently, we identified three key genes—
Ptma, Tubb5, and Tubalb—that were highly expressed in embryonic
proliferative cardiomyocytes and decreased during heart develop-
ment. Subsequent functional experiments revealed that PTMA en-
hances cardiomyocyte proliferation effectively, indicating that PTMA
is a potential target for heart regeneration.

PTMA is essential for embryonic development, and homozygous
Ptma knockout mice exhibit lethality at an early embryonic stage
(38). Furthermore, a reduction in PTMA level in embryos leads to
cell apoptosis and defects in cell proliferation (39). In contrast to a
previous report that the combination of PTMA and TMSB4 acts as
a promoter of cardiac regeneration (40), our study found that Ptma
is enriched in embryonic proliferating cardiomyocytes, and that
Ptma deficiency suppresses cardiomyocyte proliferation and neona-
tal heart regeneration. We also revealed that AAV9-mediated PTMA
overexpression promotes adult heart regeneration post-MI injury,
as evidenced by increased cardiomyocyte proliferation and clonal
expansion, reduced scar area, and improved heart function. Fur-
thermore, the conserved proliferative effect of PTMA on hiPSC-CMs
underscores its potential for clinical application. The transiently ele-
vated serum levels of PTMA in patients early after myocardial
ischemia-reperfusion are associated with better prognosis (41). Col-
lectively, these findings underscore PTMA as a therapeutic target
for cardiac regenerative repair.
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Fig. 9. PTMA promotes cardiomyocyte proliferation by acetylating STAT3. (A and B) Western blot of Notch and STAT3 signaling pathway post-Ml (A), and quantifica-
tion of the protein expression, n = 3 (B). (C and D) Western blot of STAT3 protein expression in tagged MYC antibody IP in cardiomyocytes (C). Quantification of STAT3
protein enrichment that normalized to Ctrl group, n = 3 independent replicates (D). (E and F) Western blot of HDAC1 and acetylated lysine (Ac-K) in STAT3 antibody IP in
hypoxia cardiomyocyte lysate [3% O,, (E)]. Quantification of protein enrichment, n = 4 independent replicates (F). (G and H) Western blot of STAT3 signaling pathway in
hypoxia cardiomyocyte lysate [3% O,, (G)]. Quantification of the protein expression, n = 3 (H). (I and J) Western blot of STAT3 signaling pathway in hypoxia embryonic
cardiomyocytes [3% O,, (I)]. Quantification of the protein expression, n = 4 replicates (J). (K and L) Western blot of STAT3 signaling pathway in hypoxia cardiomyocyte ly-
sate [3% O,, (K)]. Quantification of the protein expression, n = 4 (L). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (M) Heatmap of STAT3 target gene expression
in hypoxia cardiomyocyte (3% O,). (N and O) Representative images of immunostaining for pH3 in NRCMs. Scale bars, 20 pm (N). Quantitative analyses of pH3-positive
cardiomyocytes, n = 4 replicates (O). Data are presented as means + SEM. By Student’s t test [(B), (D), (F), (H), and (J)] and by one-way ANOVA analysis (O), *P < 0.05,
*##P < 0.01, and ***P < 0.001; n.s. indicates the P value is not statistically significant.
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Fig. 10. Schematic showing the mechanism of PTMA-regulated cardiomyocyte
proliferation and cardiac repair. Created in BioRender (S. Gai, 2025), https://BioRender.
com/0671028, with modification. PTMA interacts with MBD3, competitively inhibit-
ing the deacetylation activity of MBD3/HDACT NuRD complex. This inhibition
leads to increased acetylation of STAT3 and enhances STAT3 phosphorylation and
the activation of genes related to cardiomyocyte proliferation and survival. Conse-
quently, PTMA promotes cardiac regeneration and repair. OE, overexpression.

PTMA is an intrinsically disordered protein that functions through
three identified mechanisms. First, it can be secreted from cardiomyo-
cytes to stimulate angiogenesis (42). Second, it can translocate from
the nucleus to the cytoplasm, where it protects cells from apoptosis
(14). Third, within the nucleus, PTMA serves as a chromatin regulator,
further contributing to its multifunctional capabilities (15, 16, 43, 44).
In our study, we found that PTMA is located in cardiomyocyte nuclei
and promotes cardiomyocyte proliferation. We performed co-IP of
MYC-tagged PTMA in cardiomyocytes to systematically identify pro-
teins that interact with the nuclear PTMA. We uncovered an unrecog-
nized PTMA-interacting protein MBD3, which is an essential
structural protein required for the stable formation of the MBD3/
NuRD complex (25, 45). The NuRD complex exhibits dual enzymatic
functionality, histone deacetylation through its HDAC proteins, and
chromatin remodeling through its ATPase CHD domains (46, 47).
Knockdown of Mbd3 leads to the disassembly of the MBD3/NuRD
complex, preventing histone deacetylation and chromatin compaction
(25, 26, 45). Furthermore, Mbd3 deficiency is involved in the regula-
tion of pluripotency and self-renewal of mouse embryonic stem cells
(26, 48). In this study, we elucidated the translational deacetylation
modification of the MBD3/HDAC1 NuRD complex on STAT3. We
further provided multiple lines of evidence supporting that PTMA
promotes cardiomyocyte proliferation by inhibiting the deacetylation
function of this complex. First, the MBD3 IP showed PTMA reduced
the recruitment of deacetylase HDACI1 without affecting adenosine
5’-triphosphate-dependent chromatin remodeling enzyme CHD4
(Fig 8, M and N). Second, we observed that PTMA enhances STAT3
acetylation and phosphorylation activation by blocking the MBD3/
HDAC1 NuRD complex’s deacetylation activity (Fig 9, E and F).
Third, the inhibition of Stat3 in PTMA-overexpressing cardiomyo-
cytes almost completely abrogated the proliferation induced by PTMA
(Fig 9, N and O). These data indicate that PTMA enhances cardio-
myocyte proliferation mainly by inhibiting the deacetylation activity
of the MBD3/HDAC1 NuRD complex, thereby promoting STAT3
acetylation and phosphorylation activation. In this study, we revealed
that both native PTMA and overexpressed PTMA regulate cardio-
myocyte proliferation by increasing STAT3 acetylation and phosphor-
ylation activation. We have established a strong correlation between
PTMA-promoted cardiomyocyte proliferation and increased STAT3

Liu et al., Sci. Adv. 11, eadt9446 (2025) 23 May 2025

acetylation and phosphorylation, which is achieved by disrupting the
inhibitory effect of the MBD3/HDAC1 NuRD complex. Our group
and other studies have shown that STAT3 activation effectively pro-
motes cardiomyocyte proliferation and cardiac regeneration (49-51).
STATS3 signaling regulates cardiomyocyte and other cell proliferation
by initiating the transcription of cell cycle genes such as c-Myc, Pim1,
Cryab, Birc5, Ccndl, Cdkn2b, and Cdknla (33-36, 52-54). We vali-
dated that PTMA overexpression increased the expression of most of
these cell cycle genes, and the bioinformatics analysis revealed that
those cell cycle genes, which are regulated by STAT3, are up-regulated
in Ptma highly expressed VCMI (fig. S6C). More studies still need to
be done to validate the NuRD-HDAC1-STAT?3 downstream targets. In
addition, we could not exclude the possibility that other proteins may
also be modified by the MBD3/HDAC1 NuRD complex, contributing
to PTMA-promoted cardiomyocyte proliferation. However, the obser-
vation that Stat3 inhibition in PTMA-overexpressing cardiomyocytes
almost completely blocked PTMA-induced cardiomyocyte prolifera-
tion corroborates the critical role of STAT3 acetylation in this process.

Collectively, our study provides comprehensive scRNA-seq data
across seven time points of embryonic heart development, mapping
the dynamic expression of various cell types and offering a valuable
resource for cardiac development research. On the basis of these
data, we focused on analyzing the gene expression differences be-
tween proliferating and non-proliferating cardiomyocytes during
embryonic development, identifying PTMA as a key regulator of the
cardiomyocyte cell cycle. We discovered that PTMA, as a nuclear
protein, binds to MBD3, thereby removing the suppressive effects of
the MBD3/HDAC1 NuRD complex on STAT3 acetylation. By com-
bining the results from MI animal intervention experiments and
hiPSC-CMs studies, we demonstrate that targeting PTMA presents
a promising therapeutic avenue for augmenting cardiomyocyte pro-
liferation and fostering heart regeneration. These findings highlight
potential previously unidentified intervention targets and strategies
for patients suffering from ischemic heart disease.

MATERIALS AND METHODS

Animals

P1, P8, and adult mice were provided by Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). Neonatal mice were
provided by SiPeiFu Biotechnology Co. Ltd. (Beijing, China). The
Myh6-Cre (no. C00041) and Ptmad™" (S-CKO-04569) mice were
constructed by Cyagen Bioscience (Suzhou, China), cardiomyocyte-
specific Ptma knockout (Ptma-cKO) mice were generated by cross-
ing Ptma™" mice with Myh6-Cre strains, and Ptma™" mice were
used as controls. The Myh6-MerCreMer mice with a loxP-flanked
multicolor fluorescent protein confetti mouse line (23, 24) were sup-
plied by J. Chen at the Institute of Translational Medicine, Zhejiang
University (Hangzhou, China). All animal experiments were con-
ducted in accordance with the Guide for the Use and Care of Labo-
ratory Animals, and all animal protocols were approved by the
Institutional Animal Care and Use Committee, Fuwai Hospital,
Chinese Academy of Medical Sciences. The study approval number
is FW-2021-0052.

AR operation

The neonatal Ptma-cKO and control mice at P1 underwent AR op-
eration (49). In brief, the neonatal mice were anesthetized on ice for
2 min, and a transverse incision was made in the skin of the lower
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half of the left breast using microscissors. The intercostal muscles
were bluntly dissected to expose the inner chest cavity between the
third and fourth intercostal spaces. After that, the heart was exteri-
orized by pressing on the abdomen to obtain a better operation field,
and 15% of the apical tissue was resected immediately. The thoracic
wall and skin incision were closed using 8-0 silk sutures. Mice were
then placed on a heating plate at 37°C until recovery. The sham-
operated mice underwent the same procedures as mentioned above
without AR.

MI model

MI procedures were performed on P8 and adult mice (55, 56). For
P8 MI, the mice were anesthetized on ice for 3 min, after which the
chest was opened to expose the heart without intubation. The left
anterior descending coronary artery (LAD) was permanently ligated
with 8-0 silk sutures. Subsequently, the dissected intercostal space
and chest skin were sutured using 6-0 silk sutures (Ethicon, USA).
For the sham group, the mice underwent the same procedure with-
out LAD ligation. Last, the mice were allowed to recover on a heat-
ing plate at 37°C after the operation.

The adult MI model was performed on 2-month-old C57BL/6
mice by ligating the LAD. In detail, the adult mice were anesthetized
with isoflurane, the chest was depilated and cleaned with 75% alcohol
and, then, a suture was placed around the front upper incisors and
pulled taut so that the neck was extended. A 20-gauge catheter was
inserted into the trachea and connected to the mouse ventilator via a
Y-shaped connector. For a 25-g mouse, the tidal volume was about
225 pl, and the respiratory rate was 110 breaths per minute. Then, the
chest was opened through a left parasternal incision, the intercostal
muscles between the third and fourth intercostal spaces were sepa-
rated by blunt dissection until the inner chest cavity was exposed, a
chest retractor was used to facilitate the view. The pericardium was
opened, and the LAD was ligated with 7-0 silk sutures (Ethicon,
USA). Subsequently, a 4-0 silk suture (Ethicon, USA) was used to su-
ture the dissected intercostal space and chest skin. After the opera-
tion, the mice were allowed to recover on a heating plate at 37°C.

Genotyping of mice

For mouse genotyping, the DNA was extracted from mouse tail tis-
sue using an alkaline lysis method, followed by neutralization with
tris-HCI to halt the lysis. PCR amplification was performed using a
2x Taq Master Mix (Vazyme, P112-01), with the genotyping prim-
ers listed in Data S3. Subsequently, 3% agarose gel electrophoresis
was performed to distinguish the WT and positive mutant bands.

Echocardiography

Echocardiography was conducted using Visual Sonics Vevo 2100 Im-
aging System (Visual Sonics, Toronto, Canada), along with an 18- to
38-MHz transducer (model MS-400/MS-550). MS-550 was used for
1-month-old mice and MS-400 for the adult mice. The dimensions of
the left ventricle (LV), which include the diastolic and systolic wall
thicknesses, as well as LV end-diastolic and end-systolic chamber di-
mensions, were measured using two-dimensional short-axis under
M-mode tracings near the papillary muscle. Using these primary
measurements, key functional parameters such as ejection fraction
(EF%), fractional shortening (FS%), and left ventricular volume were
accurately calculated. Additionally, the left ventricular (LV) dimen-
sions, including diastolic (LVPW;d) and systolic (LVPW;s) wall
thicknesses, and the left ventricular internal diameter at end-diastole
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(LVID;d) and end-systole (LVID;s) were determined as previously
described (21).

Histology and immunostaining of heart sections

The mouse hearts were excised and fixed in 4% paraformaldehyde
overnight (P8 MI hearts or 7-dpr hearts) or for 24 hours (adult
hearts). After serial dehydration using an automatic tissue dehydra-
tor (Leica, ASP300S, Germany), the heart tissues were processed
and embedded in paraffin wax using standard laboratory proce-
dures, and, then the paraffin blocks were sectioned from the infarct
site to the apex at a thickness of 4 pm to determine infarct size. The
first five sections of every 200 to 300 pm were selected for staining
with Fast green/Sirius red using a modified Sirius Red stain kit
(Solarbio, G1472) according to the user manual. Image] was used to
quantify the fibrosis area. Infarct fibrosis was calculated following
the formula: [length of coronal infarct perimeter (epicardial + en-
docardial)/total left ventricular coronal perimeter (epicardial + en-
docardial)] X 100 (56). The Masson’s staining of the AR heart was
performed using the Masson’s Trichrome Stain Kit (Solarbio, G1340)
according to the manufacturer’s instructions. The fibrosis area of the
heart was determined on the basis of Masson’s staining result (30).
Heart regeneration is a comprehensive metric established on the ba-
sis of significant activation of cardiomyocyte proliferation, minimal
fibrotic scarring, and recovery of cardiac function.

The immunofluorescence staining was performed on paraffin-
embedded heart sections to assess the proliferation and the areas of
cardiomyocytes. All proliferation detections were conducted in the
peri-infarct zones. After undergoing deparaffinization, rehydration,
and heat-induced antigen retrieval, the heart sections were permea-
bilized with 0.5% Triton X-100 and blocked with 5% donkey serum
for 1 hour at room temperature (RT). The primary antibody was in-
cubated at 4°C overnight. Before incubation with the secondary anti-
body, the heart sections with the primary antibody were recovered at
RT for 45 min, followed by washing three times with phosphate-
buffered saline (PBS). Last, the heart sections were sealed with a
mounting medium with 4',6-diamidino-2-phenylindole. The Vectra
Polaris automatic quantitative pathological imaging analysis system
(PerkinElmer, USA) was used for scanning the immunofluorescence
images of the whole-tissue section and quantifying cardiomyocyte
proliferation. ImageJ software was used to measure the size of cardio-
myocytes in the papillary muscles. The representative immunofluo-
rescence images were all captured by a ZEISS LSM800 confocal laser
scanning microscope (ZEISS, Germany). The sources of proliferation
primary and secondary antibodies are listed in table S3.

Cell lines

hiPSC-CMs (CA2201106 hiPSC-CM cell line) were provided by Cel-
lapy Biotechnology Co. Ltd. (Beijing, China). Cells were cryopre-
served in liquid nitrogen until thawed and cultured according to the
manufacturer’s instructions. Coat Costar 6-well or 48-well cell plates
with Matrigel (Corning, 354277) for 2 hours at 37°C. Then, the cryo-
preserved hiPSC-CMs were thawed and plated on Costar 6-well
(60 x 10* cells per well) or 48-well cell plates (7.5 X 10* cells per well)
and cultured with CardioEasy hiPSC-CM maintenance medium
(Cellapy, CA2013100). The medium was replaced every 48 hours.

Mouse and rat primary cardiomyocyte isolation and culture
Mouse cardiomyocytes were isolated from E17.5/P1 WT mouse
hearts, and the rat cardiomyocytes were isolated from P1 hearts by
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using the Neonatal Heart Dissociation Kit in combination with gen-
tleMACS and Octo Dissociator (Miltenyi BioTec, Teterow, Germany).
The experiment was conducted according to the kit manufacturer’s
instructions. The dissociated cardiac cells were then subjected to a red
blood cell lysis to remove erythrocytes. After that, the cardiac cells
were seeded into Dulbeccos modified Eagle’s medium (DMEM; Gib-
co, 11885) medium supplemented with 10% fetal bovine serum (FBS;
Gibco, 10437077) in a 5% CO,-humidified incubator at 37°C for
40 min to separate cardiomyocytes and non-myocytes. The suspen-
sion cardiomyocytes were used for downstream experiments.

Adult cardiomyocytes isolation and counting

Adult hearts were harvested at 2 weeks after MI. Then, immediately
fixed in 4% paraformaldehyde (PFA) at RT for 1 to 2 hours. After
fixation, the 4% PFA was aspirated and discarded. Using forceps,
each heart was transferred to a new 5-ml EP tube and washed three
times with sterile PBS. Subsequently, the hearts were cut into 3-mm
pieces and incubated with collagenase B (1.8 mg/ml, Roche) and col-
lagenase D (2.4 mg/ml, Roche) in sterile PBS supplemented with am-
picillin (100 pg/ml, Beyotime) at 37°C on an end-over-end shaker.
Every 24 hours, the enzyme solution containing dissociated cardio-
myocytes was collected into a 15-ml centrifuge tube. Fresh enzyme
solution was then added to the remaining heart tissue in the 5-ml EP
tube. This process of collection and addition was repeated until no
more cardiomyocytes could be dissociated from the tissue. The col-
lected enzyme solutions were filtered through a 160-pm nylon mesh
to obtain the supernatants. The filtered supernatants were pooled
together. The cell suspension was gently pipetted to ensure uniform
mixing. A 15-pl aliquot of the cell suspension was aspirated and
transferred to a Countstar. A Keyence microscope was used to scan
the Countstar for photography and perform cell counting (56-58).

Primary cell culture

All primary cells were cultured at 37°C in a 5% CO,-humidified in-
cubator (Thermo Fisher Scientific, Germany). For hypoxic culture,
cardiomyocytes were cultured in a Heracell VIOS 160i CO, incuba-
tor at 37°C and 3% O, (Thermo Fisher Scientific, Germany) to in-
duce hypoxia.

AAV9, adenovirus, and lentivirus

AAV9 and adenovirus were both provided by Vigene Bioscience
Company (Jinan, China). AAV9-cTNT: Ptma (AAV9-Ptma) was
generated in the AAV9 vector, using the cardiac-specific Tnnt2 pro-
moter to facilitate the expression of Ptna specifically in cardiomyocytes
(21). An AAV9-cTNT: Luciferase (AAV9-Luc) served as a control.
Adenovirus-mediated Ptma gene overexpression was under the cy-
tomegalovirus (CMV) promoter, and Ad-Luc was used as a control.
PTMA, TUBBS, and TUBA1B were constructed as fusion proteins.
These proteins were fused with an human influenza hemagglutinin
(HA) tag on lentivirus vectors under the CMV promoter and were
packaged into lentivirus by GenePharma (Suzhou, China). The null
lentivirus vector was used as a control.

The pAdeno vector pAdeno-cTNT-MAG-hegenmin of the green
FUCCI reporter system was provided by J. Xiong at the Institute of Mo-
lecular Medicine, College of Future Technology, Peking University
(Beijing, China). Specifically, the green FUCCI reporter system was
constructed by overexpressing a nonfunctional human Geminin dele-
tion mutant fused to Azami Green, mAG-hGeminin (1/110), driven by
the Tnnt2 promoter. During the G1 phase, geminin was ubiquitinated
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and degraded by proteasomes, resulting in the absence of green fluo-
rescence in the G1 stage and the appearance of green signals in the S,
G2, and M phases of the cell cycle. The green FUCCI system was pack-
aged in an adenovirus vector for visualizing the cardiomyocytes that
were in the S, G2, and M phases, as previously reported (22). The ade-
novirus packaging of pAdeno-cTNT-MAG-hegenmin was accom-
plished by OBiO Technology (Shanghai, China).

AAV9 injection
For AAV injection, P1 WT C57BL/6 mice were randomly assigned
to receive subcutaneous injection of AAV9-Ptma or AAV9-Luc
(2 x 10" viral genome particles per mouse heart), respectively.
Then, 7 days after virus injection, the mice underwent MI surgery or
sham operation.

For the adult heart, intramyocardial injection of AAV9-Ptma or
AAV9-Luc (5 x 10" viral genome particles per mouse heart) follow-
ing MI was performed as reported in our previous study (21). After
MI surgery was performed, 30 pl of AAV9-Ptma or AAV9-Luc was
immediately injected into the ventricle muscular wall, and the virus
was evenly distributed into five sites around the infarcted area, in-
cluding two sites in the anterior wall, two sites in the lateral wall, and
one site in the apex area. The dissected intercostal space and chest
skin were sutured with a 4-0 silk suture (Ethicon, USA), and the
animal was placed in a prone position on a heating plate at 37°C
until recovery of spontaneous breathing.

Virus infection and siRNA transfection
For lentivirus infection, cardiomyocytes were infected at a multi-
plicity of infection (MOI) of 20 to 50 in DMEM (Gibco, 11885) with
no FBS for 20 to 24 hours. Then, the culture medium was replaced
with DMEM containing 0.5% FBS (Gibco, 10437077) for 24 hours,
and the cells were cultured under 3% O, to mimic MI-induced car-
diomyocyte hypoxia. After that, the cardiomyocytes were harvested
for Western blot, qRT-PCR, or immunofluorescence staining analy-
sis. For EAU incorporation assay, 10 pM EdU (Invitrogen, A10044)
was added to the culture medium for 24 hours after virus infection.
As for adenovirus infection, the cardiomyocytes were infected
with adenovirus at an MOI of 50 to 100. The experiment was per-
formed following the same procedure as lentivirus infection men-
tioned above. siRNA targeting Ptma, Mbd3, Nsun2, Grwdl, and
H2az was designed and synthesized by GenePharma (Suzhou, China),
and the targeting siRNA and scramble control were transfected
into NMCMs or NRCMs at a final concentration of 50 nM using
Lipofectamine RNAiMAX Reagent (Invitrogen, 13778075). The se-
quences of siRNAs are provided in data S3.

Immunofluorescence staining

Following virus infection or siRNA transfection, the harvested car-
diomyocytes were fixed with 4% PFA (Beyotime, P0099) for 15 min,
washed three times with PBS to remove residual PFA, then permea-
bilized with 0.5% Triton X-100, and blocked with 5% donkey serum
for 1 hour at RT. After overnight incubation with the primary anti-
body, the cells were left at RT for 45 min before incubating with the
secondary antibody. Targeting primary and secondary antibodies
are provided in table S3. The Opera Phenix Plus High-Content
Screening System (PerkinElmer, USA) was used for imaging and
quantification of cardiomyocyte proliferation. The representative
images were captured by a ZEISS LSM800 confocal laser scanning
microscope (ZEISS, Germany).
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EdU incorporation assay

To assess whether PTMA promoted cardiomyocyte DNA synthesis
in vivo, the mice were administered EAU (Invitrogen, A10044; 5 mg/
kg, intraperitoneally) as described previously (45), and the adminis-
tration frequency was shown in the diagram of each experiment.
Then, the Click-iT EdU Imaging Kit (Invitrogen, C10637) was used
to detect the cells labeled with EdU according to the user manual.
EdU-positive cardiomyocytes were quantified as the percentage of
the total number of cardiomyocytes analyzed.

IP and co-IP

The cardiomyocytes were lysed in immunoprecipitation (IP) lysis buffer
(Invitrogen, USA) containing protease inhibitor cocktail (Roche,
4693159001) for 10 min at 4°C. After the lysate was centrifuged at
13,000¢ for 10 min, the proteins in the suspension were measured with
an Enhanced BCA Protein Assay Kit (Beyotime, BCP0010S). Total pro-
tein (2 mg) per IP reaction was exposed to the indicated primary anti-
bodies at 4°C overnight with rotation, followed by the incubation with
Protein G Dynabeads (Invitrogen, 88847). The incubated beads were
rinsed with IP lysis buffer. Then, 100 pl of 3x SDS loading buffer (Invit-
rogen, B0008) was added to the beads, and the bound proteins were
detached from the beads after denaturation at 95°C. The mass
spectrometry was performed by Beijing Precise Health Biotech-
nology Co. Ltd.

Western blot analysis

For protein extraction, radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime, P0013B) supplemented with protease inhibitors
was prepared for heart tissue protein extraction. The RIPA lysis buffer
supplement with protease inhibitor and PhosSTOP cocktail (Sigma-
Aldrich, 4693159001 and 4906837001) and 1 mM phenylmethylsulfo-
nyl fluoride (Beyotime, ST507) was used for cardiomyocyte protein
extraction. The proteins (50 pg total protein for each tissue sample)
were separated by 12% or 4 to 12% NuPAGE bis-tris gel followed by
iBlot 3 Western blot electrophoretic transfer systems (Thermo Fisher
Scientific, Germany) or Bio-Rad Mini Trans-Blot (Bio-Rad, USA).
Following blocking in 5% skimmed milk, membranes were exposed
to the specified primary antibodies at 4°C overnight and rinsed with
TBST buffer thrice before incubation with horseradish peroxidase-
conjugated secondary antibodies for 1 hour at RT. Protein bands were
detected using ECL Reagent (Invitrogen, A38556) with the Tanon im-
aging system (Tanon, China) or ChemiDoc MP system (Bio-Rad,
USA). All the antibody information is listed in table S3.

Quantitative reverse transcription polymerase

chain reaction

Total RNA from cardiomyocytes was extracted using TRIzol reagent
(Invitrogen, 15596018), and, then, it was purified and converted to
cDNA using HiScript II 1st Strand cDNA Synthesis Kit (+gDNA
wiper) (Vazyme biotech, R212-01) following the user manual. qRT-
PCR signal was measured using the Vii7 Real-time PCR System
with ChamQ Universal SYBR qPCR Master Mix (Vazyme biotech,
Q711-02). Gene expression was determined by AACt from qPCR
datasets. Data were normalized to RN18s or Actb signal. Primers
used for qRT-PCR are listed in data S3.

Bulk RNA-seq and data analysis
Total RNA from treated samples was isolated using TRIzol reagent
(Invitrogen, 15596018). Then, bulk RNA library preparation and
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sequencing were carried out by Novogene (Beijing, China). Briefly,
RNA integrity was assessed using the RNA Nano 6000 Assay Kit on
the Bio-analyzer 2100 system (Agilent Technologies, CA, USA). All
samples submitted for library construction had an RNA integrity
number of 8 or greater, and a total amount of 1 pg RNA per sample
was used for RNA sample preparations. According to the manufac-
turer’s guidelines, library construction was performed using NEBNext
Ultra RNA Library Prep Kit for Illumina (New England Biolabs,
E7490). Index codes were incorporated to assign sequences to each
sample. The indexed libraries were then pooled and run on the
Ilumina NovaSeq 6000 platform for 150-base pair (bp) paired-end
sequencing.

At least 6-GB data per sample were obtained. Trimmomatic
(version 0.39) was used to remove low-quality reads. After that, the
clean reads were mapped to the mouse reference genome (mm10)
using Hisat2 (version 2.1.0), and the expression data were obtained
by featureCounts (version 2.0.0). Subsequently, the differential ex-
pression analysis was performed between the two groups using the
DESeq2 R package (version 1.34.0) (59). The adjusted P values were
calculated using Benjamini and Hochbergs approaches to control
the false discovery rate. Genes with an adjusted P value less than 0.05
were identified as differentially expressed. The Gene Ontology (GO)
enrichment terms were analyzed using metascape or clusterprofiler
R package (version 4.2.2) (60). Raw reads generated for the samples
have been submitted to National Center for Biotechnology Informa-
tion (NCBI) based on the BioProject numbers PRJNA1102164
(RNA-seq data of cardiomyocytes treated with si-Ptma versus si-NC)
and PRJNA1030978 (RNA-seq data of hiPSC-CMs treated with
Ad-PTMA versus Ad-Luc).

WGCNA network construction and module identification

The WGCNA R package (version 1.71) was used to construct a gene-
gene similarity network during cardiomyocyte development (20).
The expression data were obtained from our previously published
bulk RNA-seq data (NCBI BioProject ID: PRINA798841) of cardio-
myocytes from varied developmental periods (19). The cardiomyo-
cytes were separated from mice hearts at E14.5, P1, P4, P7, P14, and
P56 with three replicates per time point. After removing those genes
with zero expression, 12,566 genes with a median deviation in the
top 75% were selected for creating the signed gene co-expression net-
work. The normalized gene expression was used to compute the pair-
wise Pearson correlation coefficients between all genes, and the
weighted network adjacency was obtained using a proper soft thresh-
olding power f, which was chosen to satisfy the scale-free topology
criterion. To reduce the effects of noise and weak correlations, the
adjacency matrix was then transformed into the topological overlap
matrix (TOM), which measures the shared network neighborhood
of each pair of genes. The network dissimilarity, defined by TOM,
formed the basis for clustering genes into modules using hierarchical
clustering. A total of 13 modules were obtained and assigned to dif-
ferent colors for identification. The gray module contains the genes
that are not classified into other modules. For each module, the aver-
age gene expression across all sampling time points was calculated
and graphically represented with a trend line to delineate the module’s
expression profile throughout the developmental timeline. Correla-
tion analysis with external traits, such as cardiomyocyte prolifera-
tion, was conducted on each module. Modules with high correlation
coefficient and adjusted P value < 0.05 may be related to cardio-
myocyte proliferation. For the module blue, the MM was calculated
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for each gene, which reflects the intramodular importance and con-
nectivity. The GS value was also computed to quantify the association
of individual genes with cardiomyocyte proliferation. Genes with
high GS value and high intramodular connectivity in the blue mod-
ule were considered hub genes (MM > 0.95, GS > 0.75, and adjusted
Pvalue < 0.05 for MM and GS).

scRNA-seq preparation

Embryonic hearts were collected from various developmental peri-
ods including E8.5, E9.0, E9.5, E10.5, E11.5, E14.5, and E17.5. Bio-
logical replicates were set for the hearts from E9.0 to E10.5. E8.5 to
E10.5 heart tissues were cut into small pieces in prechilled PBS and
digested with 0.25% trypsin-EDTA (Gibco, 25200056) incubated in
a 37°C water bath with mild shaking, while E11.5-E17.5 cardiac cells
were isolated using the Neonatal Heart Dissociation Kit in combina-
tion with gentle MACS and Octo Dissociator (Miltenyi BioTec,
Teterow, Germany). The cell counts and vitality were then verified
by the Countstar cell analyzer.

Single-cell library construction and sequencing

scRNA-seq library preparation and sequencing were conducted by
BoAo (Beijing, China) using Single Cell 3’ V2 Reagent Kit accord-
ing to the protocol of the manufacturer. Briefly, cells were loaded
to generate Gel Bead-In-Emulsions (GEMs). Subsequently, the
cells underwent lysis, followed by reverse transcription within the
GEMs. The cDNA was then amplified by PCR for 14 cycles, after
which the GEMs were broken. The amplified cDNA was further
subjected to purification and size selection. Following fragmenta-
tion and end-repair, the cDNA fragments were ligated with adapt-
ers, sample indices, and sequencing primers. Subsequently, the
libraries were purified and quantified to ensure that they met the
required standards for sequencing. After quality control, the li-
braries were sequenced on Illumina XT10, and 150-bp paired-end
sequencing reads were generated. Raw data of scRNA-seq have
been deposited under the accession number CRA002015 in the
Beijing Institute of Genomics Data Center.

scRNA-seq data analysis

The raw data were aligned to the mouse mm10 transcriptome using
CellRanger (version 4.0.0, 10X Genomics). The subsequent analysis,
including quality control, unsupervised clustering, and differential
gene expression analysis, was implemented using the Seurat R pack-
age (version 4.0.5). In the quality control process, the filter condi-
tions of nFeature_RNA and nCount RNA were set separately to
remove the outliers according to the distribution of each sample.
Cells with mitochondrial content less than 20% were retained. The
doublets identified by DoubletFinder were then removed (61). After
the above processing, 10 samples were combined and normalized
by SCTransform to achieve a negative binomial distribution with
the mitochondrial percentage regressed out. Then, the Harmony
R package (0.1.0) was used to generate 50 harmonized dimension
reduction components, and the top 30 harmony dimensions were
selected for clustering analysis. The t-SNE projections were then
computed for visualization. Clusters were annotated on the basis of
SingleR and the expression of known marker genes. Differentially
expressed genes in each cluster were calculated using the FindAllMarkers
function. Genes with FC > 1.2, adjusted P value < 0.05, and expres-
sion percentage of VCM1 > 0.9 were considered the highly ex-
pressed genes of VCM1. GO analysis was performed with metascape.
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The CellCycleScoring function was used to calculate cell cycle
scores for each cell. It used a gene set enrichment analysis approach
to infer cell cycle activity based on the expression levels of known
cell cycle marker genes. The function first identified the S and G,-M
phase marker genes by intersecting the provided gene lists (S genes
and G,-M genes) with the genes present in the Seurat object. Then,
it calculated the average expression of the S phase genes and the G,-
M phase genes for each cell.

Statistical analysis

The analyses of animal experiments were performed in a double-blind
fashion. Statistical analysis and plotting were performed using Graph-
Pad Prism version 8.2.1 (GraphPad Software Inc., San Diego, CA).
The Brown-Forsythe test was applied to test the equality of variances.
When comparing the statistical significance between two groups, a
two-tailed Student’s ¢ test was applied for the data with homogeneous
variance, and the Mann-Whitney test was applied for the data with
heterogeneous variance. When comparing more than two groups,
one-way or two-way analysis of variance (ANOVA) was performed
followed by the Sidék or Tukey multiple comparisons test. Unless oth-
erwise stated, all data are presented as the means + SEM. The results
with P value < 0.05 were considered statistically significant and the
value of n is mentioned in the figure legends.
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