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FoxO3 controls cardiomyocyte proliferation
and heart regeneration by regulating Sfrp2
expression in postnatal mice

Jing-Bo Xia1,2,9, Kun Liu1,3,9, Xiao-Lin Lin1,9, Hong-Ji Li1,9, Jin-Hua Lin1, Li Li4,
Chi-Qian Liang1, Yan Cao1, Na Wen1, Zhao-Fu Liao5, Hui Zhao 6,
Kyu-Sang Park 7, Guo-Hua Song8, Ze-Bing Ye 2 , Dong-Qing Cai 1 ,
Zhen-Yu Ju 1 & Xu-Feng Qi 1,2

The Forkhead box O3 (FoxO3) transcription factor is crucial to controlling
heart growth in adulthood, but its exact role in cardiac repair and regeneration
in postnatal mice remains unclear. Here, we show that FoxO3 deficiency pro-
motes cardiomyocyte proliferation in postnatal mice and improves cardiac
function in homeostatic adult mice. Moreover, FoxO3 deficiency accelerates
heart regeneration following injury in postnatal mice at the regenerative and
non-regenerative stages. We reveal that FoxO3 directly promotes the expres-
sion of secreted frizzled-related protein 2 (Sfrp2) and suppresses the activa-
tion of canonical Wnt/β-catenin signaling during heart regeneration. The
increased activation of β-catenin in FoxO3-deficient cardiomyocytes can be
blocked by Sfrp2 overexpression. In addition, Sfrp2 overexpression sup-
pressed cardiomyocyte proliferation and heart regeneration in FoxO3-
deficient mice. These findings suggest that FoxO3 negatively controls cardi-
omyocyte proliferation and heart regeneration in postnatal mice at least in
part by promoting Sfrp2 expression, which leading to the inactivation of
canonical Wnt/β-catenin signaling.

In the past several decades, it was widely believed that mammalian
heart is a terminally differentiated organ, which is incapable of
regenerating after injury during adult period. Although recent studies
revealed that limitedmyocyte turnover occurs in the adultmammalian
heart, it is insufficient to restore contractile function after cardiac
injury1–4. Therefore, a scientific and clinical imperative is to identify
targets involved in the regulation of regenerative capacity in

mammalian hearts5,6. Most cardiomyocytes exit the cell cycle and
continue to grow in size after the first week of postnatal life in mice7,8,
which results in limited regenerative capacity in adult period1,4. How-
ever, adult hearts of lower vertebrates such as zebrafish and amphi-
bians have a robust regenerative response to injury9–12. It has also been
evidenced that completely cardiac regeneration occurs in postnatal
mouse heart during the first week of postnatal life, but this capacity
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markedly diminishes by postnatal day 7 (p7)13,14. Based on previous
reports, it is believed that cardiac regeneration in postnatalmice13–16, as
well as in adult zebrafish9,10 and amphibians11,12,17, is primarily mediated
by cardiomyocyte proliferation. Therefore, it is crucial to explore
relative signaling networks and the underlying molecular mechanism
responsible for postnatal cardiomyocyte proliferation.

FoxO transcription factors belong to the Forkhead family of
transcriptional regulators, and play important roles in cell prolifera-
tion,metabolism, and aging in a variety of cell types18–22. Although four
FoxO isoforms (FoxO1, FoxO3, FoxO4, and FoxO6) have been identi-
fied in mammals, the loss-of-function mutation of individual FoxO
isoforms results in specific phenotypes, indicating the different roles
for each FoxO isoform23. Among the four isoforms, FoxO1 and FoxO3
show a high expression level in developing and adult hearts18,24,25.
Combined deletion of FoxO1 and FoxO3 specifically in cardiomyocytes
results in increased cardiac injury following acute ischemia and
reperfusion in adult mice24. Although both global overexpression and
knockout of FoxO1 causes embryonic lethality of mice at E10.5, the
cardiomyocyte-specific expression of constitutively active form of
FoxO1 (caFoxO1) suppresses cardiomyocyte proliferation through
activation of cell cycle inhibitor genes18,23. However, mice globally
lacking FoxO3 are viable and enhance calcineurin signaling as well as
cardiac growth in adulthood, suggesting the growth-regulating effect
of FoxO323,26. Consistently, using a mouse model of cardiomyocyte-
specific overexpression of a constitutively active form of FoxO3
(caFoxO3), it was demonstrated that forced expression of FoxO3
induces cardiac atrophy, but fails to suppress cardiac hypertrophy
induced by transverse aortic constriction27. These studies suggest that
physiological levels of FoxO3 play an important role in the regulation
of heart growth and cardiac function in adult mice.

The increasing knowledge about the crucial roles of FoxO3 in
cultured cardiomyocytes and murine heart tissues18,24,27, suggest the
clinical signification of FoxO3 in cardiac disease25,28. However, the role
of FoxO3 in the regenerative capacity of postnatal heart remains
unclear. Moreover, it is not yet clear whether FoxO3-mediated biolo-
gical function in postnatal heart influences adult heart growth and
function. We found that FoxO3 activity is decreased during postnatal
heart regeneration upon injury, which is correlated with an increase in
cardiomyocyte proliferation as well as decrease of negative regulators
of proliferation and cell cycle. Our data from loss-of-function genetic
experiments demonstrate that FoxO3 knockout promotes cardiomyo-
cyte proliferation and heart regeneration in postnatal mice at regen-
erative and non-regenerative stages, at least in part, through
downregulating Sfrp2 and subsequently activating the canonicalWnt/β-
catenin signaling. We propose that FoxO3 is required to control cardi-
omyocyte proliferation during heart regeneration in postnatal mice.

Results
FoxO3 expression profile in postnatal and injured hearts
It has been demonstrated that cardiac regeneration can occur in neo-
natal mouse following an injury produced in the first week of life13,14.
This prompts us to ask the expression patterns of FoxO3 in mouse
heart after birth. To determine the expression and localization of
FoxO3 in cardiomyocytes, primary cardiomyocytes isolated from
neonatal mice at postnatal day 1 (p1) were subjected to immuno-
fluorescent staining. Z-stack confocalmicroscopy analysis revealed that
FoxO3 was predominantly expressed in the nuclei of cardiomyocytes
(Supplementary Fig. 1a, b). Consistent with the observation in primary
cardiomyocytes, FoxO3 was also dominantly detected in the nuclei of
cardiomyocytes in hearts from postnatal mice (Supplementary Fig. 1c).
Moreover, FoxO3 expression levels significantly increases with the
heart growth from neonatal (p1) to adult (p84) stages (Supplementary
Fig. 1d). Although FoxO3 dramatically expressed in the nuclei of car-
diomyocytes, little FoxO3 expression was also detected in the non-
cardiomyocytes as indicated by arrowhead in Supplementary Fig. 1a. To

further explore FoxO3 expression patterns in cardiomyocytes (CMs)
and non-cardiomyocytes (nCMs) during heart maturation, primary
CMs and nCMs were isolated from postnatal mice at p1 and p56,
respectively. The qPCR assay revealed that FoxO3 mRNA expression
levels were significantly increased in adult CMs and nCMs when com-
pared with neonatal ones, respectively (Supplementary Fig. 1e).

To determine the response of FoxO3 to heart injury, we resected
ventricular apex of neonatal heart at p1 and examined the expression
of FoxO3 protein at 1 day post-resection (1 dpr) and 5 dpr, respectively.
Western blotting analysis showed that heart injury significantly
increased the phosphorylation of FoxO3 onThr 32 and Ser 253 (Fig. 1a-
d), indicating the decreased activation of FoxO3. Immunofluorescence
staining further revealed that both expression level of FoxO3 and
percentage of FoxO3-positive cardiomyocytes in apical and remote
zone were significantly decreased at 5 dpr when compared with sham
group (Fig. 1e-j). Consistently, western blotting further confirmed the
reduction of FoxO3 in the primary cardiomyocytes isolated from the
injured hearts at 5 dpr compared with shamgroup (Fig. 1k). These data
suggest that FoxO3 activation decreases in neonatal heart upon injury.
It’s well known that Akt is an upstream negative mediator of FoxO3
that can promote the phosphorylation of FoxO3, thereby suppressing
its activation29. To further explore the molecular mechanisms reg-
ulating FoxO3 activation during neonatal heart injury, we examined
the activation of Akt pathway and found that the Akt phosphorylation
level was significantly increased in the injured heart at 5 dpr (Fig. 1l).
These findings suggest that Akt-mediated inactivation of FoxO3might
play an important role in heart regeneration.

In vitro effects of FoxO3 on cardiomyocyte proliferation
To elucidate the potential role of FoxO3 in cardiomyocyte prolifera-
tion in vitro, the siRNA targeting FoxO3 (siFoxO3) and negative control
(siNC) were used to treat the primary cardiomyocytes isolated from
neonatalmice at p1. The silencing efficiency of siFoxO3 was confirmed
at bothmRNA andprotein levels (Supplementary Fig. 2a, b). Firstly, the
cell cycle entry of cardiomyocytes was evaluated by measuring the
nuclear incorporation of 5-ethynyl-2’-deoxyuridine (EdU), an efficient
marker of DNA synthesis. As shown in Supplementary Fig. 2c, the
representative EdU incorporation in cardiomyocytes was captured by
confocal microscopy in both siNC- and siFoxO3-treated groups.
However, quantification revealed that the percentage of EdU+ cTnT+

cells significantly increased in siFoxO3-treated group compared with
control group (Supplementary Fig. 2d). Consistent with these findings,
Ki67 and cTnT double staining revealed that FoxO3 knockdown leads
to an increase in the percentage of Ki67+ cTnT+ cells, indicating an
elevated proliferation level of primary cardiomyocytes (Supplemen-
tary Fig. 2e, f). To prove complete cardiomyocyte proliferation, late
cell cycle markers including phospho-Histone H3 (pH3) and aurora
kinase B (AurkB) were further used in this study. Consistently, the
percentage of pH3+ cTnT+ cells was significantly elevated by FoxO3
knockdown (Supplementary Fig. 2g, h), indicating that FoxO3 knock-
down really promotes the complete proliferation of cardiomyocytes
in vitro. Importantly, increased percentage of AurkB+ cardiomyocytes
was also detected in the siFoxO3-treated group comparedwith control
group (Supplementary Fig. 2i, j), implying the increased cytokinesis of
cardiomyocytes. Consistent with these results from primary cardio-
myocytes, increased proliferation was also detected in the siFoxO3-
treated HL-1 cardiomyocytes compared with control cells (Supple-
mentary Fig. 2k–m). These findings from primary cardiomyocytes and
cell line strongly demonstrated that FoxO3 might negatively control
cardiomyocyte proliferation.

FoxO3 knockout promotes cardiomyocyte proliferation in
postnatal mice
To elucidate the potential role of FoxO3 in cardiomyocyte prolifera-
tion in postnatal heart, a cardiomyocyte-specific knockout mouse
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model (CKO) was generated by intercrossing FoxO3-floxed (FoxO3fl/fl)
mice21 with Myh6-Cre transgenic mice (Supplementary Fig. 3a).
Cardiac-specific deletion of FoxO3 in CKO mice were determined in
protein and mRNA levels (Supplementary Fig. 3b–d). To determine
whether FoxO3 knockout influences heart growth in postnatal mice,
heartweight (HW) to tibial length (TL) ratio (HW/TL)was analyzed atp1
and p14. The increased HW/TL ratio were detected in CKOmice at p14
(Fig. 2a), indicating that FoxO3 knockout might promote postnatal
heart growth. This idea was further confirmed by the morphological
(Fig. 2b) and histological (Fig. 2c) analysis of hearts fromCKO and Con
mice at p1 and p14. To explore whether the FoxO3 knockout-induced
heart growth results from myocardial hypertrophy, we further asses-
sed cardiomyocyte size at p14 with wheat germ agglutinin (WGA)
staining. Surprisingly, cardiomyocyte sizewas smaller in CKO hearts at
p14 compared to controls (Fig. 2d). Moreover, there were not sig-
nificant increases in the expression of myocardial hypertrophy mar-
kers including ANP, BNP, and Myh7 in the CKO hearts at p1 and p14
compared with controls (Supplementary Fig. 4). These results imply
that cardiomyocyte numbermight be increased in the FoxO3-deficient
hearts. To confirm this idea,wequantified the cardiomyocytes isolated
from CKO and Con hearts at p14, and revealed a significant increase in

the total number of cardiomyocytes in CKO hearts compared with
controls (Fig. 2e). Consistent with this result, an increase in mono-
nucleated cardiomyocytes and a decrease in binucleated cardiomyo-
cytes were observed in CKO hearts compared with controls (Fig. 2f),
which reflecting the proliferation or mitosis of cardiomyocytes as
previously demonstrated15,30. These findings suggest that
cardiomyocyte-specific knockout of FoxO3 might promote postnatal
heart growth through increasing cardiomyocyte proliferation.

To further confirm this conjecture, hearts from CKO and Con
postnatal mice at p1 and p14 were then subjected to immuno-
fluorescent staining to evaluate cardiomyocyte proliferation. We firstly
examined EdU incorporation and found that the percentage of EdU+

cTnT+ cells was significantly higher in CKOmice at p1 and p14 than that
in Con mice, respectively (Fig. 2g). We subsequently quantified the
number of cardiomyocytes that were positive for the mitosis marker
pH3, and found that there was a significant increase in pH3+ cardio-
myocytes in CKO mice at p1 and p14 compared with controls (Fig. 2h),
suggesting that FoxO3 knockout really promotes the complete pro-
liferation of cardiomyocytes in postnatal mice. In addition, proliferat-
ing cardiomyocytes at p7, a time point just beyond the regenerative
windows of neonatal heart, were confirmed by proliferating cell nuclear

Fig. 1 | FoxO3 activation decreases upon heart injury in postnatal heart. Apical
resectionwas performed at postnatal mice at p1, followed by sample collection at 1
dpr and 5 dpr, respectively. a, b Representative images (a) and quantification (b) of
westernblotting for FoxO3 expression and its phosphorylation inpostnatal heart at
1 dpr (n = 3 hearts per group). (c, dRepresentative images (c) andquantification (d)
ofwesternblotting for FoxO3 expressionand its phosphorylation inpostnatal heart
at 5 dpr (n = 4hearts for shamand 3hearts for 5 dpr). e–gRepresentative images (e)
and quantification of FoxO3 fluorescent intensity (f, ~400 cells in 4 hearts per
group) and FoxO3-positive cells (g, n = 4 hearts per group) in apical zone at 5 dpr.

h–j Representative images (h) and quantification of FoxO3 fluorescent intensity
(i, n = ~400 cells per group) and FoxO3-positive cells (j, n = 4 hearts per group) in
remote zone at 5 dpr. k Western blotting validation of FoxO3 in primary cardio-
myocytes isolated from hearts at 5 dpr (n = 3 per group). l Representative images
(left) and quantification (right) of western blotting for Akt expression and its
phosphorylation in postnatal heart at 5 dpr (n = 3 hearts per group). All data are
presented as the mean± SEM. P values are from two-tailed t test. ns, no significant
difference. Source data are provided as a Source data file.
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antigen (PCNA) and myocyte enhancer factor 2C (Mef2C) double
staining (Fig. 2i, j). To further determine whether FoxO3 knockout can
promote the cytokinesis of cardiomyocytes at p7, Aurora Kinase B
(AurkB) staining were performed. AurkB analysis can distinguish car-
diomyocytes that were undergoing karyokinesis with subsequent
cytokinesis (symmetric AurkB) from ones without cytokinesis (asym-
metric AurkB)31. Our data showed that FoxO3 knockout significantly
elevated the percentage of symmetric AurkB-positive cardiomyocytes,
implying the increased cytokinesis of cardiomyocytes in CKO heart at
p7 (Fig. 2k). Moreover, increased multinucleation (asymmetric AurkB)
events were also observed in CKO heart (Fig. 2l). Taken together, these
in vivo findings demonstrated that FoxO3 might negatively regulate
cardiomyocyte proliferation in early postnatal mice.

FoxO3 knockout improve cardiac function in homeostatic
adult mice
Above observation in early postnatal mice prompts us to explore
whether FoxO3 knockout influences cardiac function in homeostatic
adult mice. For 6-week-old adult mice, we found that heart weight
indices (HW/TL) and overall heart size increased in CKO mice com-
pared with controls (Fig. 3a, b). However, there were not significant
differences in the expression of myocardial hypertrophy markers
including ANP, BNP, and Myh7 between CKO and Con mice (Fig. 3c).
WGA staining (Fig. 3d) and cardiomyocyte morphology (Fig. 3e)
revealed that cardiomyocyte size was smaller in CKO hearts than that
in controls. These data imply that FoxO3 deficiency-increased pro-
liferation of cardiomyocytes in early postnatal mice might lead to

Fig. 2 | Effects of FoxO3 knockout on heart growth in postanal mice. a Heart
weight to tibial length (HW/TL) ratio in control and CKO mice at p1 and p14,
respectively (n = 9mice for p1 and 10mice for p14). b Representative whole images
of control and CKO postnatal hearts at p1 and p14. c Representative H&E staining
images of control and CKO postnatal hearts at p1 and p14. d Representative WGA
staining images (upper panel) and quantification (lower panel) of cardiomyocyte
size in ventricles at p14 (total ~500 cells in 6 hearts per group). e Representative
images of cardiomyocytes completely dissociated fromwhole heart (left panel) and
quantification of total rod-shaped cardiomyocyte numbers (right panel) in control
and CKO mice at p14 (n = 6 hearts). f Representative images of cardiomyocyte
nucleation (left panel) and quantification of mononuclear (Mono), binuclear (Bi),
andmultinuclear (Multi) cardiomyocytes (right panel) in control and CKO hearts at

p14 (n = 6 hearts per group). g, h Representative confocal images (left) and quan-
tification (right) of EdU+ (g) and pH3+ (h) cardiomyocytes in control and CKOapical
ventricles at p1 and p14 (n = 10 hearts). i Representative confocal images at low
(left) and high (right) magnification of PCNA+ cardiomyocytes in CKO apical ven-
tricles. j Quantification of PCNA+ cardiomyocytes in control and CKO apical ven-
tricles at p7 (n = 10 hearts). k, l Representative confocal images (left) and
quantification (right) of symmetrical (k) and asymmetrical (l) AurkB+ cardiomyo-
cytes in control andCKOapical ventricles at p7 (n = 3 hearts). All data are presented
as the mean± SEM. P values are from two-tailed t test (a, d, e, j–l) or two-way
ANOVA followed by Sidak’s multiple comparisons test (f–h). ns, no significant dif-
ference. Source data are provided as a Source data file.
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increases in cardiomyocyte number and heart size at adult stage.
However, cardiac functions were unaffected by FoxO3 knockout in 6-
week-old mice (Fig. 3f), indicating that FoxO3 knockout-induced car-
diomyocyte proliferation in neonatal mice might need longer time to
affect cardiac function at adult stage. We therefore further analyzed
the cardiac functions in 12-week-old mice. Histological and morpho-
logical analysis revealed that the overall heart size and heart weight
indices (HW/TL) were increased in CKO mice compared with controls
(Fig. 3g, h). To determine whether FoxO3 knockout increases the total
number of cardiomyocytes, cardiomyocytes were isolated from CKO
and Conmice (12-week-old) using collagenase digestion. Cell counting
revealed a significant increase in the total number of cardiomyocytes
in 12-week-old CKO hearts compared with controls (Fig. 3i, j). More-
over, significant increased cardiomyocytes numbers were detected in

12-week-old CKOmice compared with 2-week-old CKOmice, although
there were no significant differences between 6- and 2-week-old CKO
mice (Fig. 3j). In contrast with CKO mice, no significant differences in
cardiomyocyte numbers were detected in adult (6- and 12-week-old)
controlmicewhen comparedwith 2-week-oldmice (Fig. 3j). Thesedata
imply that the cardiomyocyte number continues to increase from 2- to
12-week-old CKO mice in a lower speed. This was accompanied by the
increased percentage of mononucleated cardiomyocytes and the
decreased percentage of binucleated cardiomyocytes in CKO hearts
(Fig. 3k). Importantly, increased cardiac function was also detected in
CKO mice compared with controls (Fig. 3l). Collectively, these results
demonstrated that FoxO3 knockout promotes the proliferation of
cardiomyocytes at neonatal stage, thereby leading to an increased
cardiomyocyte number and cardiac function at adult stage.

Fig. 3 | FoxO3knockout promotes cardiac function in adultmice. aHW/TL ratio
in control and CKOmice at postnatal week 6 (n = 8mice). b Representative images
of H&E staining of sections from control and CKOhearts at postnatal week 6. c The
qPCR validation of hypertrophic markers including Anp, Bnp, and Myh7 in control
and CKO ventricles at postnatal week 6 (n = 3 hearts). d Representative WGA
staining images (left) and quantification (right) of the size of cardiomyocytes
located in ventricles at postnatal week 6 (total ~700 cells in 6 hearts per group).
e Representative cross section of cTnT staining cardiomyocytes (left) and the
quantification of cardiomyocyte size and density (right) in ventricles at postnatal
week 6 (n = 6 hearts for control and 10 hearts for CKO). f Representative images of
M-model echocardiography (left) and quantification (right) of LVEF and LVFS levels
at postnatal week 6 (n = 10 hearts). g HW/TL ratio in control and CKO mice at

postnatal week 12 (n = 10 mice). h Representative whole images of adult hearts at
postnatal week 12. i Representative images of cardiomyocytes completely dis-
sociated from whole heart in control and CKO mice at postnatal week 12.
jQuantificationof total cardiomyocytes in control andCKOmice from2 to 12weeks
(n = 5 hearts). k Representative images of cardiomyocyte nucleation (left) and
quantification of mononuclear (Mono), binuclear (Bi), and multinuclear (Multi)
cardiomyocytes (right) in control and CKO hearts at postnatal week 12 (n = 3
hearts). l Representative images of M-model echocardiography (left) and quanti-
fication of LVEF and LVFS levels (right) at postnatal week 12 (n = 10 hearts). All data
are presented as the mean ± SEM. P values are from two-tailed t test (a, d–g, l) or
two-way ANOVA followed by Sidak’s multiple comparisons test (c, j, k). ns, no
significant difference. Source data are provided as a Source data file.
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FoxO3 knockout accelerates heart regeneration at
regenerative stage
Increased cardiomyocyte proliferation in CKO neonatal mice prompts
us to ask whether FoxO3 knockout improves heart regeneration.
Firstly, ventricular apex was resected at p1, followed by histological
analysis, cardiomyocyte proliferation, and cardiac function evaluation
at 5 dpr, 14 dpr, and 28 dpr, respectively. We found that FoxO3
knockout significantly increased the HW/TL ratio at 5 dpr (Fig. 4a).
However, the expression of myocardial hypertrophy markers and
proinflammatory factors was not significantly changed in CKO hearts
compared with controls (Supplementary Fig. 5a, b). EdU incorporation
assay revealed that FoxO3 knockout increased the percentage of EdU-
positive cardiomyocytes in apical areas at 5 dpr (Fig. 4b). This was
consistent with an increase in the percentage of Ki67-positive cardio-
myocytes in apical areas inCKOheart comparedwith controls (Fig. 4c).
Consistent with these results at 5 dpr, histological and morphological

analysis revealed that scar size was significantly decreased in CKO
hearts at 14 dpr compared with control hearts (Fig. 4d–f). Moreover,
increased HW/TL ratio was also detected in CKO mice at 14 dpr
(Fig. 4g). We also analyzed cardiomyocyte proliferation by pH3 stain-
ing and found that FoxO3 knockout increased the numbers of pH3-
positive cardiomyocytes in cardiac apical and remote areas (Fig. 4h–k),
which indicates that FoxO3 knockout promotes cardiomyocyte pro-
liferation at 14 dpr. However, no significant difference in coronary
density was detected in CKO heart at 14 dpr compared with controls
(Supplementary Fig. 5c, d). We further extended the repairing period
to 28 dpr, and found that both Con and CKOmice greatly regenerated
the injured heart without fibrosis (Fig. 4l). Moreover, the increased
HW/TL ratio was detected in CKOmice (Fig. 4m), whichmay imply the
improved cardiac function. As expected, left ventricular systolic
function was significantly increased in CKO mice, as evaluated by sig-
nificant increases in left ventricular ejection fraction (LVEF) and

Fig. 4 | FoxO3 knockout promotes heart regeneration in postnatal mice fol-
lowing apical resection at p1. a HW/TL ratio in control and CKO mice at 5 dpr
(n = 9 mice). b Representative images (left) and quantification (right) of EdU+ car-
diomyocytes in control and CKO apical ventricle at 5 dpr (n = 7 hearts).
c Representative images (left) and quantification (right) of Ki67+ cardiomyocytes in
control and CKO apical ventricle at 5 dpr (n = 7 hearts).d, eRepresentativeMason’s
trichrome staining images of cardiac apex (d) and quantification of scar size (e) in
control and CKO hearts at 14 dpr (n = 9 hearts for control and 7 hearts for CKO).
f, g Representative whole images of postnatal hearts (f, arrows denote scar) and
quantification of HW/TL ratio (g) at 14 dpr (n = 7 mice). h–k Representative images

(h, j) and quantification (i, k) of pH3+ cardiomyocytes in the apical (h, i) and remote
(j, k) zone of control and CKO ventricles at 14 dpr (n = 9 hearts for control and 6
hearts for CKO). l,m RepresentativeMasson’s trichrome staining images of cardiac
apex (l) and quantification of HW/TL ratio (m) in control and CKO hearts at 28 dpr
(n = 8 mice). n, o Representative images of M-model echocardiography (n) and
quantification (o) of LVEF and LVFS levels in control and CKOmice at 28 dpr (n = 5
mice for sham and 7 mice for CKO). All data are presented as the mean ± SEM. P
values are from two-tailed t test (a–c, e, g, i, k, m) or two-way ANOVA followed by
Sidak’s multiple comparisons test (o). ns, no significant difference. Source data are
provided as a Source data file.
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fractional shortening (LVFS) levels, although there were no significant
differences in cardiac function between the sham-operated CKO and
control mice (Fig. 4n, o). Taken together, these findings indicate that
the increased cardiomyocyte proliferation and decreased scar size
caused by FoxO3 knockout improves cardiac function, thereby accel-
erating heart regeneration in neonatal mice.

FoxO3 knockout promotes heart regeneration at non-
regenerative stage
To further determine the involvement of FoxO3 in heart regeneration
at the non-regenerative stage, ventricular apex resection was per-
formed in postnatalmice at p8, the timepoint beyond the regenerative
windows of neonatal heart. Samples were then collected and analyzed
at 5 to 49 dpr (Supplementary Fig. 6a). Significant increase in HW/TL
ratio was detected in CKO mice at 5 dpr compared with controls
(Supplementary Fig. 6b). EdU incorporation assay revealed that FoxO3
knockout significantly increased the number of EdU-positive cardio-
myocytes in both apical and remote areas at 5 dpr (Supplementary
Fig. 6c, d), implying increased proliferation of cardiomyocytes in CKO
mice. At 21 dpr, the increased HW/TL ratio was detected in CKO mice
(Supplementary Fig. 6e). Moreover, increased LVEF and LVFS were
detected in CKO mice at 21 dpr compared with controls (Supplemen-
tary Fig. 6f), indicating that FoxO3 knockout promotes left ventricular
systolic function. Histological analysis revealed that scar size in the
cardiac apex at 21 dpr was significantly decreased in FoxO3-deficient
hearts compared with controls (Supplementary Fig. 6g), implying the
accelerated heart regeneration. Consistent with these results, pH3/
cTnT double staining revealed that the percentage of pH3-positive
cardiomyocytes was increased in both apical and remote areas in CKO
hearts compared with controls (Supplementary Fig. 6h, i). We further
extended repairing time to 49 dpr and analyzed cardiac function and
regeneration. As expected, apex resection-induced decreases in car-
diac function in control mice were significantly restored by FoxO3
knockout, as evidenced by increases in both LVEF and LVFS levels in
CKO mice (Supplementary Fig. 6j). In agreement with this result, a
significant decrease in scar size was detected in CKO hearts at 49 dpr
compared with controls (Supplementary Fig. 6k), indicating a pro-
moted regeneration in CKO heart. In addition, cardiomyocyte sizes
were not increased in CKO hearts at 49 dpr compared with controls
(Supplementary Fig. 7), indicating that FoxO3 knockout did not lead to
cardiac hypertrophy.

To confirm above conclusions in apical resection model, myo-
cardial infarction (MI) model was further performed in p8 mice, fol-
lowed by sample collection and analysis at the indicated time points
(Fig. 5a). Ki67 staining revealed that FoxO3 knockout significantly
increased the percentage of Ki67-positive cardiomyocytes in apical
areas at 7 days post-MI (dpM), implying the increased cardiomyocyte
proliferation in CKO mice (Fig. 5b, d). To prove complete cardiomyo-
cyte proliferation, late cell cycle marker pH3 and cytokinesis marker
AurkB were further used in this study. Consistently, the percentage of
pH3-positive cardiomyocytes in apical areas was significantly elevated
by FoxO3 knockout (Fig. 5c, e), indicating that FoxO3 knockout really
promotes the complete proliferation of cardiomyocytes during MI of
p8 mice. AurkB staining showed that the percentage of symmetric
AurkB-positive cardiomyocytes was significantly increased in cardiac
apex in the CKO mice compared with controls, implying the elevated
cytokinesis of cardiomyocytes (Fig. 5f). The increased asymmetric
AurkB-positive cardiomyocytes was also observed in CKO hearts
(Fig. 5g). On the contrary, neither symmetric nor asymmetric AurkB-
positive cardiomyocytes were detected in control hearts at 7 dpM
(Fig. 5f, g). We also revealed that the expression of proinflammatory
factors was not significantly changed in CKO hearts at 7 dpM com-
pared with controls (Supplementary Fig. 8a). Cardiac function analysis
showed a modest increase in LVEF and LVFS levels in CKO mice com-
pared with controls at 14 dpM (Fig. 5h). However, significantly

increased LVEF and LVFS levels were observed in CKOmice compared
with controls at 28 dpM (Fig. 5i), indicating the elevated cardiac
function inCKOmice. In agreementwith the elevated cardiac function,
decreased scar sizes were also detected in CKO hearts at 28 dpM
(Fig. 5j), indicating a promoted regeneration in CKO heart. On the
contrary, αSMA immunostaining revealed that the angiogenesis
capacity was comparable between CKO and control hearts at 28 dpM
(Supplementary Fig. 8b). These data from apex resection andMI injury
models of p8 mice revealed that FoxO3 knockout can really promote
heart regeneration at non-regenerative stage.

To access the pro-regeneration effects of FoxO3 deficiency in
adult hearts, FoxO3fl/fl mice were crossbred with inducible Myh6-
MerCreMer (Myh6MCM) mice to generate FoxO3fl/fl::Myh6MCM mice
(iCKO), of which the cardiomyocyte-specific knockout of FoxO3 could
be induced by tamoxifen administration at the indicated time points.
The Myh6MCM mice were used as control (Con). Adult (8-week-old)
iCKO and Con mice were injected with tamoxifen (50mg/kg, i.p.) for
5 days to induce the cardiomyocyte-specific knockout of FoxO3, fol-
lowed by the permanent ligation of the left anterior descending artery
(LAD) to induce myocardium infarction (MI) injury (Fig. 5k). Con mice
withoutMI injurywere used as sham group. The inducible knockout of
FoxO3 (iCKO) in the injured heart was determined by WB at 7 dpM
(Fig. 5l). Ki67 staining showed that FoxO3 knockout greatly increased
the proliferation of cardiomyocytes in border zone of infarction at 7
dpM, as indicated by the increased percentage of Ki67-positive cardi-
omyocytes (Fig. 5m). To confirm this conclusion, cardiomyocyte pro-
liferation was further determined using immunofluorescent staining
for pH3, a late cell cycle marker. Almost no pH3-positive cardiomyo-
cytes were detected in control hearts at 7 dpM. However, FoxO3
knockout increased the percentage of pH3-positive cardiomyocytes
which indicating the elevated cardiomyocyte proliferation (Fig. 5n).
Moreover,MI-induced cardiomyocyte hypertrophywas suppressed by
FoxO3 knockout at 7 dpM as indicated by the decreased cardiomyo-
cyte size in iCKOhearts (Fig. 5o).We further analyzed the inflammatory
response and revealed that the expression of proinflammatory factors
was not significantly changed in iCKO hearts at 7 dpM compared with
controls (Supplementary Fig. 9a). To further evaluate the effects of
FoxO3 knockout on cardiac function, sham-operated and injuredmice
were subjected to echocardiography analysis from 0 to 28 dpM. Our
data showed that FoxO3 knockout leads to significant increases in
LVEF and LVFS levels at 14 and 28 dpM when compared with control
hearts (Fig. 5p, q). In line with these results, decreased scar size was
also detected in iCKO hearts at 28 dpM when compared with control
hearts (Fig. 5r and Supplementary Fig. 10). In contract, the angiogen-
esis capacity in iCKO heart was comparable with that in control hearts
at 28 dpM (Supplementary Fig. 9b). These findings further validate the
pro-regeneration effect of FoxO3 inactivation in adult heart.

Variations in FoxO3-regulated genes in postnatal hearts
To investigate target genes involved in FoxO3-mediated heart regen-
eration in postnatal mice, ventricles isolated from Con and CKO mice
at p1 and p14 were subjected to RNA-seq analysis. We identified 646
upregulated and 1871 downregulated genes in Con mice at p14 com-
pared with p1 (Supplementary Fig. 11a). Gene ontology (GO) and KEGG
pathway enrichment analysis revealed that heart growth-induced dif-
ferentially expressed (DE) genes in Con postnatal mice were sig-
nificantly enriched for cell cycle-related gene setswhere 80geneswere
specifically identified in postnatal heart at p14 (Supplementary
Fig. 11b, c). At p1, 989upregulated and 1259downregulated geneswere
identified in CKO hearts compared with controls (Supplementary
Fig. 11d). GOandKEGGanalysis revealed that FoxO3 knockout-induced
DE genes in neonatal hearts at p1 were significantly enriched for cell
growth- and cell cycle-related gene sets where 59 genes were specifi-
cally identified in CKO hearts at p1 (Supplementary Fig. 11e, f). At p14,
685 upregulated and 1228 downregulated genes were identified in
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Fig. 5 | FoxO3 knockout improves heart regeneration following MI injury at
non-regenerative stage. a Schematicof sample collection and analysis at indicated
timepoints afterMI surgery atp8.b,dRepresentative images (b) andquantification
(d) of Ki67+ cardiomyocytes in the border zone of infarcted hearts at 7 dpM (n = 3
hearts). c, e Representative images (c) and quantification (e) of pH3+ cardiomyo-
cytes in the border zone of infarcted hearts at 7 dpM (n = 3 hearts).
f, g Representative images (left) and quantification (right) of symmetrical (f) and
asymmetrical (g) AurkB+ cardiomyocytes in the border zone of infarcted hearts at 7
dpM (n = 5 hearts). h, i Representative images of M-model echocardiography (left)
and quantification (right) of LVEF and LVFS levels in control and CKOmice at 14 (h)
and 28 (i) dpM (n = 6 mice for Con and 7 mice for CKO). j Representative Masson’s
trichrome staining images (left) and quantification of scar size (right) at 28 dpM
(n = 6mice). k Schematic of sample collection and analysis at indicated time points
afterMI surgery in adult iCKOmice. lValidation of the inducible knockout of FoxO3

in heart tissues.m,nRepresentative images (left) andquantification (right) of Ki67+

(m) and pH3+ (n) cardiomyocytes in the border zone of infarcted hearts in iCKO
mice at 7 dpM (n = 5 hearts). o Representative WGA staining images (left) and
quantification (right) of cardiomyocyte size in the border zone of infarcted hearts
at 7 dpM (n = 10mice).pQuantificationof LVEF and LVFS levels in control and iCKO
mice from 0 to 28 dpM (n = 10 mice). Control mice without MI injury were used as
shamgroup (n = 6mice).qRepresentative images ofM-model echocardiography in
control and iCKOmice at 28 (P) dpM. r RepresentativeMasson’s trichrome staining
images (left) and quantification of scar size (right) in control and iCKO mice at 28
dpM (n = 10mice). All data are presented as themean± SEM. P values are from two-
tailed t test (d–j, m, n, r), one-way ANOVA followed by Tukey’s multiple compar-
isons test (o), or two-wayANOVA followedbySidak’smultiple comparisons test (p).
Source data are provided as a Source Data file.
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CKO hearts compared with controls (Supplementary Fig. 11g). In
agreement with GO and KEGG data from p1, FoxO3 knockout-induced
DE genes were significantly enriched for cell cycle-related gene sets
where 36 genes were specifically identified in CKO hearts at p14
(Supplementary Fig. 11h, i). These data suggest that cell cycle-
associated genes may play important roles in the regulation of heart
regeneration in a FoxO3-dependent manner. As expected, gene-set
enrichment analysis (GSEA) further revealed that cell cycle and pro-
liferation gene sets are associated with FoxO3-mediated postnatal
heart growth which spanning the regenerative window (Supplemen-
tary Fig. 12). Using qPCR assay, we further confirmed the down-
regulation of several cyclin-dependent kinase inhibitors (CDKN)
including Cdkn2 and Cdkn3 in CKO hearts at p1 and/or p14 compared
with controls (Supplementary Fig. 11j, k). To further determine this
idea in adult heart, the expression of cell cycle-related genes was
examined in 2-month-old CKO mice. The qPCR analysis revealed that
the expression of negative regulators of cell cycle including Cdkn2a,
Cdkn2b, and Cdkn3 in adult heart were significantly reduced by FoxO3
knockout compared with controls, implying the increased prolifera-
tion levels in CKO hearts (Supplementary Fig. 13). These findings
indicate that specific knockout of FoxO3 in cardiomyocytes can reduce
the expression of negative regulators of cell cycle in postnatal hearts.
However, FoxO3 knockout did not influence the expression ofMeis1 in
postnatal heart (Supplementary Fig. 11j, k), which has been demon-
strated to be important for the regulation of postnatal cardiomyocyte
cell cycle arrest15.

It has been demonstrated that sarcomere genes (TNNI3, MYL2,
TNNT2, MYOZ2, TPM1, and ACTC1) and fatty acid oxidation (FAO)
genes (CPT1A, CPT1B, and SLC27A) are crucial for cardiomyocyte
maturation and contraction32,33. We thus analyzed the expression of
these genes using primary cardiomyocytes isolated from control and
CKO mice. We found that two sarcomere genes (TNNT2 and MYOZ2)
and two FAO genes (CPT1A and SLC27A) were upregulated in FoxO3-
deficient cardiomyocytes within postnatal day 14, whereas there
were no significant differences in the expression levels of these
genes between adult wild-type and mutant cardiomyocytes (Supple-
mentary Fig. 14). These findings imply that certain sarcomere and FAO
genes might be influenced by FoxO3 in postnatal rather than in adult
hearts.

Previous study has reported the antagonistic functions between
FoxO1 andFoxM1 inneonatal cardiomyocyte cell cyclewithdrawal, and
demonstrated the requirement of FoxM1 for cardiomyocyte
proliferation34. Moreover, it has been demonstrated that FoxM1 is
required for heart regeneration through transcriptional regulation of
pro-proliferative genes including G2-phase genes (Ccnf and G2e3) and
M-phase genes (Cenpf and Prc1)35. These previous findings imply the
potential mutual antagonism between FoxO3 and FoxM1. This
prompts us to askwhether FoxO3-deficiency-mediated cardiomyocyte
proliferation is contributed by the potential upregulation of FoxM1
under our experimental conditions. To determine the expression of
FoxM1 in cardiomyocytes with or without FoxO3 knockout, primary
cardiomyocytes isolated from control and CKO neonatal mice at p1
were subjected to qPCR assay. We found that FoxO3 deficiency has no
significant effects on the expression of FoxM1 in neonatal cardio-
myocytes. Consistently, the expression levels of FoxM1-dependent cell
cycle genes are comparable between control and FoxO3-deficient
neonatal cardiomyocytes (Supplementary Fig. 15a). To further deter-
mine the expression of FoxM1 and its downstream targets in cardio-
myocytes upon heart injury, we performed apical resection in p1
neonatal mice and isolated primary cardiomyocytes at 5 dpr. Our data
showed that both FoxM1 and its targets expression in cardiomyocytes
were comparable between control and CKO groups (Supplementary
Fig. 15b). Taken together, these results suggest that the increased
proliferation of cardiomyocytes and promoted cardiac regeneration in
FoxO3-deficient mice may be independent of FoxM1 signaling.

SFRP2 contributes to FoxO3-mediated cardiomyocyte
proliferation
To further identify potential target genes involved in FoxO3-mediated
heart regeneration in postnatal mice, downregulated genes in CKO
ventricles at p1 (1259 genes) and p14 (1228 genes) versus controls were
subjected to GO analysis, respectively. Given that FoxO3 deficiency
promotes cardiomyocyte proliferation in vitro (Supplementary Fig. 2)
and in vivo (Figs. 2 and 4), we speculate that negative regulators of
cardiomyocyte proliferation might be downregulated by FoxO3 defi-
ciency. Therefore, we subsequently focused on the gene sets associated
with negative regulation of cell proliferation (NRP) and growth (NRG) in
GO terms from the downregulated genes in CKOventricles at p1 and p14
(Supplementary Tables 1 and 2). NRP- and NRG-related genes from CKO
versus Con ventricles at p1 and p14 were compared. Four potential
target genes including Trp53, Sfrp2, Cdkn2c, andCdkn2dwere screened
by Venn Diagram between different gene sets (Fig. 6a). To elucidate
whether and how FoxO3 regulates the expression of these potential
targets, we analyzed their promoter sequence and identified a series of
FoxO3 binding sites (Supplementary Tables 3–6). The binding site with
the highest score for each target was then analyzed by ChIP-qPCR to
examine the in vivo interaction between FoxO3 and target gene pro-
moters. Primary cardiomyocytes were isolated from sham and injured
control mice at 5 dpr for ChIP-qPCR assay. Among these four potential
targets, our data revealed the interaction between FoxO3 proteins and
the promoters of Trp53, Sfrp2, andCdkn2c insteadofCdkn2d inprimary
cardiomyocytes isolated from sham-operated hearts, as verified by
increases in the relative signals of FoxO3 compared to IgG (Fig. 6b).
Moreover, only Trp53 and Sfrp2 showed decreases in the interaction
with FoxO3 protein in primary cardiomyocytes isolated from injured
heart at 5 dpr compared with cardiomyocytes from sham group
(Fig. 6b), suggesting that FoxO3-mediated expression of Trp53 and
Sfrp2 in cardiomyocytesmay be regulated by the stress of cardiac injury.
Among these four genes, the most enrichment of FoxO3 signal relative
to IgG signal in shamgroupwas detected for Sfrp2 promoter (Fig. 6c). In
addition, we found a moderate decrease in Trp53 expression and a
remarkable decrease in Sfrp2 expression in primary cardiomyocytes
isolated from CKO mice compared with controls (Fig. 6d). These data
suggest that Trp53 and Sfrp2 may be the downstream targets of FoxO3
in regulating cardiomyocyte proliferation. As expected, GSEA analysis
revealed that Trp53 and Sfrp2 pathways were significantly associated
with FoxO3-mediated postnatal heart growth which spanning the
regenerative window (Fig. 6e, f). To further address the effects of FoxO3
on target gene expression, we constructed luciferase reporter plasmids
using target gene promoters which include FoxO3 binding sites.
Reporter gene assay revealed that FoxO3 overexpression greatly pro-
moted relative luciferase activity driven by the promoter of Trp53 and
Sfrp2 (Fig. 6g). Mutation of the consensus FoxO3 binding site with
highest score in the promoter of Sfrp2 attenuated the FoxO3
overexpression-induced increase in luciferase activity (Fig. 6g). How-
ever, the mutation of FoxO3 binding site with highest score in Trp53
promoter (Trp53Δ1) failed to attenuate the luciferase activity induced by
FoxO3 (Fig. 6g). To further determine the effects of other potential
binding sites in Trp53 promoter, we further mutated the other binding
site with the second higher score and constructed the new reporter
plasmid (pTrp53Δ2-GR) for further reporter gene assay. We found that
FoxO3 overexpression-induced increase in luciferase activity could be
reduced by the second mutation (Trp53Δ2) (Fig. 6g). These findings
suggest that the second FoxO3 binding site in Trp53 promoter may be
more critical for Trp53 regulation. In agreement with mouse, FoxO3
binding sites in Trp53 and Sfrp2 promoters could also be predicted in
other organisms including human, frog, and zebrafish, implying the
evolutionary conservation of Foxo3 bindingwith the promoters of these
two targets (Supplementary Fig. 16, Supplementary Tables 7 and 8).

Given that themost enrichment of FoxO3 signal in Sfrp2promoter
(Fig. 6c) and the highest inhibition of Sfrp2 expression in
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FoxO3-deficient cardiomyocytes (Fig. 6d), Sfrp2 was further analyzed
in the following experiments. To determine the effect of Sfrp2 on
cardiomyocyte proliferation, primary cardiomyocytes isolated from
wild-type neonatal mice at p1 were treated with siRNA targeting Sfrp2
(siSfrp2). We found that Sfrp2 knockdown (Supplementary Fig. 17a)
significantly promoted cardiomyocyte proliferation as evidenced by
the increased percentage of Ki67-positive cardiomyocytes (Supple-
mentary Fig. 17b, c). In agreement with this result, downregulation of
Sfrp2 expression (Supplementary Fig. 18) and increase in cardiomyo-
cytes proliferation (Fig. 2) was detected in CKO ventricles when com-
pared with controls. Thus, we supposed that Sfrp2 might be

responsible for FoxO3-medicated cardiomyocyte proliferation. To
further elucidatewhether andhowSfrp2 influences the proliferationof
FoxO3-deficient cardiomyocytes, we overexpressed Sfrp2 using ade-
novirus type 5 (Adv5) in the primary cardiomyocytes isolated from
CKO neonatal mice at p1 (Supplementary Fig. 19). Ki67/cTnT double
staining revealed that the percentage of Ki67-positive cardiomyocytes
was decreased by Sfrp2 overexpression (Fig. 6h), implying the
decreased proliferation of Sfrp2-overexpressing cardiomyocytes.
Consistent with the result, EdU incorporation assay showed that the
percentage of EdU-positive cardiomyocytes was significantly
decreased in Adv5-Sfrp2 group compared with Adv5-NC group

Fig. 6 | Targets screening for FoxO3-mediated cardiac regeneration in
postnatal mice. a RNA-seq identified 4 overlapping genes (Trp53, Sfrp2, Cdkn2c,
and Cdkn2d) between the downregulated gene sets for negative regulation of cell
proliferation (NRP) and growth (NRG) in CKO ventricles versus controls at p1 and
p14. b ChIP-qPCR validation of FoxO3 binding to the promoters of the identified 4
potential targets in primary cardiomyocytes isolated from sham and injured hearts
at 5 dpr (n = 3). c Fold enrichment of FoxO3 signal relative to IgG signal for these 4
potential target promoters in cardiomyocytes isolated from sham-operated hearts
(n = 3). d The qPCR validation of these 4 potential targets expression in control and
CKO cardiomyocytes at 5 dpr (n = 3). e, f GSEA analysis based on the RNA-seq data
revealed that Trp53 and Sfrp2 pathways are associated with FoxO3-mediated
postnatal heart regeneration. g The interactions of FoxO3 with the promoters of

Trp53 and Sfrp2 are evaluated using reporter gene and mutation assay (n = 5).
h–j Primary cardiomyocytes isolated fromCKO neonatal mice at p1 are transfected
with Adv5-NC and Adv5-Sfrp2 adenoviruses for 48 h, followed by immuno-
fluorescent staining for cTnT to verify cardiomyocytes, for proliferation markers
Ki67 (h), EdU (i), and pH3 (j) to verify proliferating activity of cardiomyocytes.
Representative images (left) and quantification (right) of proliferating cardiomyo-
cytes inAdv5-NCandAdv5-Sfrp2 groups are shown (n = 8). All data are presented as
the mean ± SEM. P values are from two-tailed t test (h–j), one-way ANOVA followed
by Tukey’s multiple comparisons test (b, c, g) or two-way ANOVA followed by
Sidak’s multiple comparisons test (d). ns, no significant difference. Source data are
provided as a Source Data file.
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(Fig. 6i). In addition, pH3/cTnT double staining further confirmed that
Sfrp2 overexpression inhibited cardiomyocyte proliferation as evi-
denced by the decreased percentage of pH3-positive cardiomyocytes
(Fig. 6j). These findings suggest that FoxO3 deficiency-induced
increases in cardiomyocyte proliferation can be significantly restored
by Sfrp2 overexpression.

SFRP2 overexpression suppresses heart regeneration in FoxO3-
deficient mice
To further determine the effects of Sfrp2 on heart regeneration in
FoxO3-deficientmice, weoverexpressedSfrp2 inCKOneonatalmiceat
p1 usingAAV9-Sfrp2 and analyzed the cardiomyocyteproliferation and

heart regeneration at 5 and 28 dpr, respectively (Fig. 7a). EdU incor-
poration assay revealed that in vivo overexpression of Sfrp2 (Fig. 7b)
significantly decreased the percentage of EdU-positive cardiomyo-
cytes in ventricular apex at 5 dpr compared with AAV9-NC group
(Fig. 7c, d). Moreover, Ki67/cTnT double staining showed that Sfrp2
overexpression suppressed cardiomyocyte proliferation in ventricular
apex at 5 dpr, as evidenced by the decreased percentage of Ki67-
positive cardiomyocytes in the AAV9-Sfrp2 group (Fig. 7e, f). In line
with these results, histological analysis revealed that scar size was
significantly increased by Sfrp2 overexpression at 28 dpr compared
with AAV9-NC group (Fig. 7g, h). In addition, depraved cardiac func-
tion was detected in Sfrp2-overexpressing hearts at 28 dpr as

Fig. 7 | Sfrp2 overexpression suppresses cardiac regeneration in FoxO3-
deficient postnatal mice. a Schematic of AAV9 virus injection in CKO postnatal
mice at p1, apex resection at p2 (equal to 0 dpr), EdU injection and sample col-
lection at indicated time points. b Representative images of Sfrp2 expression
mediated by AAV9-NC and AAV9-Sfrp2 viruses in postnatal hearts at 5 dpr. Right
panel, magnified confocal images of Sfrp2 expression in left panel. At least three
times each experiment was repeated independently with similar results.
c, d Representative images (c) and quantification (d) of EdU+ cardiomyocytes in the

injured apical ventricles at 5 dpr (n = 7 hearts). e, f Representative images (e) and
quantification (f) of Ki67+ cardiomyocytes in the injured apical ventricles at 5 dpr
(n = 7 hearts). g, h Representative Masson’s trichrome staining images of cardiac
apex (g) and quantification of scar size (h) in AAV9-NC and AAV9-Sfrp2 hearts at 28
dpr (n = 7 hearts). i, j Representative images of M-model echocardiography (i) and
quantification of LVEF (j, left) and LVFS (j, right) in AAV9-NC and AAV9-Sfrp2 hearts
at 28 dpr (n = 7 hearts). All data are presented as themean ± SEM. P values are from
two-tailed t test (d, f, h, j). Source data are provided as a Source data file.
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demonstrated by the decreased LVEF and LVFS values when compared
with AAV9-NC groups (Fig. 7i, j). Taken together, these findings sug-
gest that Sfrp2 overexpression suppresses the accelerated heart
regeneration in FoxO3-deficient mice.

FoxO3 deficiency promotes Wnt/β-catenin signaling activation
by suppressing Sfrp2 in cardiomyocytes
It is well known that secreted frizzled-related protein 2 (Sfrp2) is the
inhibitor of canonical Wnt/β-catenin signaling. As expected, GSEA
analysis further revealed that Wnt signaling is significantly associated
with FoxO3-mediated postnatal heart growth which spanning the
regenerative window (Supplementary Fig. 20). This implies that
canonical Wnt/β-catenin pathway may be involved in FoxO3/Sfrp2-
mediated regulation of heart regeneration in postnatal heart. To
determine the effects of FoxO3 on the expression of Sfrp2 and β-
catenin, primary cardiomyocytes isolated from control and CKO neo-
natal mice at p1 was subjected to western blotting assay. Our data
showed that FoxO3 knockout greatly reduced the production of Sfrp2.
On the contrary, β-catenin production in cardiomyocytes was
increased by FoxO3 knockout (Fig. 8a, b). These data imply that FoxO3
might negatively control β-catenin production in cardiomyocytes by
promoting Sfrp2 expression. In consistent with primary cardiomyo-
cytes, decreased Sfrp2 and increased β-catenin production were also
detected in the FoxO3-deficient HL-1 cell line compared with control
cells (Fig. 8c, d). Moreover, the transcriptional activity of endogenous
β-catenin was measured by TOP-Flash reporter (Red Firefly luciferase)
assays. Increased relative firefly luciferase activity was detected in the
FoxO3-deficient HL-1 cells compared with controls (Fig. 8e), which

indicating that FoxO3 knockdown significantly promotes β-catenin
transcriptional activity.

To further determine whether Sfrp2 influences FoxO3-regulated
proliferation of HL-1 cells, we overexpressed Sfrp2 using Adv5 ade-
novirus in the FoxO3-deficient HL-1 cells. In consistent with primary
cardiomyocytes from CKO mice (Fig. 6h–j), we found that Sfrp2
overexpression inhibited the proliferation of FoxO3-deficient HL-
1 cells as proved by the decreased percentage of EdU-positive cells and
total cell density (Fig. 8f, g). Moreover, cell counting assay also
revealed the decreased proliferation in Sfrp2-overexpressing cells
compared with controls (Fig. 8h). To determine the influence of Sfrp2
on β-catenin activity, the expression and transcriptional activity of β-
catenin were further examined in the FoxO3-deficient HL-1 cells with
and without overexpression of Sfrp2. As expected, Sfrp2 over-
expression significantly suppressed the expression and nuclear loca-
lization of β-catenin as indicated by the decreased percentage of β-
catenin-positive nuclei (Fig. 8i). In agreement with this result, TOP-
Flash reporter assay further revealed the decreased transcriptional
activity of β-catenin in Sfrp2-overexpressing cells (Fig. 8j). These
findings suggest that FoxO3 deficiency promotes β-catenin signaling
activation by suppressing Sfrp2 in cardiomyocytes, implying the
involvement of canonical Wnt/β-catenin pathway.

To further determine whether β-catenin-independent non-
canonical Wnt signaling is activated in FoxO3-deficient cardiomyo-
cytes,we examined the activation of JNK (the planar cell polarity (PCP)-
dependent non-canonical Wnt pathway) and CaMKII (the Ca2+-depen-
dent non-canonical Wnt pathway)36 in primary cardiomyocytes iso-
lated from CKO and control neonatal mice. We found that the

Fig. 8 | FoxO3 knockout enhances the activation of Wnt/β-catenin pathway by
suppressing Sfrp2 in cardiomyocytes. a, b Representative images (a) and quan-
tification of western blotting for Sfrp2 (b, left) and β-catenin (b, right) expression in
primary cardiomyocytes isolated from neonatal mice at p1 (n = 3 mice).
c Representative images (left) and quantification (right) of immunofluorescent
staining for Sfrp2 in control and FoxO3-deficient HL-1 cells (n = ~600 cells from 8
experiments). d Representative images (left) and quantification (right) of immu-
nofluorescent staining for β-catenin in control and FoxO3-deficient HL-1 cells
(n = 8). e The relative activation of β-catenin is evaluated in control and FoxO3-

deficient HL-1 cells using TOP-Flash reporter assay (n = 5). f, g Representative
images (f) and quantification of EdU+ HL-1 cells (g, left) and density (g, right) in
control and Sfrp2-overexpressing cells (n = 10). h Cell counting assay for control
and Sfrp2-overexpressing HL-1 cells (n = 5). i Representative images (left) and
quantification (right) of immunofluorescent staining for β-catenin in control and
Sfrp2-overexpressing HL-1 cells (n = 6). j The relative activation of β-catenin is
evaluated in control and Sfrp2-overexpessing HL-1 cells using TOP-Flash reporter
assay (n = 5). All data are presented as themean ± SEM. P values are from two-tailed
t test (b–e, g–j). Source data are provided as a Source data file.
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phosphorylation of JNK and CaMKII in FoxO3-deficient cardiomyo-
cytes was comparable with that in control cells (Supplementary
Fig. 21a, b), implying that non-canonical Wnt signaling may be not
involved in the phenotypes mediated by FoxO3-Sfrp2 axis in cardio-
myocytes. Previous studies have reported that several Wnt ligands
including Wnt137, Wnt2b38, and Wnt10b39 may be involved in cardiac
repair and regeneration. To determine whether these Wnt ligands are
involved in the FoxO3-Sfrp2 axis-mediated phenotypes under our
experimental conditions, we examined the expression ofWnt1,Wnt2b,
and Wnt10b in cardiomyocytes with Sfrp2 silencing. Our data showed
that Sfrp2 knockdown has no significant impact on the expression of
these three Wnt ligands (Supplementary Fig. 21c, d). To analyze the
potential Wnt ligands binding to Sfrp2, we predicted the structure of
mouse Sfrp2 and 19 Wnt ligands using AlphaFold3 and calculated the
binding affinities between Sfrp2 andWnt ligands using HDOCK server.
Among the 19Wnt ligands, the prediction data showed thatWnt8a and
Wnt4 are the top2 ligandswith higher binding affinity for Sfrp2 protein
(Supplementary Fig. 21e). We thus examined the expression of these
two Wnt ligands in primary cardiomyocytes with Sfrp2 silencing, and
found that Sfrp2 silencing significantly increased the production of
Wnt8a instead of Wnt4 (Supplementary Fig. 21f, g). These data imply
that Sfrp2 may negatively regulate Wnt8a in cardiomyocytes.

Disturbance of endogenous Sfrp2 and β-catenin attenuates
cardiomyocyte proliferation in CKO mice
To determine whether downregulation of endogenous Sfrp2 in CKO
heart contributes to cardiomyocyte proliferation in vivo, we over-
expressed Sfrp2 in CKOmice by injecting AAV9-Sfrp2 viruses at p1 and
performed MI surgery at p8, the time point beyond the regenerative
windows of neonatal heart. AAV9-NC virus was used as negative con-
trol. Cardiomyocyte proliferation in infarct border zone was then
analyzed by immunofluorescent staining at 7 dpM (Fig. 9a). Successful
overexpression of Sfrp2 in heart tissue at p8 was validated by western
blotting validation (Fig. 9b). Ki67 staining showed that Sfrp2 over-
expression significantly suppressed cardiomyocyte proliferation, as
determined by the decreased percentage of Ki67-positive cardio-
myocytes in AAV9-Sfrp2 group compared with AAV9-NC group
(Fig. 9c). In consistent with this result, the percentage of pH3-positive
cardiomyocytes was significantly decreased by Sfrp2 overexpression
(Fig. 9d), indicating that Sfrp2 overexpression really blocks the com-
plete proliferation of cardiomyocytes induced by FoxO3 knockout.
These findings suggest that the endogenous downregulation of Sfrp2
indeed contributes to the increased proliferation of cardiomyocytes
during heart regeneration of CKO mice at non-regenerative stage.

To confirm the effect of increased endogenous β-catenin on heart
regeneration of CKO mice at non-regenerative stage, we inhibited β-
catenin expression in CKOmice by injecting AAV9-shRNA targeting β-
catenin (AAV9-shβCat) at p1. AAV9-shNC virus was used as negative
control. TheMI surgery was performed at p8, followed by analysis at 7
and 28 dpM (Fig. 9e). Our data showed that β-catenin knockdown
(Fig. 9f) significantly decreased the percentage of Ki67-positive car-
diomyocytes at 7 dpM compared with AAV9-shNC group (Fig. 9g). In
agreement with Ki67 staining, pH3 staining revealed that β-catenin
knockdown greatly suppressed cardiomyocyte proliferation in CKO
heart at 7 dpM, as demonstrated by the decreased percentage of pH3-
positive cardiomyocytes in AAV9-shβCat group compared with AAV9-
shNC group (Fig. 9h). In consistent with these results, Masson’s stain-
ing showed that β-catenin knockdown increased the scar sizes in CKO
hearts at 28 dpM (Fig. 9i and Supplementary Fig. 22), indicating a
reduced regeneration in CKO heart. Consistently, significantly
decreased LVEF and LVFS levels were observed in β-catenin-deficient
CKO mice compared with controls at 28 dpM (Fig. 9j), indicating the
deteriorated cardiac dysfunction. These findings suggest that endo-
genous β-catenin is a mediator of FoxO3 in regulating heart regen-
eration at non-regenerative stage. To further determine whether

β-catenin knockdown counteract the pro-proliferation effect of FoxO3
inactivation in adult hearts, AAV9-shβCat and control viruses were
injected into adult CKO mice for 2 weeks, followed by MI surgery and
cardiomyocyte proliferation determination at 7 dpM (Supplementary
Fig. 23a). Our data showed that β-catenin knockdown (Supplementary
Fig. 23b, c) significantly suppressed cardiomyocyte proliferation in
adult CKO heart, as determined by the decreased percentage of Ki67-
and pH3-positive cardiomyocytes in AAV9-shβCat group compared
with that in AAV9-NC group (Supplementary Fig. 23d, e). These find-
ings suggest that the endogenous β-catenin contributes to cardio-
myocyte proliferation in FoxO3-deficient adult heart. Taken together,
our results indicate that downregulation of Sfrp2 caused by FoxO3
inactivation activates canonical Wnt/β-catenin pathway, which upre-
gulates the expression of genes required for cardiomyocyte pro-
liferation, thereby promoting heart regeneration in mice (Fig. 9k).

Discussion
In the present study, we provided in vitro and in vivo evidence
demonstrating the functional importance of FoxO3 in regulating car-
diomyocyte proliferation and heart regeneration in postnatal mice
upon injury. We found that FoxO3 expression is higher in adult car-
diomyocytes than that in neonatal ones.Moreover, FoxO3 activity was
reduced in neonatal heart upon injury. FoxO3 deficiency promoted
cardiomyocyte proliferation and accelerated heart regeneration in
postnatal mice. Our data demonstrated that FoxO3 negatively reg-
ulates cardiomyocyte proliferation and heart regeneration by pro-
moting Sfrp2 expression, which leading to the inactivation of
canonical Wnt/β-catenin pathway.

FoxO3 is one of ForkheadboxO (FoxO) subfamily of transcription
factors and is involved in a variety of cellular processes including
oxidative stress response, metabolism, apoptosis, and proliferation in
different cell types40. Previous studies have demonstrated that FoxO3
plays important roles in cardiovascular diseases. Mice globally lacking
FoxO3 are viable but develop cardiac hypertrophy at adult stage23,26,
implying that FoxO3 is essential for the integrity and function of heart.
However, cardiomyocyte-specific activation of FoxO3 in adult mice
resulted in a decrease in heart weight and a reduction in stroke volume
and cardiac output through reducing the size of cardiomyocytes27. In
contrast, activation of FoxO3 protected cardiomyocyte survival under
conditions of oxidative stress through induction of antioxidants and
cell survival pathways24. These data suggest that the function of FoxO3
is complicated in hearts. However, the potential functional importance
of FoxO3 and the underlying mechanism during heart regeneration
remain largely unclear and need to be further elucidated. FoxO3 is the
central mediator of the pro-proliferative PI3K/AKT pathway in which
AKT phosphorylation results in inactivation, nuclear exclusion, and
subsequent degradation of FoxO329. In this study,we found that FoxO3
predominantly located in the nuclei of cardiomyocytes, but its
expression was upregulated in adult heart compared to neonatal heart
(Supplementary Fig. 1). Given that the cardiac regeneration capacity in
postnatal mice markedly decreases with growth and completely dis-
appears by p7, the expression profile of FoxO3 is contrary to the
capacity of cardiac regeneration in postnatal mice. Moreover, FoxO3
phosphorylation and expression were increased by injury in neonatal
hearts (Fig. 1), suggesting that FoxO3 activity was decreased during
neonatal heart regeneration. FoxO3 deficiency increased the capacity
of cardiomyocyte proliferation and heart regeneration in neonatal
mice (Figs. 2–4). In addition, increased cardiomyocyte proliferation
and improved heart regeneration were also observed in FoxO3-
deficient mice that was injured beyond the regenerative windows,
implying that FoxO3 deficiency could promote heart regeneration in
postnatal mice at a non-regenerative stage (Fig. 5 and Supplementary
Fig. 6). These findings indicate that FoxO3 might negatively control
cardiomyocyte proliferation and heart regeneration in postnatal mice.
This idea is consistent with the previous reports showing that FoxO3
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inhibits cell proliferation in different cell types. A previous study has
reported that FoxO1 and FoxO3 are expressed in the developing
myocardium concomitant with increased cyclin kinase inhibitor
expression from embryonic to neonatal stages18. Moreover, it has been
reported that FGF10 knockout inhibits cardiomyocyte proliferation via
upregulation of p27 through reducing FoxO3 phosphorylation41. The
proliferation of lung fibroblasts was significantly suppressed by the
treatment of UCN-01 (7-hydroxystaurosporine), a FoxO3 activator
which can inhibit the phosphorylation and translocation of FoxO342.

Using RNA-seq, we identified Sfrp2 as one of downstream targets
of FoxO3duringheart injury and regeneration. Thisfindingwas further

verified by ChIP-qPCR and luciferase reporter gene assays. Mechan-
istically, our data demonstrate that FoxO3 inhibits canonical Wnt/β-
catenin signaling in cardiomyocytes by controlling the expression of
Sfrp2 (Figs. 6–8, and Supplementary Figs. 17–19). It is well known that
the secreted frizzled-related protein 2 (Sfrp2), a canonical Wnt inhi-
bitor, can compete with Fzd receptor for Wnt binding and prevent the
activation of canonical Wnt/β-catenin pathway43. Previous study has
demonstrated that Sfrp2 inhibits the proliferation of cardiac pro-
genitor cells by binding to Wnt6 and suppressing Wnt/β-catenin
canonical pathway44. In consistentwith this report, we found that Sfrp2
knockdown promotes the proliferation of primary cardiomyocytes

Fig. 9 | Disturbance of endogenous Sfrp2 and β-catenin attenuates cardio-
myocyte proliferation in CKOmice. a Schematic of Sfrp2 overexpression, MI
induction, and histological analysis in CKO hearts. bWestern blotting validation of
Sfrp2 overexpression in CKO hearts at p8 (n = 3 hearts). c, d Representative images
(left) and quantification (right) of Ki67+ (c) and pH3+ (d) cardiomyocytes in the
border zone of infarcted hearts at 7 dpM (n = 3 hearts). e Schematic of β-catenin
knockdown, MI induction, and histological analysis in CKO hearts. f Western blot-
ting validation of β-catenin knockdown in CKO hearts at p8 (n = 3 hearts).
g, h Representative images (left) and quantification (right) of Ki67+ (g) and pH3+ (h)

cardiomyocytes in the border zone of infarcted hearts at 7 dpM (n = 3 hearts).
i Representative Masson’s trichrome staining images (left) and quantification of
scar size (right) at 28 dpM (n = 8 mice for shNC and 9 mice for shβCat).
j Representative images of M-model echocardiography (left) and quantification
(right) of LVEF and LVFS levels at 28 dpM (n = 9 mice). k The general view of how
FoxO3 controls cardiomyocyte proliferation and heart regeneration through reg-
ulating Sfrp2 expression and β-catenin activation. The graphic was created using
BioRender.com. All data are presented as the mean± SEM. P values are from two-
tailed t test (b–d, f–j). Source data are provided as a Source Data file.
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isolated fromneonatalmice (Supplementary Fig. 17).Moreover, FoxO3
knockout specifically in cardiomyocytes led to Sfrp2 downregulation
(Supplementary Fig. 18). In addition, Sfrp2 overexpression inhibits
cardiomyocyte proliferation and heart regeneration in the FoxO3-
deficient mice model (Figs. 6 and 7). These findings indicate that
FoxO3 negatively regulates cardiomyocyte proliferation and heart
regeneration in postnatal mice at least in part by controlling Sfrp2
expression. In contrast with our observation, it has been reported that
the Sfrp2 released by the Akt-MSC mediates myocardial survival and
repair after ischemic injury in rats45. They found that the conditioned
medium collected from Akt-MSCs treated with siRNA against Sfrp2
reduces the protection of myocardial injury in vitro and in vivo when
compared with those of untreated Akt-MSC-conditioned medium45.
Moreover, the same group also revealed that exogenously adminis-
tered Sfrp2 reduces fibrosis and improves cardiac function in a rat
model of myocardial infarction46. They showed that Sfrp2 can inhibit
procollagen maturation in cardiac fibroblasts by suppressing Bmp1
activity46. Theseprevious reports suggest that exogenousSfrp2maybe
beneficial for repairing the damaged heart. For the discrepancies
between our paper and theirs, there are several possible reasons. First,
the experimental conditions are very different between our study and
theirs. They revealed the importance of Sfrp2 as a major mediator of
Akt-MSCs-mediated paracrine protection and as an inhibitor of pro-
collagen maturation in cardiac fibroblasts, whereas our study showed
the involvement of Sfrp2 in FoxO3-mediated cardiomyocyte pro-
liferation and regeneration. Second, they examined the effects of
exogenous Sfrp2 on cardiac function, while we revealed the functional
importance of endogenous Sfrp2 in cardiomyocytes. Third, they used
a rat model, while a mouse model was used in our study. In fact, the
important roles of Sfrp2 in heart have been proposed in several pre-
vious studies. It has been reported that Sfrp2 inhibits cardiomyogenic
differentiation of murine embryonic stem cells by suppressing Wnt3a
transcription as well as β-catenin activity47. In contrast, a recent study
reported that Sfrp2 can switch the fate ofmultipotent cKit+ cells which
typically differentiate into endothelial cells but not cardiomyocytes,
and promote their differentiation into cardiomyocytes48. These pre-
vious studies suggest that the function of Sfrp2 in heart may be
pleiotropic under different conditions.

In mammals, the Wnt family of ligands consists of 19 glycopro-
teins that can be classified into two main modes: the canonical path-
way,whichprevents the degradation ofβ-catenin and allowsβ-catenin-
dependent transcriptional regulation to occur, and the non-canonical
pathway, which involves β-catenin-independent downstream signaling
and can be broadly divided into the planar cell polarity (PCP) pathway
and the Ca2+-dependent pathway49–51. We found that FoxO3 knockout
has no significant impacts on the phosphorylation of JNK and CaMKII
(Supplementary Fig. 21a, b), indicating that non-canonical Wnt sig-
naling might be not involved in the phenotypes mediated by FoxO3-
Sfrp2 axis in cardiomyocytes. Wnt/β-catenin signaling plays important
roles during heart development and its activation is increased in
response to cardiac injury in vertebrates52. It has been demonstrated
that Wnt/β-catenin pathway activation by 6-bromoindirubin-3’-oxime
(BIO), a specific pharmacological inhibitor of glycogen synthase
kinase-3 (GSK-3), promotes the proliferation of neonatal mammalian
cardiomyocytes in vitro53 and improves cardiac function in vivo54.
Moreover, inhibition of GSK3β results in nuclear translocation and
activation of β-catenin, thereby promoting cardiomyocyte prolifera-
tion and cardiac repair inmice and zebrafish55. In agreementwith these
previous studies, our data showed that in vitro and in vivodeficiency of
FoxO3 suppressed Sfrp2 and promotes β-catenin expressions in car-
diomyocytes (Fig. 8a–d), which was accompanied by the increased
activation of β-catenin as demonstrated by TOP/FOP Flash reporter
assay (Fig. 8e). Moreover, Sfrp2 overexpression can inhibit β-catenin
expression and its activation in FoxO3-deficient cardiomyocytes
(Fig. 8i, j). Importantly, interfering with the downregulated Sfrp2 and

increased β-catenin in CKO hearts can significantly blocked the car-
diomyocyte proliferation induced by FoxO3 knockout at non-
regenerative stage (Fig. 9b–h). These findings indicate that FoxO3
deletion enhanced cardiomyocyte proliferation and heart regenera-
tion in neonatal mice, at least in part, through downregulating Sfrp2
expression and subsequently activating canonical Wnt/β-catenin sig-
naling. Although we did not determine the direct binding between
Sfrp2 and Wnt ligands, our data revealed that β-catenin is one of
effector of FoxO3-Sfrp2 axis-mediated cardiomyocyte proliferation
and heart regeneration. Importantly, the prediction data (Supple-
mentary Fig. 21e) and Sfrp2-mediated Wnt8a production (Supple-
mentary Fig. 21f, g) suggest that the canonical Wnt8a/β-catenin may
contribute to the phenotypes induced by FoxO3-Sfrp2 axis under our
experimental conditions. In fact, functional interaction between β-
catenin and FoxO3 has been demonstrated in mammalian cells and in
Caenorhabditis elegans response to stress56. Moreover, deletion of
FoxO members including FoxO3 increases proliferation of osteopro-
genitor cells and bone formation by upregulating Wnt/β-catenin
pathway57.

In summary, our data show that FoxO3 activity is decreased
during postnatal heart regeneration upon injury, which is corre-
lated with an increase in cardiomyocyte proliferation as well as
decrease of negative regulators of proliferation and cell cycle.
Using loss-of-function genetic experiments in mice, we demon-
strate that FoxO3 knockout promotes cardiomyocyte proliferation
and heart regeneration in postnatal mice, at least in part, through
downregulating Sfrp2 and subsequently activating the canonical
Wnt/β-catenin signaling (Fig. 9k). Our data suggest that FoxO3 is a
key regulator of cardiomyocyte proliferation, which is sufficient to
control the cardiac regeneration in postnatal mice. A deeper
understanding of the mechanism by which FoxO3 regulates cardi-
omyocyte proliferation and cardiac regeneration may provide
novel insights into elucidating themolecular mechanism of cardiac
damage and repair.

Methods
Cell culture
HL-1 cardiomyocyte cell line (mouse)was obtained fromSigma-Aldrich
(USA). HL-1 cells were cultured in Claycomb media (Sigma-Aldrich,
USA) supplementedwith 10% fetal bovine serum (Gibco, USA), 100μM
norepinephrine (Sigma-Aldrich, USA), 2mM glutamine (Gibco, USA), 5
units/mL penicillin and 5 µg/mL streptomycin (Gibco, USA), at 37 °C in
a 5% CO2 incubator. Culture medium was replaced every 2 days and
cells were passaged when they reached 80% confluence. Cells were
mycoplasma negative through treatment with LookOut® Mycoplasma
Elimination Kit (Sigma-Aldrich). Gene silencing was achieved by
transfecting predesigned siRNA duplexes (Supplementary Table 9)
designed and synthesized by RiboBio (Guangzhou, China).

Establishment of stable FoxO3 knockdown cells
The shRNA-expressing lentiviral vector pLOX-U6-Puro58 was used to
establish the stable FoxO3 knockdown cells. Stable knockdown of
FoxO3 gene in HL-1 cells was achieved by short-hairpin RNA (shRNA)
delivery using lentivirus. FoxO3 specific shRNA or negative control
were cloned into pLOX-U6-Puro vectors22. Lentiviral vectors and
packaging vectors (pCMVR8.74 (#22036) and pMD2.G (#12259),
Addgene) were co-transfected into HEK 293T cells using the LipoFi-
terTM Liposomal Transfection Reagent (Hanbio Biotechnology,
Shanghai, China) to generate viruses. The viral supernatant was con-
centrated with the Lenti Virus Concentration Reagent (Biomiga, CA,
USA) and used to infect HL-1 cells. Infected HL-1 cells were selected by
puromycin and expanded to form a stable sub-line. Knockdown effi-
ciency was confirmed at bothmRNA and protein levels. Stable cell line
generated by FoxO3-shRNA and negative shRNA were named as
shFoxO3 cells and shNC cells, respectively.

Article https://doi.org/10.1038/s41467-025-57962-9

Nature Communications |         (2025) 16:2532 15

www.nature.com/naturecommunications


Overexpression vector construction
Total RNA was isolated using RNeasy kit (Qiagen, Valencia, CA, USA)
from HL-1 cells according to the manufacture’s instruction. The cDNA
was transcribed from total RNA using SuperScript III Reverse Tran-
scriptase (Roche, USA). The coding sequence (CDS) of FoxO3
(NM_015760.5) ware amplified by the KOD-Plus-Neo Kit (Toyobo,
Japan) and cloned into the pcDNA3.1 expression vector to construct
the pcDNA-FoxO3 plasmid. Constructed overexpression plasmid
pcDNA-FoxO3 was used to explore the effect of FoxO3 on luciferase
reporter gene as below described.

Adeno-associated virus 9 (AAV9) and adenovirus type 5 (Adv5)
production
The full-length CDS of Sfrp2 (NM_009144.2) was amplified using the
cDNA template fromHL-1 cells as abovedescribed. The amplified Sfrp2
cDNA sequence was cloned into AAV9- and Adv5-expressing plasmids
driving by the cardiomyocyte-specific cTnT promoter to package and
generate AAV9-cTnT-Sfrp2 (AAV9-Sfrp2) and Adv5-cTnT-Sfrp2 (Adv5-
Sfrp2) viruses (DongBio.Co.Ltd, Shenzhen, China), respectively. Viru-
ses packaged with empty plasmids (AAV9-NC and Adv5-NC) served as
negative controls for AAV9-Sfrp2 and Adv5-Sfrp2, respectively. To
overexpress Sfrp2 specifically in myocardium in vivo, AAV9 virus was
subcutaneously injected into neonatal mice at postnatal day 1 (p1) at a
dose of 5 × 1010 V.G./mouse. To overexpress Sfrp2 in vitro, primary
cardiomyocytes and HL-1 cells were infected with Adv5 virus (1 × 1010

PFU/mL) at a multiplicity of infection (MOI) of 50.

Animals
All animal experiments were performed in accordance with institu-
tional guidelines and with the approval of the Institutional Animal
Care and Use Committee of Jinan University (IACUC-20210611-03).
Mice were housed in a specific pathogen-free (SPF) animal facility at
Jinan University under a 12-h light/dark cycle, a temperature range of
25 ± 1 °C, and a humidity of 50 ± 5%. Animal health was monitored
according to the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) guidelines. FoxO3-LoxP-targeted
(FoxO3fl/fl) mice (C57BL/6 background)21,22 were created by Cyagen
Biosciences (Suzhou, China). The exon 3 region of the FoxO3 gene
was flanked by LoxP sites and deleted upon Cre-mediated recombi-
nation (Fig. S3A). FoxO3fl/fl mice and Myh6-Cre transgenic line
(Jackson Laboratory, stock number 011038) were genotyped using
specific PCR primers including FoxO3fl-Forward (5’-CAG CCG GTT
CAT CAG AGT TTT ACC-3’), FoxO3fl-Reverse (5’-CTA TCA ACG AGG
TAG TGA TCT AAG AAC ATG C-3’), 9543 (5’-ATG ACA GAC AGA TCC
CTC CTA TCT CC-3’), and 9544 (5’-CTC ATC ACT CGT TGC ATC ATC
GAC-3’)21. The FoxO3fl/fl mice were crossed with Myh6-Cre mice to
generate FoxO3fl/fl::Myh6-Cre mice (CKO) with cardiomyocyte-
specific knockout of FoxO3. Age-matched Myh6-Cre mice with nor-
mal expression of FoxO3 were used as control mice (Con).

Apical resection surgeries were performed on neonatal mice at
postnatal day 1 (p1) or p8, followed by heart collection at indicated time
points. In brief, neonatal mice were anesthetized by cooling on an ice
bed for 4min. Lateral thoracotomy was then performed by blunt dis-
section of the intercostal muscles following skin incision. After expos-
ing the left ventricular chamber, iridectomy scissorswere used to resect
the apex of neonatal hearts. Following apical resection, neonates were
removed from the ice bed, thoracic wall incisions were sutured with 7-0
non-absorbable silk suture, and the skin wound closed using skin
adhesive. Sham-operated mice underwent the same procedure without
apical resection. Neonates were then placed under a heat lamp and
warmed for several minutes until recovery. In addition, myocardium
infarction (MI) injury in postnatal (p8) and adult mice (2-month-old)
was also induced by permanent ligation of the left anterior descending
artery (LAD). In brief, p8 and adult mice were anesthetized by cooling
and pentobarbital sodium (i.p., 90mg/kg, Sigma-Aldridge),

respectively. The left thoracic region was then shaved and sterilized.
The heart was exposed through a left thoracotomy after intubation. The
LAD was permanently ligated using a suture. The thoracotomy and skin
were then sutured closed in layers. After removal of the excess air from
the thoracic cavity, the mouse was removed from ventilation when
normal breathing was established. At indicated time points after sur-
gery, the anesthetized mice were then euthanized by cervical disloca-
tion, and the hearts were extracted for detection of various indicators.
Moreover, FoxO3fl/fl mice were also crossbred with inducible
cardiomyocyte-specific Cre mice (Myh6MCM) to generate FoxO3fl/

fl::Myh6MCM mice (iCKO), of which the cardiomyocyte-specific knockout
of FoxO3 could be induced by tamoxifen administration at the indi-
cated time points. Adult (8-week-old) iCKO mice were injected with
tamoxifen (50mg/kg, i.p.) for 5 days to induce the cardiomyocyte-
specific knockout of FoxO3, followed by the permanent ligation of the
left anterior descending artery (LAD) to induce myocardium infarction
(MI) injury. Bothmale and female C57BL/6Jmicewere used for neonatal
heart injury experiments. For experiments using adult animals, male
micewere used in this study. All animalswere randomly distributed into
different groups according to the detailed animal experiments.

Echocardiograph
Animals with or without heart injury were anesthetized with 1–2%
isoflurane and subjected to echocardiography analysis at indicated
time points. Cardiac function was evaluated using the Vevo® 2100
ultrasound system (Visualsonics, Toronto, Canada) equipped with a
high-frequency (30MHz) linear array transducer. Parasternal long-axis,
short-axis, and two apical four-chamber views were used to obtain
2-dimensional and M-mode images. The ejection fraction (EF) and
fractional shortening (FS) were calculated by the Vevo® 2100 ultra-
sound system automatically.

Primary cardiomyocytes isolation, nucleation, and transfection
To isolate primary cardiomyocytes, fresh mice hearts were harvested
and immediately fixed in 4% PFA/PBS at 4 °C for 4 h. The whole hearts
were subsequently incubated with collagenase IV (2.4mg/ml, Sigma)
and II (1.8mg/ml, Sigma) for 12 h at 37 °C. The supernatant was col-
lected and spun down in 500 rpm for 2min to yield the cardiomyo-
cytes. The remaining hearts were then minced to smaller pieces and
the procedure was repeated until no more cardiomyocytes were dis-
sociated from the hearts. The cardiomyocytes were stained with DAPI
for nucleation counts. For nucleation, a total of about 1000 cardio-
myocytes were counted per heart. Knockdown and overexpression of
target genes in primary cardiomyocytes were induced by siRNAs
transfection and Adv5-mediated expression, respectively. For cardio-
myocytes count, we averaged 2 different counts/sample and 3–6
hearts/group using a hemocytometer.

Histology
Mice were sacrificed and weighed to obtain total body weight (BW) at
indicated time points. The heart was then harvested and weighed to
obtain heart weight (HW) and HW/BW ratio. Harvested hearts were
fixed in 4% paraformaldehyde (PFA)/PBS solution overnight at room
temperature, dehydrated in an ethanol series, and then processed for
paraffin embedding. Paraffin sections were cut in 5 μm thickness.
Sections were subjected to Masson’s trichrome and Hematoxylin/
eosin (H&E) staining according to standard procedures. Fibrotic scar
size was measured using the CaseViewer version 2.1 software (3DHIS-
TECH, Hungary). The whole images of hearts were captured by Leica
M205FA stereo fluorescence microscope to visualize the apex regen-
eration at indicated time points.

Immunofluorescence staining
Hearts were embedded in paraffin and cut in 5 μm sections, depar-
affinized, rehydrated, and antigen retrieval. Sectionswere permeabilized
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with 0.5% Triton X-100/PBS and then blocked with 5% goat serum
(Jackson ImmunoResearch Laboratories, USA) for 1 h at room tem-
perature, and incubated with primary antibodies overnight at 4 °C. After
washing with PBS, sections were incubated with corresponding sec-
ondary antibodies conjugated to fluorescence for 1 h at room tem-
perature, followed by counterstaining with DAPI (Sigma). Primary
antibodies are follows: anti-FoxO3 (CST, #2497, 1:200), anti-Ki67
(Abcam, ab16667, 1:250), anti-phospho-Histone H3 (pH3) (CST,
#53348S, 1:400), anti-aurora kinase B (AurkB) (Abcam, ab2254, 1:200),
and anti-Cardiac Troponin T (cTnT) (ThermoFisher, MA512960, 1:200).
Secondary antibodies used are following: Alexa Fluor 488 goat anti-
mouse IgG (Jackson ImmunoLabs, 115-545-071, 1:200), Alexa Fluor 488
goat anti-rabbit IgG (Jackson ImmunoLabs, 111-545-003, 1:200), Cy3-
conjugated Affinipure Goat anti-mouse IgG (Proteintech, SA00009-1,
1:200); Cy3-conjugated Affinipure Goat anti-Rabbit IgG (Proteintech,
SA00009-2, 1:200). The slides were imaged with fluorescence micro-
scope (LeicaMicrosystems) or Zeiss LSM 700 laser confocalmicroscope
(Carl Zeiss).

Wheat germ agglutinin (WGA) staining
Following deparaffinized, rehydrated, slides were then incubated with
WGA conjugated to Alexa Fluor 488 (Invitrogen, W11261, 5μg/ml) for
10min at room temperature. To quantify the cell size, 5 independent
hearts per group (at least 300 cells) were captured near apex with
laser-scanning confocal microscope (LSM 700, Zeiss). ZEN 2012 lite
software (Zeiss) was used to quantify the size of each cell.

EdU labeling assay in vivo
For EdU labeling experiments, neonatal mice were subcutaneously
injected with 50μl of a 2mg/ml solution of EdU (RiboBio, Guangzhou,
China) dissolved in sterile water. Hearts were embedded in Tissue-Tek
optimal cutting temperature compound (OCT) (Sakura, USA) for fro-
zen section (4μm). Sectionswere rinsed three times in PBS andfixed in
4% parapormaldehyde for 30min. After rinsing three times again,
citrate antigen retrieval was performed as described above. Sections
were then incubated with 2mg/mL glycine solution for 10min, per-
meabilized with 0.5% Triton X-100 in PBS for 10min, and then rinsed
with PBS once for 5min. This was followed by incubation with
Apollo®576 staining solution (1×) at room temperature for 30min.
Permeabilization was performed again with 0.5% Triton X-100 in PBS
twice for 10min. Sections were then rinsed with methanol for 5min,
washed with PBS once for 5min, blocked with 5% goat serum for 1 h,
and followed by incubation with primary antibody against cTnT
(ThermoFisher, MA512960, 1:200) overnight. The following day,
incubation with anti-mouse secondary antibody conjugated to Alexa
Fluor 488 (1:200 dilution, Jackson ImmunoResearch Laboratories,
USA)was performed. Sectionswerewashed three times in PBS, stained
with DAPI for 10min to label nuclei, and mounted in Antifade
Mounting Medium. Images were captured by laser-scanning confocal
microscope (LSM 700, Zeiss) and analyzed by ZEN 2012 soft-
ware (Zeiss).

To analyze CMs proliferation at the indicated time points, EdU
was injected 8 h prior to heart collection. For EdU pulse-chase
experiments, EdU was injected once every two days to label all pro-
liferating CMs during the whole period of cardiac regeneration. The
last injection was performed 8 h prior to heart collection. Sham-
operated mice underwent the same procedure without the apical
resection.

In vitro cell proliferation assay
For cell proliferation assay, both primary cardiomyocytes andHL-1 cell
line were incubated in 24-well plates with different treatments. DNA
synthesis were then analyzed by EdU labeling, using Cell-Light™ EdU
Apollo®567 In Vitro Imaging Kit (RiboBio, Guangzhou, China) accord-
ing to themanufacturer’s instructions.At least 5 imageswere randomly

taken per well using a Zeiss LSM 700 laser confocal microscope (Carl
Zeiss). The population of EdU+ cells was determined by counting at
least 500 cells per well. The EdU+ cells were quantified as the percen-
tage of total cells. HL-1 cell proliferation was also analyzed using the
EnhancedCell Counting Kit-8 (CCK-8, BeyotimeBiotechnology, China)
according to the manufacturer’s instructions. Moreover, proliferation
of primary cardiomyocytes was also performed by Ki67, pH3, and
AukrB staining together with cTnT staining.

RNA-sequencing
For total RNA isolation, hearts were extracted in control and FoxO3
CKOmice at p1 and p14, respectively. Three ventricles per group were
used for RNA-sequencing analysis. RNA was isolated from the ven-
tricles using TRIzol™ Reagent (Invitrogen), followed by reverse tran-
scription using randomprimers to obtain cDNA library for sequencing
on GBISEQ-500 platform. After filtering the reads with low quality,
clean reads were then obtained and mapped to the reference genome
of mouse (GRCm38.p6) with HISAT59. Genes expression level was
quantified by a software package called RSEM60 and expressed as
fragments per kilobase of exon permillion fragmentsmapped (FPKM).
Differential expressed (DE) genes were detected using NOISeq
method61 with Probability ≥0.8 and fold change (FC) of FPKM ≥ 2. Only
those genes were considered for the differential expression analysis,
which displayed FPKM ≥ 1 in either of the two samples under com-
parison. GO analysis was performed using online tool DAVID 6.8
(https://david.ncifcrf.gov/summary.jsp), and terms with p-value ≤0.05
were included. Differentially expressed gene heatmaps were clustered
by hierarchical clustering using cluster software62. Gene set enrich-
ment analysis (GSEA) was performed to identify gene sets from sig-
naling pathways that showed statistical differences between two
groups by using GSEA software (http://software.broadinstitute.org/
gsea/index.jsp).

RNA extraction and quantitative real-time PCR (qPCR)
Total RNA was isolated using RNeasy Kit (Qiagen, Valencia, CA, USA)
from cells or heart tissue according to the protocol of the manu-
facturer, respectively. Reverse transcription to cDNA was performed
with 30 ng of total RNA, random primers, and SuperScript III Reverse
Transcriptase (Roche, USA). The qPCR was performed using a Light
Cycler 480 SYBR Green I Master (Roche, USA) and the MiniOpticon
qPCR System (Bio-Rad, CA, USA). After denaturation for 10min at
95 °C, the reactions were subjected to 45 cycles of 95 °C for 30 s, 60 °C
for 30 s, and 72 °C for 30 s. GAPDH was used as the internal standard
control to normalize gene expression using the 2-ΔΔCt method. The
sequences of the qPCR primers were listed in Supplementary Table 10.

Protein extracts and Western blotting
Tissue for SDS-PAGE was lysed in RIPA buffer (Beyotime Biotechnol-
ogy) containing protease inhibitors (Sigma). Protein concentration
ware determined using the Bio-Rad Protein Assay (Bio-Rad Labora-
tories). 30μg of protein were separated by SDA-PAGE, proteins were
transferred onto PVDF membranes (Millipore), then blocked in 5%
nonfat milk/TBS-Tween 20 and incubated with primary antibodies
(dilution inTBST) overnight at 4 °C.Membraneswere thenwashed and
incubated with corresponding second antibodies for 1 h at room
temperature. Bands were detected by chemiluminescence reagents
(ThermoFisher Scientific). Primary antibodies used are following: anti-
FoxO3 (CST, #2497), anti-phospho-FoxO3 (T32) (Abcam, ab26649),
anti-phospho-FoxO3 (Ser253) (CST, #9466), anti-Akt (CST, #9272),
anti-phospho-Akt (CST, #4060), anti-Sfrp2 (Abcam, ab137560), anti-β-
catenin (Abcam, ab32572), anti-β-actin (Proteintech, 60008-1-Ig), anti
JNK (HUABIO, ET1601-28), anti-phospho-JNK (HUABIO, ET1609-42),
anti-CaMKII (HUABIO, ET1608-47), anti-phospho-CaMKII (HUABIO,
HA721794), anti-Wnt1 (Proteintech, 27935-1-AP), anti-Wnt2b (HUABIO,
ET7107-20), anti-Wnt4 (Biodragon, BD-PN0285), anti-Wnt8a
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(Biodragon, BD-PN0289), anti-Wnt10b (Proteintech, 67210-1-Ig). Sec-
ondary antibodies used are the following: goat-anti-mouse horseradish
peroxidase (HRP)-conjugated antibody (CST, #7076); goat-anti-rabbit
horseradish peroxidase (HRP)-conjugated antibody (CST, #7074).
Quantitation of the chemiluminescent signal was analyzed using
Image-Pro Plus version 6.0 (Media Cybernetics, Bethesda, MD). The
relative expression levels of target protein/β-actin ratio was set as one
in control group. All blots derive from the same experiment and were
processed in parallel.

Chromatin immunoprecipitation (ChIP)-qPCR assay
The promoter sequences (−2000bp to −1 bp, upstream of TSS) of the
mousegenes includingTrp53 (Gene ID: 22059), Sfrp2 (Gene ID: 20319),
Cdkn2c (Gene ID: 12580), andCdkn2d (Gene ID: 791073)were analyzed
by JASPAR 2022 online software (http://jaspar.genereg.net/)63 to
determine potential FoxO3 binding sites (Supplementary Tables 3–6).
The predicted binding site with highest score for each promoter was
further analyzed byChIP-qPCR assay, to evaluate the in vivo binding of
FoxO3 to its consensus sequence in mouse target gene promoters
using heart tissues. The assays were performed using the SimpleChIP®
Plus Enzymatic Chromatin IP Kit (CST, #9004) according to the man-
ufacturer’s protocol. FoxO3 antibody (CST, #2497) was used to
immunoprecipitation assay. Normal goat IgG (CST, #2729) was used as
a control as previously described. The DNA isolated from input chro-
matin fragments by IgG and from the precipitated chromatin frag-
ments by anti-FoxO3 antibody were subjected to qPCR using specific
primers (Supplementary Table 11) flanking the consensus FoxO3
binding sites on target promoters. Relative binding ability of FoxO3
was expressed as the DNA signals relative to input.

Dual-luciferase reporter assay
The dual-luciferase reporter plasmid (pGR)22 consists of the Gaussia
luciferase (GL) driven by CMV promoter and the Red Firefly luciferase
(RF) driven by HSV-TK promoter. The predicted FoxO3 binding sites
with highest score for target gene promoters were further analyzed by
pGR dual-luciferase reporter assay, to evaluate the in vitro binding and
regulating effects of FoxO3 on target genes. Briefly, promoter regions
of target genes comprising predicted FoxO3 binding sites were
amplified and cloned into the upstream of GL in pGR plasmid to
replace CMV promoter, thereby constructing pTrp53-GR and pSfrp2-
GR dual-luciferase reporter plasmids. For pTrp53-GR plasmid con-
struction, a 614-bp DNA fragment (−744 to −127 upstream of TSS)
comprising the predicted FoxO3 binding sites (top2) in the promoter
region of Trp53was amplified and cloned into pGRplasmid. Regarding
the pSfrp2-GR plasmid construction, a 751-bp DNA fragment (−1989 to
−1239 upstream of TSS) comprising the predicted FoxO3 binding site
with highest score in the promoter region of Sfrp2 was used. HL-1 cells
were co-transfected with the dual-luciferase reporter plasmids and
pcDNA-FoxO3 plasmid (50ng for each plasmid) for 48h using Lipo-
Fiter Liposomal Transfection Reagent (Hanbio Biotechnology). Luci-
ferase reporter assay was then carried out using the Pierce™ Gaussia-
Firefly LuciferaseDual AssayKit (ThermoFisher Scientific) according to
the manufacturer’s protocol. Luciferase activity was measured using a
BioTek SynergyTM 4 multimode microplate reader (BioTek Instru-
ments). The relative activity of the Gaussia luciferase was normalized
by the activity of Red Firefly luciferase and was expressed as fold
change of control group. To further verify the potential binding sites,
mutant luciferase reporter plasmids were generated by KOD-Plus-
Mutagenesis Kit (Toyobo, Osaka, Japan), according to the manu-
facturer’s protocol. To examine the activity of β-catenin, TOP-Flash
reporter assay was performed. In brief, HL-1 cells were co-transfected
with constant quantities of reporter plasmids expressing Red Firefly
luciferase (TOP-Flash, specific for β-catenin; Addgene, #12456) and
pTK-Gaussia Luc reporter plasmid (indicator of the transfection effi-
ciency; ThermoFisher). Dual-luciferase assay was performed using the

Pierce™ Gaussia-Firefly Luciferase Dual Assay Kit (ThermoFisher Sci-
entific) according to the manufacturer’s protocol. The Red Firefly
luciferase (RF) activity was normalized to the corresponding Gaussia
luciferase (GL) activity and was expressed as fold change of
control group.

Statistical analysis
All statistics were calculated using GraphPad Prism 8 Software. Among
threeormore groups, statistical analysis wasperformedusing one-way
ANOVA with Tukey’s multiple comparisons test or two-way ANOVA
with Sidak’s multiple comparisons test. Comparisons between two
groups were analyzed using unpaired and two-tailed Student’s t test.
All data are presented as the mean± SEM. A p value less than 0.05 was
considered statistically significant. In this study, statistical analysis was
in accordance with homogeneity of variance and normality of resi-
duals. Homogeneity of variance was evaluated by the F test with a p
value of greater than 0.05. Normality of residuals was evaluated by
D’Agostino-Pearson test and/or Shapiro–Wilk test with a p value of
more than 0.05.

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

Data availability
All the RNA-seq data are available from NCBI Sequence Read Archive
(BioProject accession: PRJNA951351). Other data generated in this
study are provided in the Supplementary Information and Source data
files. Source data are provided with this paper.
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