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The role of Abraxas 2 (ABRO1 or KIAA0157), a component of
the lysine63-linked deubiquitinating system, in the cardiomyo-
cyte proliferation and myocardial regeneration is unknown.
Here, we found that ABRO1 regulates cardiomyocyte prolifer-
ation and cardiac regeneration in the postnatal heart by target-
ing METTL3-mediated m6A methylation of Psph mRNA. The
deletion of ABRO1 increased cardiomyocyte proliferation in
hearts and restored the heart function after myocardial injury.
On the contrary, ABRO1 overexpression significantly inhibited
the neonatal cardiomyocyte proliferation and cardiac regener-
ation in mouse hearts. The mechanism by which ABRO1
regulates cardiomyocyte proliferation mainly involved
METTL3-mediated Psph mRNA methylation and CDK2 phos-
phorylation. In the early postnatal period, METTL3-dependent
m6A methylation promotes cardiomyocyte proliferation by
hypermethylation of Psph mRNA and upregulating PSPH
expression. PSPH dephosphorylates cyclin-dependent kinase
2 (CDK2), a positive regulator of cell cycle, at Thr14/Tyr15
and increases its activity. Upregulation of ABRO1 restricts
METTL3 activity and halts the cardiomyocyte proliferation in
the postnatal hearts. Thus, our study reveals that ABRO1 is
an essential contributor in the cell cycle withdrawal and
attenuation of proliferative response in the postnatal cardio-
myocytes and could act as a potential target to accelerate cardi-
omyocyte proliferation and cardiac repair in the adult heart.

INTRODUCTION
The mammalian neonatal cardiomyocytes have proliferating poten-
tial, which hastily declines after the postnatal period. In the adult
heart, the withdrawal of cardiomyocytes cell cycle activity and its
inability to proliferate, due to the loss of expression and/or activities
of the cell cycle components, in particular the positive regulators of
cell cycle,1,2 is primarily responsible for the maladaptive repair, car-
diac dysfunction, and heart failure following various insults.3–5

Growing evidence demonstrates that a considerable number of cardi-
omyocytes in the adult heart retain the proliferative and regenerative
capacity; however, the turnover number is not sufficient for the
Mol
This is an open access article under the CC BY-NC-
efficient cardiac repair and heart function after the loss of cardiomyo-
cytes due to injury.6 Several studies reveal that the induction or
enforced expression of cell cycle proteins such as cyclins and
cyclin-dependent kinase (CDK)7–9 or attenuation of cell cycle inhib-
itors10 can improve the cardiomyocyte cell cycle activity, productive
cell division, and regenerative response to some extent in the adult
heart. Despite substantial progress having been made to understand
the cardiomyocyte cell cycle exit soon after birth, the cellular and
molecular mechanisms underlying the activation and inactivation
of cardiomyocyte proliferation are still largely unknown in the
mammalian heart.

Abraxas brother 1 (ABRO1) is a part of the BRCC36-containing iso-
peptidase (BRISC) complex and functions as a scaffold protein in the
BRISC complex, which recruits proteins required for complex assem-
bly and regulating its catalytic activity.11,12 ABRO1 has been reported
to participate in important biological and pathological processes. For
example, ABRO1 regulates DNA damage response, suppresses
tumorigenesis,13 and promotes NLRP3 inflammasome activation
throughmediation of NLRP3 deubiquitination.14 ABRO1 is indicated
to maintain genome stability and limits replication stress.15 ABRO1
negatively regulates cell cycle progression,13 and our previous exper-
iment also indicated that ABRO1 is required for proper mitosis and
cell division.16 Moreover, ABRO1 predominantly expresses in the
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heart and its level is regulated upon myocardial ischemia/reperfusion
(I/R) injury,17 indicating that ABRO1 plays a critical role in hearts. To
date, the function of ABRO1 in the heart remains largely unexplored,
so we wanted to unveil whether ABRO1 participates in the regulation
of cardiomyocyte proliferation.

The cardiomyocyte proliferative response has a distinct gene tran-
scription and post-transcriptional program.18–20 Recent studies reveal
that N6-methyladenosine (m6A) modification of RNA transcripts, a
prevalent form of post-transcriptional modification of mRNA, has a
significant impact on cardiac gene expression, cell proliferation, and
growth by modulating RNA stability and translation.21–24 Post-trans-
lational modifications of proteins are associated with cell cycle activity
and proliferation, which have indispensable roles in regulating both
cardiomyocyte cell proliferation and growth as well as cardiac
diseases.25–28 The gene expression program that regulates cardiac
proliferation is an integrated network composed of transcriptional,
post-transcriptional, and post-translational components, and the
identification of molecules that function as master regulators of
many signaling pathways would be beneficial to re-establish cardio-
myocytes and boost cardiac regeneration in the injured adult heart.

Here, we show that ABRO1 is a critical regulator of cardiomyocyte pro-
liferation in postnatal hearts. Using genetic deletion and overexpres-
sion approach, we demonstrate that ABRO1 suppresses cardiomyocyte
cell cycle activity by directly interacting with methyltransferase-like 3
(METTL3) and inhibiting its RNA N6-adenosine methylation (m6A)
activity, which leads to the downregulation of phosphoserine phospha-
tase (PSPH) expression through hypomethylation of PSPHmRNAand
attenuation of PSPH-dependent activation of CDK2, the positive regu-
lator of the cell cycle. Thus, our study reveals that METTL3-dependent
RNA m6A modification has a significant contribution in the cardio-
myocyte proliferation and cardiac regenerative response by upregulat-
ing cell cycle protein activity, but ABRO1 deteriorates its function and
revokes the proliferating ability of cardiomyocytes in the postnatal as
well as in adult heart.

RESULTS
ABRO1 negatively regulates cardiomyocyte proliferation in

postnatal and adult hearts

To understand the role of ABRO1 in cardiomyocyte proliferation and
myocardial regeneration, we first examined the expression pattern of
Figure 1. ABRO1 regulates cardiomyocyte proliferation in postnatal and adult
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ABRO1 protein in the postnatal hearts of mice under physiological
conditions and found that the level of ABRO1 protein in the myocar-
dial tissue was relatively low at birth, significantly increased from P1
to P7 (Figure S1A), and highly expressed during the adulthood (at
P30 and P90) (Figure 1A). In the adult mice, ABRO1 protein was
abundantly expressed in the kidney and heart (Figure 1B) and was
significantly higher in cardiomyocytes than in fibroblasts (Fig-
ure S1B). To investigate the function of ABRO1 in cardiomyocyte
proliferation and myocardial regeneration, we generated Abro1
knockout (ABRO1 KO) mice using the CRISPR-Cas9 gene-editing
system (Figures 1C and S1C-S1E; Table S1). The deletion of Abro1
was confirmed by PCR assay (Figure 1D) and western blot analysis
(Figure 1E) in mouse hearts. The knockout of Abro1 did not affect
the heart function, heart to body weight ratio, and morphology of car-
diac tissue compared with their littermate control mice at P12
(Figures S2A–S2C). However, the cardiomyocyte proliferation as
indicated by 5-ethynyl-20-deoxyuridine (EdU; labels cells passing
through S phase)-positive, histone H3 phosphoserine 10 (pH3, a
mitosis marker)-positive, and aurora B kinase (Aurora B, a cytoki-
nesis marker)-positive cardiomyocytes were higher in Abro1-deleted
postnatal hearts (Figures S2D–S2F). In adult hearts, the knockout of
Abro1 had similar effects on heart function (Figures 1F, S3A–S3C),
morphology of cardiac tissue (Figures 1G and 1H), and cardiomyo-
cyte proliferation (Figures 1I–1K and S3D) under physiological
conditions. Further, cardiomyocyte cell sizes at P12 and P60 were
reduced (Figures S3E and S3F), and no hypertrophic effects were
observed in adult ABRO1 KO mouse hearts (Figures S3G and S3H).

Next, we isolated cardiomyocytes from adult mouse heart and per-
formed nucleation and ploidy analysis. The percentages of mononu-
clear cardiomyocytes and diploid cardiomyocytes were increased in
ABRO1 KO mouse hearts, while the percentage of polyploid cardio-
myocytes was reduced (Figures S4A–S4C). In addition, the ABRO1
KO mice had a significant elevation in diploid cardiomyocyte subpop-
ulation inmononuclear cardiomyocytes (Figure S4D). The results indi-
cate that ABRO1 deficiency increases karyokinesis, and thereby reduces
ploidy. We further examined the role of ABRO1 on kidney and found
that there were no significant detectable effects on kidney morphology
and function in ABRO1 KOmice compared with wild-type (WT)mice
(Figures S5A–S5C). Together, these results indicate that the upregula-
tion of ABRO1 expression in postnatal and adult hearts is associated
with the obstruction of cardiomyocyte proliferation.
hearts
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Figure 2. ABRO1 deletion promotes cardiomyocyte proliferation and improves cardiac function following MI injury

(A–D) The neonatal ABRO1 KOmice (P5) andWTmice (P5) were subjected to MI. (A) Echocardiography analysis of FS at 3 days after MI (n = 7mice per group). (B) Analysis of

the percentage of the infarct size (n = 7 mice per group). (C and D) Representative confocal images and quantification of pH3-positive cardiomyocytes in heart sections at

(legend continued on next page)

Molecular Therapy

850 Molecular Therapy Vol. 31 No 3 March 2023



www.moleculartherapy.org
ABRO1 deletion accelerates cardiomyocyte proliferation and

cardiac regeneration after myocardial infarction

Unlike the neonatal heart, the adult heart loses its regenerative capac-
ity mainly due to the lack of cardiomyocytes with proliferating abil-
ity.29–31 To further investigate the impact of ABRO1 deletion on the
cardiomyocyte proliferation and cardiac regeneration in postnatal
and adult hearts, ABRO1KO andWTmice were subjected tomyocar-
dial infarction (MI) (by left anterior descending artery ligation) at P5
and at P60. The knockout of Abro1 ameliorated left ventricle function
(Figure 2A), reduced MI-induced infarct size (Figure 2B), and also
promoted cardiomyocyte proliferation (Figures 2C and 2D) compared
with WT mice at P5. In adult hearts, echocardiography analysis at 2
and 8weeks afterMI showed that the left ventricle function was signif-
icantly improved in ABRO1 KO mice compared with WT mice (Fig-
ure 2E). The loss of ABRO1 also reduced MI-induced increased of
infarct size (Figures 2F and 2G), and the number of EdU-positive car-
diomyocytes was higher in ABRO1 KO hearts at 2 weeks and 8 weeks
after MI injury (Figure 2H). This result suggests that the depletion of
ABRO1 attenuates MI through cardiomyocyte proliferation. Further-
more, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays showed that ABRO1 had no effects on apoptosis in
cardiomyocytes (Figures S6A and S6B) and in the heart (Figure S6C)
under basal conditions. ABRO1 expression was elevated in adult mice
after MI (Figure S6D), and there was no detectable difference in the
level of apoptosis in ABRO1 KO and WT hearts (Figures S6E and
S6F), indicating that the acceleration of cardiomyocyte proliferation
may be the underlying mechanism of the reduced infarct size in
ABRO1 KO mouse hearts. Collectively, these results suggest that
ABRO1 contributes to the blockage of cardiomyocyte proliferation
during the postnatal developing heart, and suppression of ABRO1 im-
proves myocardial repair and cardiac function after MI injury mainly
through the induction of cardiomyocyte proliferation.

Overexpression of ABRO1 inhibits cardiomyocyte proliferation

and cardiac regeneration in neonatal and adult hearts

Next, we sought to confirm whether the upregulation of ABRO1 is
involved in the obstruction of cardiomyocyte proliferation. Under
physiological condition, the overexpression of ABRO1 (ABRO1
OE) in postnatal hearts at P7 (Figures S7A and S7B) did not affect
the left ventricular function, heart mass, and cardiac morphology
(Figures S7C–S7E). There was no significant difference of cardiac
function (Figure 3A), heart mass (Figure 3B), and morphology (Fig-
ure 3C) in ABRO1-overexpressed adult hearts (Figures S8A and S8B).
However, the cardiomyocyte size (Figure 3D) was larger and cardio-
myocyte proliferation (Figures S8C and S8D) was decreased in the
adult hearts of mice overexpressing ABRO1 compared with WT
hearts. Besides, the enforced expression of ABRO1 reduced pH3-pos-
itive cardiomyocytes (Figure 3E) at P7. To further confirm the
3 days after MI (n = 8mice per group). (E–H) Ten-week-old ABRO1 KO andWTmice wer

8 weeks post MI. (E) Echocardiography analysis of left ventricular function (FS%) after MI (

of hearts (scale bar, 2 mm). (G) Quantification of the left ventricle infarct size measured

8 weeks post MI (n = 7mice per group). (H) Immunostaining for cTNT (green) and nucleu

the EdU-positive cardiomyocytes were calculated (n = 7 mice per group). All data are m
ABRO1-mediated inhibition of cardiomyocyte proliferation, neonatal
mice (postnatal day 1 [P1]) were administered with ABRO1 and sub-
jected to MI. In mice overexpressing ABRO1, the cardiomyocytes
with pH3 were reduced (Figure 3F), the infarct size was remarkably
higher (Figures 3G and 3H), and left ventricular function was reduced
(Figure 3I) at P7 following MI injury. Together, these results indicate
that postnatal expression of ABRO1 is associated with cardiomyocyte
cell cycle exit, and upregulation of ABRO1 hinders cardiac regenera-
tion by promoting proliferation arrest of cardiomyocytes in postnatal
hearts.

ABRO1 regulates cardiomyocyte proliferation in vitro

To further confirm that ABRO1 regulates cardiomyocyte prolifera-
tion, neonatal cardiomyocytes were infected with adenoviral vector
harboring Abro1 specific short hairpin RNA (shRNA) (ABRO1-
shRNA) or mouse Abro1 gene (ABRO1 OE). The knockdown of
ABRO1 significantly reduced the levels of Abro1 mRNA and protein
in neonatal cardiomyocytes (Figures 4A and 4B). The suppression of
ABRO1 enhanced proliferating cardiomyocyte number as indicated
by increased EdU-positive cells (Figure 4C). In addition, the cardio-
myocytes with a mitotic marker (pH3) and cytokinesis marker
(Aurora B) were markedly increased in ABRO1-silenced cardiomyo-
cytes (Figures 4D and 4E). In contrast, enforced expression of ABRO1
in neonatal cardiomyocytes (Figures 4F and 4G) reduced proliferating
cardiomyocytes, which is evident from a significant reduction of pH3-
positive (Figure 4H) and Aurora B-positive (Figure 4I) cardiomyo-
cytes. These data confirmed that the upregulation of ABRO1 restrains
cell cycle progression and proliferation of cardiomyocytes, while abla-
tion of ABRO1 can promote cardiomyocyte proliferation.

ABRO1 interacts with METTL3 and affects its RNA m6A

methylation function

To elucidate the molecular mechanism of ABRO1-dependent regula-
tion of cardiomyocyte proliferation, we first investigated the proteins
interacting with ABRO1. It has been reported that ABRO1 was asso-
ciated with p53 and spindle assembly, and thus we checked the effects
of ABRO1 on p53 expression. The results indicated that ABRO1 is not
involved in the regulation of p53 expression (Figures S9A and S9B).
YAP is a core regulator of cardiac regeneration, so we tested whether
ABRO1 could regulate the expression of YAP. The results showed
that ABRO1 did not participate in the regulation of YAP
(Figures S9C and S9D). Next, we carried out protein immunoprecip-
itation (IP) assay in isolated cardiomyocytes using FLAG-tagged
ABRO1 and FLAG-control. The ABRO1-IP materials and its control
were resolved using SDS-PAGE gel, and the entire gel lanes of
ABRO1-IP materials and its control were excised and sent for liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Among the proteins enriched in FLAG-tagged ABRO1, we identified
e subjected to MI (MI at 10 weeks) and heart samples were collected at 2 weeks and

n = 7mice). (F) Representative images of Masson’s trichrome-stained cross sections

as the percentage of epicardial and endocardial infarct arc length at 2 weeks and

s (DAPI, blue) in EdU (red, white arrow) infused heart sections (scale bar, 25 mm), and

ean ± SD.
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Figure 3. ABRO1 OE inhibits cardiomyocyte proliferation and cardiac regeneration in neonatal hearts

(A–D) AAV9 vector carrying Abro1 (ABRO1 OE) or negative control (Con OE) were administered to adult WT mice. The left ventricular FS% (A) and heart to body weight

ratio (B) were measured at 21 days after AAV9 administration (n = 6–8 mice per group). (C) Representative images of hematoxylin-eosin-stained transverse sections of

hearts at 21 days post AAV9 administration (scale bar, 2 mm). (D) Wheat germ agglutinin (WGA) staining of ventricular sections (scale bar, 20 mm) (left) and cardiomyocyte

(legend continued on next page)
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that METTL3, the RNAmethyltransferase that specifically methylates
N6-adenosine, was enriched in FLAG-ABRO1 (Figure 5A). The study
confirmed that METTL3-mediated N6-adenosine mRNA methyl-
ation is a dynamic modification that is necessary for the response
to cardiac hypertrophy. However, the effect of METTL3 in cardio-
myocyte proliferation remains unclear, and thus we focused on
METTL3 for further studies. The interaction between ABRO1 and
METTL3 was verified by immunoprecipitation with METTL3 and
ABRO1 antibodies followed by western blot (Figures 5B, 5C, S10A,
and S10B). Interestingly, the mRNA and protein levels of METTL3
were not altered by overexpression of ABRO1 in cardiomyocytes
(Figures S10C and S10D) and knockout of ABRO1 did not affect
the expression levels of METTL3 mRNA or protein compared with
that of WT hearts (Figures S10E and S10F), indicating that ABRO1
could possibly affect METTL3 m6A activity. Together, these data
suggest that ABRO1 interacts with METTL3, and this interaction
might regulate the m6A methylation activity of METTL3 in
cardiomyocytes.

Transcriptome-wide m6A methylation analysis to identify

targets of ABRO1

We next sought to assess the m6A modifications in mRNA, and the
m6A-seq analysis was carried out in WT and ABRO1 KO hearts
(Table S2). The analysis of the distribution of m6A peak density in
mRNA transcripts showed that m6A peaks are mainly found in
coding sequences (CDSs), and a considerable amount of m6A peaks
enriched around start codon and stop codon regions in mRNA tran-
scripts from ABRO1 KO and WT hearts. However, the density of the
peaks was not significantly altered in all three main segments (50 UTR,
CDS, 30 UTR) of mRNA transcripts from ABRO1 KO mice heart
compared with WT heart (Figures 5D and S11A). Among the total
RNA transcripts with m6A sites, more than half (59.4%) of mRNA
transcripts contained %2 m6A peaks, 27.4% of mRNA transcripts
comprised 3 to 5 m6A peaks, and more than five m6A peaks existed
in 13.2% of mRNA transcripts (Figure S11B). The sequence motif
analysis of m6A-containing peaks showed that those peaks are highly
enriched with a conserved consensus motif sequence of METTL3
(GGACU) (Figure 5E). Further, MeRIP sequencing (MeRIP-seq)
analysis results from adult ABRO1 KO hearts showed that a total of
3,444 m6A peaks were upregulated and 4629 m6A were downregu-
lated compared with WT hearts (Figure 5F; Table S2). Next, we
performed RNA sequencing (RNA-seq) analysis and observed that
a total of 364 mRNAs were upregulated and 668 mRNAs were down-
regulated in ABRO1 KO hearts compared with WT hearts (Fig-
ure S11C; Table S3). To sort out the gene expression level according
to the m6A modifications, we plotted differentially expressed genes
surface area (right) was measured at 21 days post AAV9 administration (n = 8 mice pe

were administered to WT mice (at P1) and samples were collected at day 7 (P7). R

(green), and the nucleus (DAPI, blue) (scale bar, 25 mm) (left), and pH3-positive (right) c

were administered with adenoviral ABRO1 (ABRO1 OE) or negative control (Con O

diomyocytes in heart sections at 7 days after MI (n = 8 mice per group). (G) Represe

2 mm). (H) The infarct size was quantified using length-based measurements at P7 po

group) at P7 post MI. All data are mean ± SD.
(from RNA-seq data) against m6A peaks data (from MeRIP-seq)
(Table S4). We termed increased m6A modification (FC R 1.5) as
hypermethylated and decreased m6A modification (FC% 1.5) as hy-
pomethylated, respectively, and found that 17 hypermethylated
mRNAs were upregulated, eight hypermethylated mRNAs were
downregulated, three hypomethylated mRNAs were upregulated,
and 91 hypomethylated mRNAs were downregulated in ABRO1
KO hearts compared with WT hearts. (Figure 5G). Collectively, these
results reveal that ABRO1 might regulate METTL3-mediated m6A
methylation of mRNA transcripts of genes that are involved in the
inhibition of cardiomyocyte proliferation.

ABRO1 KO promotes METTL3-dependent m6A methylation of

PSPH mRNA and its expression

We anticipated that ABRO1 interaction blocks m6A methyltransfer-
ase activity of METTL3, and differentially expressed m6A-hyperme-
thylated mRNAs in ABRO1-silenced hearts could be the potential
downstream target(s) of METTL3 during cardiomyocyte prolifera-
tion. Based on the deregulated genes, we observed that PSPH had
the highest m6Amodification and the mRNA level of PSPHwas high-
ly increased in ABRO1 KO hearts among the potential target genes of
METTL3-mediated m6A methylation. The Integrative Genomics
Viewer (IGV) analysis of PSPH mRNA showed that there was a
remarkable increase of m6A peaks along with a significant increase
of PSPH mRNA level in ABRO1 KO heart (Figure 6A). m6A RNA
immunoprecipitation (RIP) qPCR results further confirmed the
increase of m6A modification (Figure 6B) along with an increase of
PSPH mRNA (Figure 6C) and protein (Figure 6D) in ABRO1 KO
hearts compared with WT hearts. In contrast, the m6A modification
in PSPHmRNAwas decreased (Figure S12A) along with a decrease in
the levels of PSPHmRNA and protein in ABRO1-treated cardiomyo-
cytes (Figures S12B and S12C). In addition, the binding of PSPH
mRNA to METTL3 was significantly enriched in ABRO1 KO mouse
hearts (Figure 6E). Interestingly, PSPH can positively regulate cell
cycle progression and cell proliferation.32,33 This prompted us to
select PSPH for further assessment as a potential downstream target
of ABRO1-METTL3 in the cardiomyocyte proliferation. Next, we
examined the function of ABRO1-mediated suppression of PSPH
expression in neonatal cardiomyocytes, which have proliferating abil-
ity. The expression of PSPH was significantly decreased by PSPH-
shRNA transfection in cardiomyocytes (Figure 6F). The silencing of
ABRO1 using ABRO1-shRNA increased cardiomyocytes with the
mitotic marker (pH3), and this effect was abolished upon PSPH-
shRNA along with ABRO1-shRNA in cardiomyocytes (Figure 6G).
We examined PSPH expression in the heart and found that the level
of PSPH protein in the myocardial tissue was significantly decreased
r group). (E) Adenovirus harboring Abro1 (ABRO1 OE) or negative control (Con OE)

epresentative confocal images of heart sections co-stained with pH3 (red), cTNT

ardiomyocytes were calculated (n = 8 mice per group). (F–I) The neonatal mice (P1)

E) and subjected to MI. (F) Quantification of the number of pH3-positive car-

ntative images of Masson’s trichrome-stained cross sections of hearts (scale bar,

st MI (n = 7 mice per group). (I) Echocardiography analysis of FS (n = 7 mice per
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from birth to adulthood (Figure S12D). The enforced expression of
PSPH (using the AAV9 system) in adult mouse hearts improved car-
diac function, reduced infarct size, and produced higher proliferating
cardiomyocytes in MI-injured hearts compared with WT hearts with
MI injury (Figures 6H-6J), which indicates that PSPH is involved in
cardiomyocyte proliferation and cardiac regeneration.

We further investigate the function of METTL3 in the regulation of
cardiomyocyte proliferation, and validated the mechanistic link be-
tween ABRO1 and METTL3. In cardiomyocytes, METTL3 silencing
reduced cardiomyocyte proliferation (Figures S13A and S13B).
Conversely, the enforced expression of METTL3 induced an increase
in cardiomyocyte proliferation, and this increase was reversed upon
ABRO1 OE (Figures S13C and S13D). Further, METTL3 inhibition
blocked ABRO1 knockdown-induced increase of cardiomyocyte pro-
liferation (Figures S13E and S13F), while METTL3 overexpression
attenuated the effects of ABRO1 in cardiomyocyte proliferation
(Figures S13G and S13H). In vivo, ABRO1 deletion-induced prolifer-
ative effects were reversed upon silencing METTL3 (Figures S14A
and S14B). These results reveal the role of METTL3 in the regulation
of cardiomyocyte proliferation and validated the relationship between
ABRO1 and METTL3 on cardiomyocyte proliferation. In addition,
USP5 has recently been shown to stabilize METTL3 expression,
thus contributing to the decrease of pluripotent factor transcripts
and the proper embryonic stem cell (ESC) differentiation program-
ming of stem cells.34 We then explored whether USP5 is involved
in the pathway of ABRO1-mediated cardiomyocyte proliferation.
Our results showed that knockdown of USP5 did not affect the
expression levels of METTL3 in cardiomyocytes (Figure S14C), and
the interaction between USP5 and METTL3 was not observed by
immunoprecipitation with USP5 and METTL3 antibodies followed
by western blot in cardiomyocytes (Figures S14D and S14E).
Together, these results rule out the involvement of USP5 in this pro-
posed mechanism.

ABRO1-mediated expression of PSPH promotes

dephosphorylation of CDK2 and proliferation of cardiomyocytes

PSPH primarily functions as a dephosphorylating enzyme, which can
regulate several signaling pathways by modulating the phosphoryla-
tion status of protein molecules.32,33,35,36 To explore the phosphopro-
teins regulated by PSPH that involved in positive modulation of
cardiomyocyte proliferation, we performed phosphoproteome anal-
Figure 4. ABRO1 controls cardiomyocyte proliferation in vitro

(A–E) Neonatal mouse cardiomyocytes were infected with adenovirus harboring AB

levels of Abro1 mRNA assessed by qRT-PCR (n = 5 independent experiments). (B

expression of ABRO1 (n = 5 independent experiments). (C) Representative confocal

EdU-positive (right) cells (n = 7 independent experiments). (D) Representative conf

cells in ABRO1-shNC and ABRO1-shRNA infected cardiomyocytes (scale bar, 20 mm

B-marked cardiomyocytes and quantification of aurora-B-positive cells in ABRO1-

independent experiments). (F–I) Neonatal mouse cardiomyocytes were infected with

OE) for 48 h. (F) The expression levels of Abro1 mRNA determined by qRT-PCR (n =

data (bottom) showing the expression of ABRO1 (n = 5 independent experiments).

treated cardiomyocytes (n = 6 independent experiments). (I) Aurora B-marked cardi

(n = 6 independent experiments). All data are mean ± SD.
ysis. In PSPH-silenced cardiomyocytes, a total of 3,322 proteins
were quantified from all identified proteins (3,684) and detected
peptides (12,621). From 8,923 phospho-modified peptides, 8,828
phospho-sites were quantified among all identified phospho-sites
(10,531 sites) (Figure S15A). Among the quantified proteins, 309
phosphoproteins were differentially expressed (184 upregulated and
125 downregulated) (Figures 7A and S15B; Table S5) in PSPH-
silenced cardiomyocytes. While 376 phosphorylation sites were
significantly modified (200 sites upregulated and 176 sites downregu-
lated) among the quantified sites (8,828), corresponding to 8,923
phospho-modified peptides in PSPH knockdown cardiomyocytes
compared with control (Figure S15B). The length distribution of
most of the identified phosphopeptides was between >8 and <20 res-
idues (average length �14), which is the standard property of tryptic
peptides (Figure S15C). In PSPH-silenced cardiomyocytes, the num-
ber of phosphorylation sites was varied in proteins and most of the
proteins contain fewer than five phosphorylation sites. Half (�52%)
of the all quantified phosphoproteins contained only one phospho-
site, while �23% and �12% of proteins consisted of two and three
phosphorylation sites, respectively. Nearly 13% of phosphoproteins
had more than three phospho-sites (Figure S15D).

Among these significantly phospho-modified and upregulated phos-
phorylated proteins, we found that CDK2 have T14 and Y15, two
phospho-modified sites, and was the top-hit cell cycle-related protein
based on the Gene Ontology (GO) analysis. Hence, our further studies
were focused on the influence of ABRO1 and PSPH on CDK2 phos-
phorylation. CDK2 has two highly conserved neighboring phosphor-
ylation sites (Thr14 and Tyr15), which have inhibitory action on
CDK2 activity.37,38 The knockdown of PSPH remarkably increased
phosphorylation of Thr14/Tyr15 in CDK2, and PSPH overexpression
dramatically decreased Thr14/Tyr15 phosphorylation in CDK2
without altering total CDK2 level in cardiomyocytes (Figures 7B,
7C, S16A, S16B, and S17A–S17H). Similarly, the ABRO1 deficiency
significantly decreased phosphorylation of CDK2 at Thr14/Tyr15 in
myocardial tissues of mice, while ABRO1 OE significantly increased
Thr14/Tyr15 phosphorylation in CDK2 in cardiomyocytes
(Figures 7D, 7E, and S18A–S18F). To confirm that ABRO1-mediated
suppression of PSPH is involved in dephosphorylation of Thr14 and
Tyr15 in CDK2, we transfected cardiomyocytes with ABRO1-shRNA
in the presence or absence of PSPH-shRNA. As expected, ABRO1-
shRNA-induced reduction of phosphorylation of Thr14/Tyr15 was
RO1-shRNA or scrambled control (ABRO1-shNC) for 48 h. (A) The expression

) Representative western blots (top) and statistical data (bottom) showing the

images of EdU-positive cardiomyocytes (scale bar, 20 mm) and quantification of

ocal images of pH3-positive cardiomyocytes and quantification of pH3-positive

) (n = 6 independent experiments). (E) Representative confocal images of aurora

shNC and ABRO1-shRNA infected cardiomyocytes (scale bar, 20 mm) (n = 6

adenovirus harboring negative control (Con OE) or mouse Abro1 gene (ABRO1

5 independent experiments). (G) Representative western blots (top) and statistical

(H) pH3-positive cardiomyocytes were measured in Con OE- and ABRO1 OE-

omyocytes were measured in Con OE- and ABRO1 OE-treated cardiomyocytes
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attenuated upon PSPH-shRNA exposure (Figures 7F and S18G–
S18I). Together, these results suggest that ABRO1-mediated suppres-
sion of PSPH, through m6A hypomethylation, attenuates CDK2
activity by upregulating Thr14 and Tyr15 phosphorylation, which
results in impediment to postnatal cardiomyocyte proliferation and
regeneration.

DISCUSSION
In mammalians, the molecular mechanisms associated with cell cycle
withdrawal and inherent non-proliferative growth of cardiomyocytes
during postnatal life is a largely unknown phenomenon. In this study,
we demonstrate that ABRO1 participates in the postnatal cardiomyo-
cyte proliferation arrest and impairment of cardiac regeneration
following injury in the adult heart. In the postnatal heart, ABRO1 in-
teracts with METTL3 and inhibits its activity. METTL3-induced
PSPH mRNA m6A methylation makes PSPH mRNA more stable
and increases PSPH mRNA and protein expression level. Then,
PSPH induces dephosphorylation of inhibitory phospho-sites
(Thr14/Tyr15) in CDK2, a crucial cell cycle protein, which finally
leads to cell proliferation (Figure 7G). Our study exemplifies that
METTL3-dependent m6A RNA hypermethylation of genes is
involved in cardiomyocyte proliferation; however, the substantial
expression of ABRO1 beyond the postnatal period intervenes in
this event and halts the cardiomyocyte proliferative response.

In mammals, including human and mouse, ABRO1 is abundantly
expressed in cardiomyocytes, and it protects the cardiomyocytes
from death.17 However, its functional impact on cardiomyocyte pro-
liferation remains elusive. We found that the ABRO1 level in the
myocardial tissue is remarkably low during the early postnatal period
and higher in young and adult hearts, and this upregulation nega-
tively regulates cardiomyocyte proliferation. It is well documented
that ABRO1 negatively regulates cell cycle progression.13,16 However,
the BRISC complex, in which ABRO1 is an integral component, is
required for proper mitosis and cell division.16 Our study found
that the enforced expression of ABRO1 impedes proliferative
response and cardiac repair in neonatal cardiomyocytes and hearts.
Most importantly, the silencing or deletion of Abro1 amplified regen-
erative responses, improved cardiac function, and reduced infarct
size, which is mainly achieved through the acceleration of cardiomyo-
cyte proliferation. ABRO1, together with the BRISC complex, is
conventionally involved in lys63-specific deubiquitylation, which is
a non-proteolytic event modulating the biological activity of proteins.
ABRO1 can directly interact with many intracellular proteins and
transcription factors,13,39 and this interaction increases stability13,40
Figure 5. Transcriptome-wide m6A methylome analyses (using m6A-Seq) in AB

(A) LC-MS/MS analysis in FLAG-ABRO1 immunopurified protein complex identified M

(B) and anti-ABRO1 antibody (C) showing the interaction of ABRO1 andMETTL3. Repres

chart showing the distribution ofm6A peaks in different non-overlapping segments (50 UT
UTR of mRNA transcripts in WT and ABRO1 KOmouse hearts. (E) Sequence motifs enri

Generation Sequencing (MeRIP-seq) in ABRO1 KO mouse hearts. (F) Scatterplot sho

containing mRNAs with significantly increased (up) and decreased peak (down) enrichm

gene expression and changes in m6A level in ABRO1 KO mouse hearts compared with
or inactivates/interferes with the cellular functions41 of those target
proteins. In our study, the proteomic analysis followed by immuno-
precipitation assessment found that ABRO1 binds to METTL3, and
this interaction affects the m6A methylation function of METTL3
without modulating its expression level. Currently, the underlying
mechanism of ABRO1-dependent inhibition of METTL3 activity is
unknown. One possibility is that ABRO1 could promote deubiquity-
lation of METTL3 and blocking of its activity. Most importantly, it is
currently unknown how ABRO1 is suppressed in the neonatal heart
and which factors are involved in its upregulation in young and adult
hearts. Further follow-up studies are warranted to resolve these
questions.

M6Amodification of mRNA, a mechanism regulating post-transcrip-
tional processing and translation of protein, controls the cardiac gene
expression program and signaling molecules associated with cardiac
physiological functions as well as pathological disorders.21,22

METTL3-mediated N6-methyladenosine modification is the most
abundant epigenetic modification in eukaryotic mRNAs and
METTL3 is required for cardiac homeostasis and handling hypertro-
phic stress response in the mammalian heart.23 However, its role in
heart development, especially in cardiac proliferation, is largely
unknown. In our study, the transcriptome-wide m6A sequencing
analysis in ABRO1 KO hearts showed that METTL3-induced m6A
hypermethylation of PSPH mRNA is associated with the enhanced
translation of PSPHmRNA, which is evident from the remarkable in-
crease of PSPH mRNA and protein levels. METTL3-dependent m6A
methylation of gene transcripts can either positively or negatively
regulate its stability and translation, which depends on the vicinity
of METTL3 binding m6A peaks in mRNAs.21,42–44 The enrichment
of m6A peaks within the proximity of stop codons or the starting of
30 UTR promotes METTL3-mediated translation of mRNA tran-
scripts.42,44 Inconsistent with this, we observed the abundance of
m6A peak in the CDS region in PSPH mRNA from ABRO1 KO
hearts, and it correlates with an increased level of PSPH protein.
Interestingly, the increased level of PSPH is associated with cardio-
myocyte proliferation in the injured postnatal hearts. Recent studies
demonstrate that PSPH promotes cell cycle progression and posi-
tively regulates cell proliferation,32,33,35,36 which presumably occurs
through upregulation or activation of cell cycle-associated proteins32;
however, its functional relevance in the cell cycle remains largely
unknown. Given that PSPH principally functions as a dephosphory-
lating enzyme, we performed phosphoproteomic analysis in PSPH-
silenced cardiomyocytes and found that CDK2, a kinase protein
mainly involved in G2/S transition phase, mitosis, and cell cycle
RO1 KO mice heart

ETTL3. (B and C) Immunoprecipitation assessment using anti-METTL3 antibody

entative immunoblots from four independent experiments with similar results. (D) Pie

R), start codon site (start C), coding sequence (CDS), stop codon site (stop C), and 30

ched within m6A peaks identified by Methylated RNA Immunoprecipitation with Next

wing the m6A enrichment in mRNAs of WT and ABRO1 KO mouse hearts. m6A-

ent are highlighted in red and blue, respectively. (G) Correlation between the level of

WT hearts. All data are mean ± SD.
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Figure 6. ABRO1 KO promotes METTL3-dependent m6A methylation of phosphoserine phosphatase (PSPH) and its expression

(A) Integrative Genomics Viewer (IGV) tracks showing MeRIP-seq (top) and mRNA-seq (bottom) read distribution in Psph mRNA from ABRO1 KO and WT mouse

hearts. (B) MeRIP-qPCR validation of m6A enrichment level in PSPH mRNA in WT and ABRO1 KO hearts (n = 5 mice per group). (C and D) Expression levels of
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progression, is phospho-modified at Thr14 and Tyr15 sites. The
phosphorylation level of CDK2 at Thr14 and Tyr15, the two regula-
tory sites involved in controlling CDK2 catalytic activity and abnor-
malities of cell cycle,37,38,45 are remarkably increased upon PSPH
silencing or ABRO1 OE and significantly decreased upon PSPH over-
expression or ABRO1 silencing in cardiomyocytes and postnatal
heart. Further, the reversal of ABRO1-shRNA mediated increase of
CDK2 (Thr14/Tyr15) dephosphorylation in the absence of PSPH
reveals that ABRO1 functions as a regulator of PSPH in cardiomyo-
cytes. It is well established that the cardiac-specific re-expression of
CDK2 in the adult can increase the cardiomyocyte populations’
proliferating capability, which is characterized by smaller mononu-
cleated cells along with upregulation of activity of other cell cycle
proteins.8 Consistent with this, the increased activity of CDK2, indi-
cated by reduced Thr14/Tyr15 phosphorylation, in ABRO1 KO heart
is accompanied by a reduction of cardiomyocytes size as well as the
increase of proliferating cardiomyocytes population in postnatal
hearts. Notably, the increase of cardiomyocyte size and significantly
reduced cardiomyocyte numbers with proliferative markers is accom-
panied by the reduction of CDK2 activity in ABRO1 OE neonatal
hearts, indicating that ABRO1 promotes cell cycle withdrawal and
non-proliferative growth of cardiomyocytes. Further studies are war-
ranted to decipher whether ABRO1 is associated with physiological
and/or pathological hypertrophic responses.

Altogether, our findings reveal that ABRO1, the component of the
K63-deubiquitinating system, is an important regulator of postnatal
cardiomyocyte proliferation and cardiac muscle regeneration in the
adult heart. Intriguingly, METTL3-dependent m6A hypermethyla-
tion of PSPH mRNA, an upregulation of PSPH proteins, and
PSPH-mediated activation of CDK2, which is a newly identified
mechanism, can promote cell cycle progression, cardiomyocyte pro-
liferation, and cardiac regeneration in postnatal and adult hearts.
However, the upregulation of ABRO1, through a currently unknown
mechanism, in the myocardial tissue during the postnatal life affects
this signaling and results in cardiomyocyte cycle arrest. Thus, our
study provides an important clue to understanding why the adult
cardiomyocytes lose their proliferative capacity and how the adult
cardiac muscle tissue loses its regenerative potential. Given that rein-
stating the proliferative ability of cardiomyocytes in the adult heart is
one of the most effective therapeutic approaches for cardiac regener-
ation and repair, the efficient cardiac regeneration along with a signif-
icant improvement of the heart function upon ABRO1 silencing in
the MI-injured hearts suggest that ABRO1, a master regulator of
PSPH mRNA and protein in WT and ABRO1 KO mouse hearts (n = 5 mice per g

METTL3 in WT or ABRO1 KO hearts (n = 5 mice per group). (F) Representative we

cardiomyocytes infected with adenovirus harboring PSPH-shNC or PSPH-shRNA (n

with adenovirus harboring ABRO1-shRNA along with PSPH-shNC or PSPH-shRN

(nucleus, blue) (scale bar, 20 mm) and pH3-positive cells were quantified (n = 5

diomyocyte proliferation following MI injury. AAV9 loaded with PSPH gene (AAV9-PS

subjected to MI, and heart samples were collected at 8 weeks post MI. Echocardiog

MI (n = 6 mice per group). (J) Representative confocal images and quantification o

25 mm) (n = 6 mice per group). All data are mean ± SD.
many signaling pathways, could be a potential target to enforce
cardiomyocyte proliferation and cardiac regeneration in diseased
adult heart.

MATERIALS AND METHODS
Animals

C57BL/6 mice were used in this study. All the experiments were per-
formed on mice with similar age and body weight, and mice with
normal physiological index during surgical procedures were used
for analyses.

Generation of ABRO1 KO mice

ABRO1 KO mice were established by using the CRISPR-Cas9 gene-
editing system (Cyagen Biosciences, China). The mixture of plasmids
carrying sgRNA1 and sgRNA2 was microinjected along with Cas9
mRNA into the fertilized eggs from C57BL/6 mice and the eggs
were cultivated overnight. Then, they were transplanted into the ovi-
ducts of pseudopregnant recipient females. The founder lines were
identified through PCR genotyping of the offspring’s tail DNA and
further confirmed through direct Sanger sequencing. The following
primer sequences were used to amplify the genomic DNA fragments
containing the CRISPR-Cas9 target sites and ABRO1 KO. The for-
ward primer (F1) was 50-CTCAGTTAAGGTACCGTTTG-30, the
reverse primer (R1) was 50-TGAGAGTGTGTGTGGGGTGAG-30,
and the reverse primer (R2) was 50-GCTGGTGTCATCTATTAA
TAGG-30.

MI in heart

MI was induced by ligation of the left anterior descending coronary
artery (LAD) as described previously.46 In brief, the animal is intu-
bated and an animal ventilator (DHX-50, Chengdu Instrument Fac-
tory, China) is used to maintain normal breathing. The thoracotomy
was performed between the third and fourth ribs, and the chest
expander opened the chest cavity to expose the heart. The LAD was
ligated with a silk suture 2–3 mm distal from the ascending aorta us-
ing nylon suture (6-0) (China Ningbo Medical Suture Needle Co.)
and tied for the induction of MI.

MI surgery was carried out in neonatal mouse pups as previously
described.5,31 Briefly, 1-day-old (P1) pups were randomized and anes-
thetized by placing on an ice bed for 5–6 min (induces hypothermic
circulatory arrest) and lateral thoracotomy was performed by blunt
dissection of the intercostal muscles. The LAD was ligated using
nylon suture (8-0) (China Ningbo Medical Suture Needle Co.) and
roup). (E) RIP-qPCR analysis showing relative binding level of PSPH mRNA to

stern blot (top) and statistical data (bottom) showing the expression of PSPH in

= 5 independent experiments). (G) Neonatal cardiomyocytes were co-infected

A for 48 h. Cardiomyocytes co-stained with pH3 (red), cTnT (green) and DAPI

independent experiments). (H–J) Forced expression of PSPH promotes car-

PH) or negative control (AAV9-control) was administered to adult WT mice and

raphy analysis of ventricle function (FS%) (H) and infarct size (I) at 8 weeks post

f pH3-positive cardiomyocytes in heart sections at 8 weeks post MI (scale bar,
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tied for the induction of MI. After the LAD, the neonates were trans-
ferred from the ice bed, and the thoracic incision and skin wounds
were properly closed. Before the skin closure, a small drop of lidocaine
(2%) was placed within the incision. After the surgical procedures, the
pups were kept under a heat lamp for few minutes for recovery. Then,
they were returned to their mothers after waking and becoming
active. In the sham group, all the procedures were carried out except
the LAD ligation step. The echocardiography measurements and
other analyses were carried out at the time points indicated in the
figure legends.

For the measurement of infarct size, we calculated MI size by
measuring the arc length of the endocardial and epicardial infarcts.
Specifically, the NIH ImageJ 1.6 software automatically measures
four lengths, including endocardial and epicardium infarct length,
and endocardial and epicardium circumference. The endocardial
infarct rate was obtained by dividing the endocardial infarct length
by the endocardial circumference. The epicardial infarction rate
was calculated by the samemethod. Finally, theMI size was calculated
as [(endocardial infarct rate + epicardial infarct rate)/2] � 100.

Echocardiography

Transthoracic echocardiography was performed on lightly anesthe-
tized mice by using a Vevo 2100 Imaging System (VisualSonics,
Canada) equipped with a 40-MHz MS-250 scan head. Two-dimen-
sional guided M-mode tracings were recorded in both parasternal
long- and short-axis views at the level of the papillary muscles. The
fractional shortening (FS) was calculated with the established stan-
dard equation. All the measurements were made from more than
three beats and averaged.

AAV9 or adenoviral vectors production and administration

Adeno-associated virus serotype 9 (AAV9) was used for ABRO1 OE
and PSPH overexpression in the animal model. The AAV9-ABRO1,
AAV9-PSPH, and their negative controls were obtained fromHanbio
Biotechnology Co. (Shanghai, China). For ABRO1 OE, adult mice
were treated with AAV9-PSPH at 2 � 1011 vector genomes (vg)/
mouse by tail vein injection. Echocardiography functional analysis
was performed at 4 weeks, and the hearts were collected for histolog-
ical and molecular biological analyses. For PSPH overexpression,
adult mice were treated with AAV9-PSPH (2 � 1011 vg/mouse) by
Figure 7. Phosphoproteome profiling in PSPH-silenced cardiomyocytes and id

(A) LC-MS/MS-based quantitative phosphoproteomic studies in cardiomyocytes infec

proteins (enriched with phosphorylation sites) (fold change >2). Gray dots show pho

significantly increased and decreased, respectively. (B–E) ABRO1 and PSPH regulate

(Thr14), phospho-CDK2 (Tyr15), and PSPH in cardiomyocytes infected with adenov

adenovirus harboring PSPH OE or Con OE (C), in WT or ABRO1-deleted (ABRO1 KO

OE or ABRO1 OE (E). (F) PSPH silencing reverses the effect of ABRO1-shRNA on CDK

with adenovirus harboring ABRO1-shRNA along with PSPH-shNC or PSPH-shRNA f

CDK2 (Thr14), phospho-CDK2 (Tyr15), and PSPH proteins (n = 5 independent exper

activity and cardiomyocyte proliferation. In the adult heart, the expression of ABRO

decreased expression of PSPH proteins and inhibition of CDK2 activity (a cell cycle p

Thr14 and Tyr15. This leads to cell cycle arrest in cardiomyocytes, while silencing of AB

inhibition of CDK2 activity. All data are mean ± SD.
tail vein injection before MI. Echocardiography functional analysis
was performed at 8 weeks post MI, and the hearts were collected
for histological and molecular biological analyses. The adenoviruses
harboring ABRO1, ABRO1-shRNA, and their negative controls
were obtained from Obio Technology Corp. (Shanghai, China). The
adenoviruses harboring PSPH, PSPH-shRNA, and their negative con-
trols were obtained from Hanbio Biotechnology Co. (Shanghai,
China). For ABRO1 overexpression, neonatal mice at P1 were treated
with adenovirus-ABRO1 (5 � 1010 MOI) by subcutaneous injection,
and then the mice were subjected toMI. Echocardiography functional
analysis was performed at P7, and the hearts were collected for histo-
logical and molecular biological analyses. All experiments were
performed according to the protocols approved by the Qingdao
University Animal Care Committee.

Neonatal mouse cardiomyocytes isolation and culture

Neonatal cardiomyocytes were isolated from 1- 2-day-old mice
according to the previously published protocol.47 Briefly, carefully
take 1- 2-day-old newborn suckling mice into the container and
wash 1–2 times with 75% alcohol. The entire process is operated on
a clean bench, and the instrument is autoclaved. Open the chest of
the suckling mouse with ophthalmological scissors to expose the
heart, use small curved forceps to pick and clamp the heart into a plate
with 1� PBS buffer, and place it on ice. Then, thoroughly wash 2–3
times, and cut the heart tissue into pieces with surgical scissors. the
heart tissue is isolated from the atria, split, and digested with
0.2 mg/mL pancreatin (P-3292, Sigma) and 1.0 mg/mL collagenase
type II (LS004176, Worthington) at 42�C. Centrifuge the collected
digestion products, 1,000 rpm, 5 min, to collect the myocardial cell
pellet. They were cultured in DMEM/F12-Dulbecco’s modified
Eagle’s medium (Gibco, USA) with 5% FBS. For the gene overexpres-
sion or silencing, cells were infected with adenoviruses carrying the
appropriate gene or shRNA, at a specific MOI.

Isolation of adult mouse cardiomyocytes

Adult cardiac cardiomyocytes were isolated using the Langendorff
perfusion system. The hearts of mice were removed by thoracotomy,
and the aorta was isolated and connected to the Langendorff perfu-
sion system. Hearts were perfused with trypan buffer (137 mM
Nacl, 5.4 mM KCl, 1.2 mM MgCl2, 20 mM NaH2PO4, 20 mM
HEPES, 10 mM D-glucose, 10 mM taurine, PH = 7.35) until the
entification of the potential target of PSPH

ted with PSPH-shRNA or PSPH-shNC. Volcano plot showing significantly altered

sphoproteins without any differences. Red and blue dots show phosphoproteins

CDK2 activity. The immunoblots showing the levels of total CDK2, phospho-CDK2

irus harboring PSPH-shNC or PSPH-shRNA (B), in cardiomyocytes infected with

) mouse hearts (D) and in cardiomyocytes infected with adenovirus harboring Con

2 phosphorylation in cardiomyocytes. Neonatal cardiomyocytes were co-infected

or 48 h. Representative immunoblots showing the levels of total CDK2, phospho-

iments). (G) Schematic diagram showing ABRO1-mediated regulation of METTL3

1 blocks METTL3-dependent m6A methylation of PSPH mRNA, which results in

rotein involved in G1/S, S/G2, and G2/M phase) by increased phosphorylation at

RO1 can accelerate cardiomyocyte proliferation by suppressing PSPH-mediated
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residual blood was completely pumped. Hearts were digested with
collagenase type II (0.1 mg/mL, Worthington) for 16 min at 37�C
until they were pale and flaccid. At the end of digestion, the digested
hearts were transferred to a 6-cm dish, and the heart tissue was torn
with forceps to form 3- to 5-mm tissue blocks. The cells were gently
blown to accelerate separation, then filtered through a 100-mm filter.
The collected cells were centrifuged at 500 rpm for 1 min to collect
cardiomyocytes, and the supernatant was removed. The cells were
resuspended using 10 mL of M199 medium and added to laminin-
coated culture plates (5 mg/mL) for 2 h at 37�C. Adherent cardiomyo-
cytes were used for immunofluorescence staining experiments.

Analysis of cardiomyocyte nucleation and ploidy

Cardiomyocytes were isolated from WT and ABRO1 KO mice and
then fixed with paraformaldehyde, permeabilized, and blocked suc-
cessively. At the end of blocking, cardiomyocytes were labeled with
mouse anti-cardiomyocyte-specific troponin T (anti-cTNT, 1:800,
Abcam) and nuclei were labeled with 4’,6’-diamidino-phenylindole
(DAPI, 1:1,000, Invitrogen). Cardiomyocyte nucleation and ploidy
analyses were performed using laser confocal microscopy. In the
same section, nuclear ploidy normalization statistics were performed
by the difference in DAPI fluorescence intensity between cardiomyo-
cytes and non-cardiomyocytes. ImageJ was used to measure DAPI
fluorescence intensity in individual nuclei. The average fluorescence
intensity of DAPI in non-myocardial nuclei was used as the diploid
nucleus standard. The normalized intensity values of cardiomyocyte
nuclei in the range of 0.5–1.5 times the standard were diploid, and
the normalized intensity values of cardiomyocyte nuclei in the range
of 1.5–2.5 times the standard were tetraploid. Cardiomyocyte nuclei
with normalized intensity values greater than 2.5 times this standard
range were considered polyploid.

Histological analyses

After the experimental period, the hearts were fixed in 4% parafor-
maldehyde (prepared in PBS) overnight and they were embedded
in paraffin after a series of ethanol dehydration. The tissues sections
(7-mm thickness) were stained with hematoxylin and eosin (H&E)
(C0105, Beyotime, Shanghai, China) according to the standard proto-
col. To determine cardiac fibrosis, we stained the heart sections with
standard Masson trichrome staining according to manufacturer’s
instructions (G1340, Solarbio, Beijing, China). For EdU labeling ex-
periments in vivo, the adult mice were injected intraperitoneally
with EdU (5 mg/kg) every 2 days for 6 days. EdU staining was per-
formed with YF594 Click-iT EdU Imaging Kits (C6017,UE) accord-
ing to the manufacturer’s instructions.

Apoptosis assays

Cardiomyocyte apoptosis was determined by TUNEL using a kit
(40307ES20, Yeasen). Cultured cells and tissue sections were per-
formed for TUNEL staining assays according to the kit instructions.

Immunofluorescence staining and analyses

The heart tissue was embedded in optimal cutting temperature com-
pound (OCT) and placed at �20�C. The frozen sectioned tissue was
862 Molecular Therapy Vol. 31 No 3 March 2023
taken out to dry at room temperature for 15 min, then washed with
1� PBS buffer to remove OCT for 3 min each time. The treated cells
and heart tissue were fixed in 4% paraformaldehyde for 15 min and
washed three times with 1� PBS buffer. The sample was permeated
by 0.5% Triton X-100 (prepared in 1� PBS buffer) for 15 min at
room temperature. After washing with PBS, the sample was blocked
with 2% BSA for 30 min. The blocking solution was discarded and the
primary antibody added at room temperature for 2 h or 4�C over-
night. For the detection of mitosis and cytokinesis, rabbit anti-phos-
pho-histone H3 (pH3, 1:200, Abcam) and anti-Aurora B (1:200, Ab-
cam) antibodies were used. The cardiomyocytes were labeled with
mouse anti-cTNT (1:800, Abcam) and DAPI (1:1,000, Invitrogen)
was used to label nuclei. The tetraethyl rhodamine isothiocyanate
(TRITC)-conjugated anti-rabbit immunoglobulin G (IgG) (111-
025-003, 1:200, Jackson) and the FITC-conjugated anti- mouse IgG
(115-095-003, 1:200, Jackson) were used for fluorescence secondary
antibody staining. After washing with PBS, DAPI was stained for
5 min and anti-fluorescence quencher added dropwise, observed,
and pictures taken under a laser confocal microscope. For the calcu-
lation of cell cross-sectional area, the heart sections were stained with
FITC-conjugated wheat germ agglutinin (Sigma, St. Louis, MO) as
previously described.48 The length of cardiomyocytes was measured
along their long axis, and cell width was measured along the cross sec-
tion at their midpoint from images captured using confocal micro-
scope (LSCM, Leica, Germany).

Immunoblot and immunoprecipitation

Immunoblot was performed as previously described.49 In short,
treated cardiomyocytes and heart tissue were lysed for 30min by using
Radio-Immunoprecipitation Assay (RIPA) buffer (R0020, Solarbio)
containing protease inhibitor PMSF. All protein lysis samples were
fractionated in 10%–12% SDS-PAGE gels and transferred to nitrocel-
lulose membranes. Themembranes were incubated with 5% skimmed
milk at room temperature for 1 h, andwestern blots were probed over-
night at 4�C using the primary antibodies. The following antibodies
were used: ABRO1(NBP1-90282, Novusbio), METTL3 (15073-1-
AP, ProteinTech), PSPH (A7924, ABclonal), CDK1 (31007,
ZENBIO), CDK2 (380676, ZENBIO), phospho-CDK2 (Thr14) (bs-
5277R, Bioss), phospho-CDK2 (Tyr15) (382901, ZENBIO), CDK4
(R23886, ZENBIO), Cyclin B1 (A19037, ABclonal), Cyclin D1
(A19038, ABclonal), P53 (2524S, CST), P27 (ab193379, Abcam),
P21 (ab109199, Abcam) and YAP1 (NB110-58358, Novusbio). Anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was obtained
fromAbsin (abs132004). The horseradish peroxidase-conjugated sec-
ondary antibodies (anti-mouse, anti-rabbit, or anti-goat) were ob-
tained from Absin. The membranes were incubated with enhanced
chemiluminescence detection kit (ECL, E411-04, Vazyme) and devel-
oped with a scanning imager (Fusion solo 4s.wl, Vilber lourmat).

The cultured primary cardiomyocytes were collected and lysed using
immunoprecipitation (IP) buffer (270 mM NaCl, 40 mM Tris-HCl,
1 mM EDTA, 2% NP40, 20% glycerol, protease inhibitor, and phos-
phatase inhibitor). The equal concentration of samples was incubated
with antibodies (ABRO1 and METTL3) or IgG overnight at 4�C. The
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protein A/G agarose (sc-2003, Santa Cruz) was added and kept at 4�C
for 4 h with gentle agitation, coupling antibody to sepharose
beads. After the immunoprecipitation reaction, the co-precipitated
complex was centrifuged at 3,000 rpm for 3 min at 4�C, and the
agarose beads were centrifuged to the bottom of the tube. Then, the
collected samples were washed three times with lysis buffer, adding
25 mL of 2� SDS loading buffer, and boiled for 5 min. Finally, the
samples were analyzed by SDS-PAGE, western blotting, and mass
spectrometry.

qRT-PCR

The total RNA was extracted (Trizol reagent 15596-026, Invitrogen,
USA) and treated with DNAse I (Takara, Japan). They were subjected
to reverse transcription using reverse transcriptase (ReverTra Ace,
Toyobo, Japan), and amplifiedusing the SYBRPremixExTaq II kit (Ta-
kara, Japan). qPCR was performed on a CFX96 Real-Time PCR Detec-
tion System (Bio-Rad). After the PCR reaction, the amplification curve
andmelting curve were immediately analyzed. The following sequences
of primers were used for qRT-PCR analysis: ABRO1 forward primer
was 50-CAGCTTCATCTCTACCGCCA-30; the reverse primer was
50-TGAGACGTGTTTGGCACTGA-30. PSPH forward was 50- GCAG
TGTGCTTTGATGTTGA-30; PSPH reverse, 50- ATGGCTCTCCGTG
TCATTT-30. KIM-1 forwardwas 50- ACATATCGTGGAATCACAAC
GAC-30; KIM-1 reverse, 50- ACTGCTCTTCTGATAGGTGACA-30.
Nppa forward, 50-GCTTCCAGGCCATATTGGAG-30; Nppa reverse,
50- GGGGGCATGACCTCATCTT-30. Myh7 forward, 50- ACTGTC
AACACTAAGAGGGTCA-30; Myh7 reverse, 50- TTGGATGATTT
GATCTTCCAGGG-30. GAPDH was used as an internal control and
all the results were normalized to GAPDH. GAPDH forward primer
was 50-CAGTGGCAAAGTGGAGATTGTTG-30; the reverse primer
was 50-TCGCTCCTGGAAGATGGTGAT-30.

Mass spectrometry analysis

The FLAG-tagged ABRO1 adenovirus was infected into cardiomyo-
cytes and immunoprecipitation was performed to pull down the
ABRO1 binding proteins with Anti-FLAG M2 Magnetic Beads
(Sigma-Aldrich). FLAG-ABRO1-bound products were resolved us-
ing SDS-PAGE gel and stained with Coomassie blue. The extracted
band was sent to a commercial facility for the LC-MS/MS analysis
(Shanghai Applied Protein Technology Company, Shanghai,
China).

RIP assay

RIP was performed as previously described.50 The ventricle sections
of WT and ABRO1 KO were treated with 1% formaldehyde (for
crosslinking) and tissue lysate was prepared using RIPA buffer (Cell
Signaling Technology, USA) mixed with 1 mM PMSF, 1� proteinase
inhibitor cocktail (Roche), and 1% RNaseOUT (Invitrogen). The
whole tissue lysate was incubated with anti-METTL3 and IgG at
4�C overnight. The RNA/protein complex was recovered using pro-
tein G Dynabeads and washed gently with RIPA buffer several times.
Then, they were reverse crosslinked with proteinase K at 50�C for
60 min, and the protein-bound RNA was analyzed by RT-PCR after
extraction using Trizol reagent.
MeRIP-seq

RNA was extracted from WT and ABRO1 KO mouse hearts and
quantified (using NanoDrop ND-1000). m6A RNA-seq service was
provided by Cloudseq Biotech (Shanghai, China). Briefly, m6A
RNA immunoprecipitation was performed with the GenSeq m6A
RNA immunoprecipitation kit (GenSeq, China) by following the
manufacturer’s instructions. Both the input sample without immuno-
precipitation and the m6A immunoprecipitation samples were used
for RNA-seq library generation with NEBNext Ultra II Directional
RNA Library Prep Kit (New England Biolabs, USA). The library
quality was evaluated with BioAnalyzer 2100 system (Agilent Tech-
nologies, USA). Library sequencing was performed on an Illumina
HiSeq instrument with 150-bp paired-end reads. Paired-end reads
were harvested from the Illumina HiSeq 4000 sequencer, and were
quality controlled by Q30, followed by 30 adaptor trimming and
low-quality read removal by cutadapt software (v1.9.3). First, clean
reads of all libraries were aligned to the reference genome (UCSC
MM10) by Hisat2 software (v2.0.4). Methylated sites on RNAs
(peaks) were identified by MACS software. Differentially methylated
sites were identified by diffReps. These peaks identified by both soft-
wares overlapping with exons of mRNA were figured out and chosen
by homemade scripts. GO and pathway enrichment analysis were
performed by the differentially methylated protein coding genes.

m6A-RIP-qPCR

The DNAase-treated RNA samples (100 mg) were incubated with
m6A-antibody-bound protein G beads (pre-blocked with 1% BSA)
in immunoprecipitation buffer (150 mM NaCl, 10 mM Tris-HCl,
and 0.1% NP-40 containing protease and RNAse inhibitor) overnight
at 4�Cwith gentle rotation. The beads were washed with immunopre-
cipitation buffer the next day and RNA was eluted (two times) using
m6A-free nucleotide solution. Then, elute (rich in m6A-enriched
transcripts) was subjected to phenol-chloroform extraction for
RNA purification, and qRT-PCR analysis was carried out.

Global proteomic and phosphoproteomic analysis

For the quantitative analysis of proteomics and phosphoproteomics,
the samples were prepared and treated as previously described.51,52 In
brief, the lysate of cardiomyocytes infected with adenovirus PSPH-
shRNA and its control were sonicated three times on ice using a
high-intensity ultrasonic processor (Scientz) in lysis buffer (8 M
urea, 1% protease inhibitor cocktail). For digestion, the protein solu-
tion was reduced with 5 mM dithiothreitol for 30 min at 56�C and al-
kylated with 11 mM iodoacetamide for 15 min at room temperature
in darkness. The protein sample was then diluted by adding 100 mM
Triethanolamine Buffer (TEAB) to urea concentration less than 2 M.
Finally, trypsin was added at 1:50 trypsin-to-proteinmass ratio for the
first digestion overnight and 1:100 trypsin-to-protein mass ratio for a
second 4-h digestion. Peptide mixtures were first incubated with
IMAC microsphere suspension with vibration in loading buffer
(50% acetonitrile/6% trifluoroacetic acid). The IMAC microspheres
with enriched phosphopeptides were collected by centrifugation,
and the supernatant was removed. To remove nonspecifically ad-
sorbed peptides, the IMAC microspheres were washed with 50%
Molecular Therapy Vol. 31 No 3 March 2023 863
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acetonitrile/6% trifluoroacetic acid and 30% acetonitrile/0.1% tri-
fluoroacetic acid, sequentially. To elute the enriched phosphopeptides
from the IMAC microspheres, elution buffer containing 10%
NH4OH was added and the enriched phosphopeptides were eluted
with vibration. The supernatant containing phosphopeptides was
collected and lyophilized for LC-MS/MS analysis.

The enriched phosphopeptides were subjected to tandem mass spec-
trometry (MS/MS) in a Q Exactive Plus mass spectrometer (Thermo
Scientific). The resulting MS/MS data were processed using Max-
quant search engine (v.1.5.2.8). Tandem mass spectra were searched
against mouse UniProt database concatenated with reverse decoy
database. Trypsin/P was specified as the cleavage enzyme, allowing
up to four missing cleavages. The mass tolerance for precursor ions
was set as 20 ppm in the first search and 5 ppm in the main search,
and the mass tolerance for fragment ions was set as 0.02 Da.
Carbamidomethylation of Cys was specified as a fixed modification,
and oxidation of Met; phosphorylation of Ser, Thr, and Tyr; and acet-
ylation modification were specified as variable modifications. False
discovery rate (FDR) was adjusted to <1% and minimum score for
modified peptides was set >40.

Statistical analysis

All data are presented as mean ± SD. GraphPad Prism software pack-
age (GraphPad) was used for statistical analyses. Student’s t test was
used for the comparison of statistical significance between two
groups, and all tests were determined by unpaired two-sided tests.
Comparisons between multiple groups were assessed by one-way
ANOVA with Tukey’s multiple comparisons test or two-way
ANOVA with Bonferroni’s multiple comparisons test. p < 0.05 was
considered statistically significant.
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