Circulation Research

ORIGINAL RESEARCH 3]

Interdependent Nuclear Co-Trafficking of
ASPP1 and pb3 Aggravates Cardiac Ischemia/
Reperfusion Injury
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0BJECTIVE: ASPP1 (apoptosis stimulating of p53 protein 1) is critical in regulating cell apoptosis as a cofactor of p53 to
promote its transcriptional activity in the nucleus. However, whether cytoplasmic ASPP1 affects p53 nuclear trafficking and
its role in cardiac diseases remains unknown. This study aims to explore the mechanism by which ASPP1 modulates p53
nuclear trafficking and the subsequent contribution to cardiac ischemia/reperfusion (I/R) injury.

METHODS AND RESULTS: The immunofluorescent staining showed that under normal condition ASPP1 and pb3 colocalized in the
cytoplasm of neonatal mouse ventricular cardiomyocytes, while they were both upregulated and translocated to the nuclei upon
hypoxia/reoxygenation treatment. The nuclear translocation of ASPP1 and p53 was interdependent, as knockdown of either
ASPP1 or pb3 attenuated nuclear translocation of the other one. Inhibition of importin-3 1 resulted in the cytoplasmic sequestration
of both p53 and ASPP1 in neonatal mouse ventricular cardiomyocytes with hypoxia/reoxygenation stimulation. Overexpression
of ASPP1 potentiated, whereas knockdown of ASPP1 inhibited the expression of Bax (Bcl2-associated X), PUMA (p53
upregulated modulator of apoptosis), and Noxa, direct apoptosis-associated targets of p53. ASPP1 was also increased in the I/R
myocardium. Cardiomyocyte-specific transgenic overexpression of ASPP1 aggravated I/R injury as indicated by increased infarct
size and impaired cardiac function. Conversely, knockout of ASPP1 mitigated cardiac I/R injury. The same qualitative data were
observed in neonatal mouse ventricular cardiomyocytes exposed to hypoxia/reoxygenation injury. Furthermore, inhibition of p53
significantly blunted the proapoptotic activity and detrimental effects of ASPP1 both in vitro and in vivo.

CONCLUSIONS: Binding of ASPP1 to p53 triggers their nuclear cotranslocation via importin-1 that eventually exacerbates
cardiac I/R injury. The findings imply that interfering the expression of ASPP1 or the interaction between ASPP1 and pb3
to block their nuclear trafficking represents an important therapeutic strategy for cardiac I/R injury.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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health with high rates of morbidity and mortality ~ toration of myocardial infarction patients. Many complex

Myocardial infarction poses serious threat to human injury often occurs during coronary blood perfusion res-
worldwide." Cardiac ischemia/reperfusion (I/R)  pathophysiological processes such as oxidative stress,
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Cotranslocation of ASPP1 and p53 in Cardiac I/R

Novelty and Significance

What Is Known?

« Cardiac ischemia reperfusion (I/R) injury triggers com-
plex pathophysiological processes including cardio-
myocyte apoptosis, which contribute to a secondary
injury to the heart after myocardial infarction.

« ASPP1, a member of ASPP (apoptosis stimulating of
pb3 protein) family, is emerging as a key regulator of
cell apoptosis.

What New Information Does This Article Con-

tribute?

* ASPP1 is potently induced by I/R in the heart. Car-
diomyocyte-specific overexpression of ASPP1 impairs
cardiac function and aggravates /R injury, whereas
knockout of ASPP1 protects the heart against I/R
injury.

* ASPP1 promotes cardiomyocyte apoptosis by aug-
menting pb53-mediated transcription of apoptosis-
related target genes.

* Binding of ASPP1 to pb3 triggers their nuclear
cotranslocation and enhances the transcriptional acti-
vation ability of pb3.

Cardiac ischemia/reperfusion (I/R) injury is character-
ized by cardiomyocyte death occurring during restora-
tion of coronary blood flow after myocardial infarction.
Here, we report that ASPP1, a member of the ASPP
family, is strongly induced by the transcription fac-
tor E2F1 upon cardiac I/R. Both gain- and loss-of-
functional studies indicated that ASPP1 promotes
cardiomyocyte apoptosis and exacerbates myocardial
[/R injury by augmenting p53-mediated transcrip-
tion of apoptosis-related target genes. Binding of
ASPP1 to pb3 triggers their nuclear cotranslocation
via importin-B1, which enhances the transcriptional
activation ability of pb53, therefore promoting myo-
cardial I/R injury. These findings uncover a previously
unrecognized role of ASPP1 in myocardial I/R injury,
thereby highlighting a novel pathway with potential
therapeutic relevance.

Nonstandard Abbreviations and Acronyms

AAV9 adeno-associated virus serotype 9
ASPP1 apoptosis stimulating of pb53 protein 1
Bax Bcl2-associated X

Bcl2 B-cell lymphoma 2

H/R hypoxia/reoxygenation

I/R ischemia/reperfusion

LDH lactate dehydrogenase

NLS nuclear localizing signal

NMVCs neonatal mouse ventricular

cardiomyocytes
PUMA pb53 upregulated modulator of apoptosis
WT wild type

Ca?* overload and inflammatory response are involved in
cardiac I/R injury? Although significant efforts have been
devoted to prevent cardiac I/R injury, there remains a lack
of effective therapeutic drugs and molecular intervention
targets. It is still quite necessary to further elucidate the
molecular mechanisms and identify effective targets of
cardiac I/R injury to improve the therapeutic state.
Cardiomyocyte apoptosis is a form of programmed
cell death caused by pathological stimuli, which seriously
impairs heart structure and function.3* Tumor suppressor
pb3 is a classical proapoptotic protein, which was shown
to be activated in I/R hearts and promote the transcription
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of proapoptosis target genes.>” ASPP1 (apoptosis stim-
ulating protein of pb3-1), along with ASPP2 and iASPP,
are the members of the ASPP (apoptosis stimulating
protein of p53) family. ASPP1 and ASPP2 bind to pb3
to promote apoptosis, while iIASPP does the opposite.8°
In a previous study, we proved the antiapoptotic effects
of iIASPP in cardiomyocytes, which alleviated myocardial
ischemia injury by inhibiting p53 expression.’® ASPP1 is
crucial in improving the transcriptional activity of pb3 in
the nucleus."" Knockdown of ASPP1 blocks the apop-
tosis of renal clear cell carcinoma by inhibiting the tran-
scriptional activation of p53.'? Similarly, ASPP1 maintains
the integrity of hematopoietic stem cells pool and pre-
vents hematological malignancies partly by enhancing
the transcriptional activity of p53.'® Currently, the role of
ASPP1 in cardiac I/R injury is still unknown.

Nuclear translocation is pivotal for the proapoptotic activ-
ity of pb3. The classic importin-cargo pathway executes p53
nuclear translocation, in which the nuclear localizing signal
(NLS) | domain of pb3 binds to importin-a3 and is transited
into nucleus by importin-1.'* An interesting question is that
except for ASPP1’s influence on nuclear transcriptional
activity of pb3, whether it affects nuclear translocation of
pb3 is unclear. Distinct from that of p53, the other 2 mem-
bers of ASPP family, ASPP2 and iASPP translocate to the
nucleus through an importin-independent pathway. They
bind to RanGDP through ankyrin repeat domains and are
transported to the nucleus by NTF2 (nuclear transport fac-
tor 2).'® To our best knowledge, how ASPP1 translocates to
the nucleus remains to be investigated.
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In this study, we explored the molecular mechanism
of ASPP1 and pb3 nuclear translocation and its influ-
ence on cardiac /R injury. We found that the nuclear
translocation of ASPP1 and p53 are interdependent in
ischemic cardiomyocytes, which remarkably aggravates
cardiomyocyte apoptosis. The study highlights the signif-
icance of cytoplasmic ASPP1-p53 interaction in cardiac
I/R injury.

METHODS
Data Availability

Detailed experimental methods and Major Resources Table are
available in the Supplemental Material. The data that support
the findings of this study are available from the corresponding
author upon reasonable request.

RESULTS

The Interdependent Nuclear Translocation of
ASPP1 and p53

ASPP1 was demonstrated to directly bind and activate
pb53 in the nucleus to promote apoptosis of cancer cells.®
In this study, we firstly evaluated the interaction between
ASPP1 and pb3 in cardiomyocyte during hypoxia/reoxy-
genation (H/R) stimulation. The co-immunoprecipitation
assay confirmed the binding between ASPP1 and p53
in cultured neonatal mouse ventricular cardiomyocytes
(NMVCs), which was enhanced during H/R stimula-
tion (Figure 1A and 1B). The immunofluorescent stain-
ing showed that ASPP1 and pb3 colocalized in the
cytoplasm under normal condition, and they were both
upregulated and translocated to the nuclei after H/R
treatment (Figure 1C). The same qualitative data were
obtained in isolated cardiomyocytes from sham and I/R
injury zone of mice/nonischemic area and ischemic area
from 1/R mice (Figure 1D and Figure S1).

Currently, the influence of ASPP1 on pb3 nuclear
trafficking remains unknown. We thus explored how
ASPP1 altered the nuclear translocation of pb53 in
NMVCs. We found that overexpression or knockdown of
ASPP1 produced no influence on pb3 expression and
cellular distribution under normal condition (Figure 2A
and 2B). The Western blot data showed that upon expo-
sure to H/R insult, overexpression of ASPP1 increased,
while knockdown of ASPP1 reduced the nuclear level
of pb3 in NMVCs (Figure 2A and 2B). The immunofluo-
rescent staining further verified that overexpression of
ASPP1 promoted, while knockdown of ASPP1 inhibited
the nuclear translocation of pb53 in NMVCs under H/R
stimulation (Figure 2C and 2D). However, knockdown of
ASPP1 produced no influence on subcellular distribution
of p63, and p73, 2 other members of p53 family (Figure
S9A and S2B). In addition, knockdown of ASPP2 and
iASPP produced no effects on subcellular distribution
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of pb3 (Figure S3A and S3B). These results indicated
that ASPP1, but not other members of the ASPP family,
regulates the nuclear translocation of p53.

ASPP1 does not contain a currently identifiable NLS
domain.'""® We thus speculated that the nuclear trans-
location of ASPP1 may depend on pb3 as a cocargo.
Intriguingly, knockdown of pb3 resulted in cytoplasmic
localization of ASPP1 in NMVCs under H/R insult (Fig-
ure 2E). We then interfered the classic importin-cargo
pathway for pb3 by using the siRNA of importin-f31
(siimportin-B1). Knockdown of importin-B1 resulted in
cytoplasmic sequestration of both pb3 and ASPP1 in
NMVCs with H/R stimulation (Figure 2F). In contrast,
knockdown of importin-31 produced no effects on sub-
cellular distribution of the other 2 members of ASPP fam-
ily, ASPP2 and iASPP (Figure S3C and S3D). Finally, Bax
(Bcl2-associated X), PUMA (p53 upregulated modulator
of apoptosis) and Noxa (Latin for damage; also known
as Phorbol-12-myristate-13-acetate-induced protein 1
[PMAIP1]), the direct apoptosis associated targets of
pb3, were further potentiated by ASPP1 overexpression
and inhibited by ASPP1 knockdown in NMVCs with H/R
treatment (Figure 2G and 2H). These results suggested
that nuclear translocation of ASPP1 depends on pb3.

Overexpression of ASPP1 Aggravates Cardiac
I/R Injury

To understand the functional role of ASPP1 in cardiac
[/R injury, we examined its expression change in I/R
hearts. Both the mRNA and protein levels of ASPP1
were significantly increased in I/R hearts (Figure 3A)
and in cultured NMVCs exposed to H/R stimulation (Fig-
ure 3B). Transcription factor E2F1 was demonstrated to
positively regulate the expression of ASPP1 in U20S
human osteosarcoma cells and Saos-2 cells.’®'® We
found that the expression level of E2F1 was elevated
in I/R hearts and NMVCs subjected to H/R stimulation
(Figure 3C). We then analyzed whether E2F 1 determines
the expression of ASPP1 during cardiac injury, and found
that knockdown of E2F1 led to a significant decrease in
ASPP1 mRNA and protein levels of NMVCs under H/R
stimulation (Figure 3D). These data indicated that upreg-
ulation of ASPP1 during cardiac I/R injury was driven
by E2F1.

To explore the effects of ASPP1 on cardiac I/R injury,
we generated an ASPP1 transgenic overexpressing
mouse model driven by a-myosin heavy chain promoter
(Figure S4A). The expression of ASPP1 was significantly
increased in heart tissues of ASPP1 transgenic mice
than negative littermate controls (wild type, WT; Fig-
ure 3E). Echocardiographic and base line heart weight,
body weight results showed no significant difference
in cardiac function and the ratio of heart weight/body
weight between WT and ASPP1 transgenic mice until
8 weeks (Figure S4B and S4C). The echocardiographic
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Figure 1. Nuclear cotranslocation of ASPP1 and p53 in cardiomyocytes during cardiac ischemia reperfusion injury.

A, Proteins from cultured neonatal mouse ventricular cardiomyocytes (NMVCs) subjected to control or 12 hours hypoxia followed by 24 hours
reoxygenation (H/R) treatment were immunoprecipitated with ASPP1 or IgG antibody, followed by Western blot; n=6. Statistical significance
was assessed by Mann-Whitney U test (p53/ASPP1) or Student ¢ test (ASPP1 levels and p53 levels). B, Proteins from NMVCs were
immunoprecipitated with pb3 or IgG antibody followed by Western blot; n=6. Statistical significance was assessed by Mann-Whitney U test
(ASPP1 levels) or Student ttest (p53 levels and ASPP1/p53). € and D, Immunostaining assay was used to analyze the colocalization of ASPP1
and p53 in H/R NMVCs and isolated adult cardiomyocytes of I/R (45 minutes ischemia followed by 24 hours reperfusion) mice (Mann-Whitney
U test); n=b. Scale bar=20 ym. ASPP1 indicates apoptosis stimulating of p53 protein 1; and DAPI, 4",6-diamidino-2-phenylindole.
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Figure 2. The nuclear translocation of ASPP1 and p53 are interdependent.

A and B, Effects of ASPP1 overexpression or knockdown on the total protein level and nuclear distribution of p53 in neonatal mouse ventricular
cardiomyocytes (NMVCs) by Western blot; n=5 for total p53 level (Kruskal-Wallis, followed by false discovery rate [FDR] method of Benjamini and
Hochberg test); n=6 for nuclear and cytoplasmic p53 levels (1-way ANOVA, followed by Tukey post hoc multicomparisons test); ns, not significant.
C and D, Immunofluorescent staining was performed to analyze the effects of ASPP1 overexpression or knockdown on p53 nuclear translocation in
NMVCs (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6; ns, not significant. Scale bar=20 um. E, Effects of p53 knockdown
on ASPP1 nuclear translocation in NMVCs (Mann-Whitney U test); n=b. Scale bar=20 pm. F, Effects of importin-p1 knockdown on ASPP1 and p53
nuclear translocation in NMVCs (Mann-Whitney U test); n=b5. Scale bar=20 pm. G and H, Effects of ASPP1 overexpression (G) on mRNA levels of
Bax (n=9), PUMA (n=9), and Noxa (n=9) or ASPP1 knockdown (H) on mRNA levels of Bax (n=8), PUMA (n=9), and Noxa (n=8) by quantitative
real-time PCR (qRT-PCR, 1-way ANOVA, followed by Tukey post hoc multicomparisons test). ASPP1 indicates apoptosis stimulating of p53 protein
1; Bax, Bcl2-associated X; DAPI, 4,6-diamidino-2-phenylindole; H/R, hypoxia/reoxygenation; and PUMA, p53 upregulated modulator of apoptosis.
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Figure 3. Cardiomyocyte-specific overexpression of ASPP1 aggravates cardiac I/R injury.

A, The mRNA (Student t test) and protein (Mann-Whitney U test) levels of ASPP1 in cardiac tissues of mice subjected to 45 minutes ischemia
followed by 24 hours reperfusion (I/R); n=6. B, The mRNA and protein levels of ASPP1 in neonatal mouse ventricular cardiomyocytes (NMVCs)
subjected to H/R (Student ¢ test); n=9 for mRNA level; n=6 for protein level. C, The protein levels of E2F1 in I/R hearts and NMVCs treated
with H/R stimulation by Western blot (Student ¢ test); n=6. D, Transfection of E2F1 siRNA inhibited the mRNA (Kruskal-Wallis, followed by false
discovery rate [FDR] method of Benjamini and Hochberg test) and protein (1-way ANOVA, followed by Tukey post hoc multicomparisons test)
expression of ASPP1 in NMCMs exposed to H/R by quantitative real-time PCR (qQRT-PCR) and Western blot assay; n=5 for mRNA level; n~=6
for protein level. E, The protein levels of ASPP1 in wild type (WT) and ASPP1 transgenic mice by Western blot (Mann-Whitney U test); n=6. F,
Cardiac function of wild type (WT) and ASPP1 transgene mice after I/R injury by echocardiography (2-way ANOVA, followed by Tukey post hoc
multicomparisons test); n=9. G, Infarct area of I/R mice by 2,3,5-triphenyltetrazolium chloride (TTC) staining (Student ¢ test); n=10. Scale bar=2
mm. H, Serum LDH and creatine kinase isoenzyme MB (CKMB) levels (2-way ANOVA, followed by Tukey post hoc multicomparisons test); n=10

(WT+Sham and ASPP1 transgene+Sham); n=12 (WT+IR and ASPP1 transgene+I/R) for LDH assay; n=9 for CKMB assay. I, Caspase-3 activity

detected by ELISA assay (2-way ANOVA, followed by Tukey post hoc multicomparisons test); n=9. J, The protein levels of Bcl2 and Bax detected

by Western blot (2-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6. K, Immunofluorescent staining was performed to analyze

the effect of ASPP1 transgene on p53 nuclear translocation in isolated adult cardiomyocytes after cardiac I/R injury (2-way ANOVA, followed by
Tukey post hoc multicomparisons test); n=6. ns, not significant. Scale bar=20 um. ASPP1 indicates apoptosis stimulating of p53 protein 1; DAPI,
4’,6-diamidino-2-phenylindole; EF, ejection fraction; FS, fractional shortening; H/R, hypoxia/reoxygenation; and I/R, ischemia/reperfusion.
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examination showed that overexpression of ASPP1
prominently impaired cardiac function under cardiac I/R
injury, as manifested by further declination of ejection
fraction and fractional shortening compared to WT mice
(Figure 3F). Histological staining with 2,3,5-triphenyltet-
razolium chloride revealed that cardiomyocyte-specific
overexpression of ASPP1 significantly increased infarct
size (Figure 3G). Consistently, serum lactate dehydro-
genase (LDH) and creatine kinase isoenzyme MB were
further elevated during cardiac I/R injury in ASPP1
transgenic mice compared to WT controls (Figure 3H).
In addition, |/R-elicited caspase-3 activation in heart
tissue was further promoted by ASPP1 overexpression
(Figure 31). ASPP1 overexpression inhibited the expres-
sion of Bcl2 (B-cell lymphoma 2), whilst promoted
the expression of Bax in I/R hearts as compared with
WT mice (Figure 3J). Consistently, upon I/R injury the
nuclear distribution of p53 was further increased in car-
diomyocytes of ASPP1 transgenic mice than WT con-
trols (Figure 3K).

We then examined the effects of ASPP1 overexpres-
sion on NMVCs subjected to H/R injury in vitro. The level
of ASPP1 was increased in NMVCs after transfection of
ASPP1-overexpressing plasmid (Figure 4A). Overexpres-
sion of ASPP1 significantly increased LDH release and
TUNEL (TdT-mediated dUTP nick end labeling)-positive
apoptotic cells of NMVCs treated with H/R (Figure 4B
and 4C). JC-1 assay revealed that ASPP1 aggravates
the reduction of mitochondrial membrane potential in
NMVCs after H/R stimulation (Figure 4D). Consistently,
caspase-3 activity was increased in the ASPP1 overex-
pressing cells than NC group after H/R stimulation (Fig-
ure 4E). Meanwhile, Bcl2 level was further decreased in
ASPP1 overexpression cells as compared with NC group
after H/R treatment, while Bax level was significantly
upregulated after ASPP1 overexpression (Figure 4F and
4G).

The findings from both in vivo and in vitro studies indi-
cate that overexpression of ASPP1 promoted cardiac
I/R injury.

Suppression of ASPP1 Improves Myocardial
I/R Injury

To further determine the specific function of ASPP1 in
I/R injury, we engineered an ASPP1 conventional knock-
out mouse model in which the second exon region of
ASPP1 was deleted by clustered regularly interspaced
short palindromic repeats/clustered regularly interspaced
short palindromic repeat—associated 9 technique (Figure
SHA). The successful deletion of ASPP1 was confirmed
by Western blot with heart tissue of homozygous con-
ventional knockout mice (Figure BA). Echocardiographic
and base line heart weight, body weight results showed
no significant difference in cardiac function and the ratio
of heart weight/body weight between WT and ASPP1
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knockout mice until 8 weeks (Figure SbB and SB5C).
Adult ASPP1 knockout mice were subjected to I/R injury.
Knockout of ASPP1 prominently improved cardiac func-
tion under cardiac I/R injury, as manifested by elevation
of ejection fraction and fractional shortening compared
to WT mice (Figure 5B). Knockout of ASPP1 signifi-
cantly reduced infarct size (Figure 5C). Consistently,
serum LDH and creatine kinase isoenzyme MB were
decreased in ASPP1 knockout mice during cardiac I/R
injury (Figure 5D and 5E). In addition, I/R-elicited cas-
pase-3 activation was decreased by ASPP1 knockout in
heart tissue (Figure 5F). Furthermore, ASPP1 knockout
promoted the expression of Bcl2, whilst inhibited the
expression of Bax in |/R hearts as compared with WT
mice (Figure 5G and 5H). Upon I/R injury, the nuclear
distribution of pb3 was decreased in cardiomyocytes of
ASPP1 knockout mice than WT controls (Figure 5).

We also employed siRNAs to knockdown ASPP1
expression in NMVCs. Western blot assay showed that
siRNA-3 caused about 61.3% decrease of ASPP1 pro-
tein (Figure 6A). H/R stimulation led to increased LDH
release in NMVCs, which was markedly attenuated with
ASPP1 knockdown (Figure 6B). The TUNEL-positive
apoptotic cells were significantly reduced in ASPP1
knockdown cells compared to NC group under H/R
stimulation (Figure 6C). JC-1 assay revealed that the
reduction of mitochondrial membrane potential was
notably preserved after knockdown of ASPP1 (Fig-
ure 6D). Furthermore, ASPP1 knockdown remarkably
decreased caspase-3 activity under H/R treatment
(Figure 6E). ASPP1 knockdown increased Bcl2 level
and decreased Bax level (Figure 6F and 6G). These
findings suggest that inhibition of ASPP1 attenuates
cardiac I/R injury.

p53 Mediates the Proapoptotic Effects of
ASPP1

Next, we experimentally verified the role of pb3 in
ASPP1 induced cardiomyocyte injury. The siRNAs were
used to knockdown pb3 expression and the efficiency of
siRNA-1 was about 60.2% (Figure 7A), which was used
in the following experiments. Overexpression of ASPP1
increased LDH level, cell apoptosis and caspase-3 activ-
ity under H/R stimulation, which were markedly inhib-
ited by cotransfection of p53 siRNA (Figure 7B through
7D). Further detection confirmed that p53 knockdown
significantly reversed the reduction of Bcl2 and increase
of Bax induced by ASPP1 overexpression (Figure 7E
and 7F). Furthermore, overexpression of p53 (Figure
S6A) had no significant effects on the protective role of
ASPP1 knockdown in NMVCs under H/R stimulation, as
evidenced by the fact that LDH release, caspase-3 activ-
ity, Bcl2 level and Bax level did not change in pb3 and
ASPP1 siRNA cotransfection group over ASPP1 siRNA
alone group (Figure S6B through S6E). Knockdown of
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p63 or p73 (Figure S7A and S7F) produced no signifi-
cant influence on ASPP1 overexpression promoted cell
apoptosis under H/R stimulation (Figure S7B through
ST7E and S7G through S7J).

To further determine the specific role of ASPP1 and
pb3 interaction on cell apoptosis, we explored whether
the fragment of p53 containing ASPP1 binding domain
can compete with the endogenous pb53 to exert pro-
tective effects. We constructed 2 Flag-p53 truncated
fragments, N-terminal fragment (p53-NT containing
binding domain for ASPP1 without NLS, 1-288 aa)
and C-terminal fragment (p53-CT containing NLS of
p53 responsible for nuclear localization, 310-381 aa).
The Western blot for Flag successfully detected the

Circulation Research. 2023;132:208-222. DOI: 10.1161/CIRCRESAHA.122.3211563

protein expression of Flag-pb3-NT and Flag-p53-CT
(Figure 7G). The immunofluorescent staining showed
that Flag-pb3-NT distributed in the cytoplasm, while
the Flag-pb3-CT in the nucleus of NMVCs exposed
to H/R injury (Figure 7H). The 2 pb3 fragments were
then cotransfected with ASPP1 to NMVCs, respec-
tively. The data showed that Flag-p53-NT inhibited the
nuclear translocation of endogenous p53 by competi-
tively binding with ASPP1 (Figure 71), and alleviated
NMVCs H/R injury as evidenced by the decreased LDH
release and caspase-3 activity, increased Bcl2 level
and decreased Bax level. In contrast, Flag-p53-CT had
no effects on the proapoptotic role of ASPP1 overex-
pression in NMVCs under H/R stimulation (Figure 7J
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Figure 5. Knockout of ASPP1 improves cardiac I/R injury.
A, Verification of ASPP1 conventional knockout in mice by Western blot (Student ¢ test); n=6. B, Cardiac function of wild type (WT) and ASPP1
knockout (KO) mice after I/R injury by echocardiography (2-way ANOVA, followed by Tukey post hoc multicomparisons test); n=11. C, Infarct
area of I/R mice by 2,3,5-triphenyltetrazolium chloride (TTC) staining (Mann-Whitney U test); n=15. Scale bar=2 mm. D and E, Serum LDH
(Kruskal-Wallis, followed by false discovery rate [FDR] method of Benjamini and Hochberg test) and creatine kinase isoenzyme MB (CKMB;
2-way ANOVA, followed by Tukey post hoc multicomparisons test) levels; n=13 (WT+Sham and ASPP1[KO]+Sham); n=15 (WT+I/R and
ASPP1[KOJ+I/R) for LDH assay; n=9 for CKMB assay. F, Caspase-3 activity detected by ELISA assay (2-way ANOVA, followed by Tukey

post hoc multicomparisons test); n=9. G and H, The protein levels of Bcl2 and Bax detected by Western blot (2-way ANOVA, followed by Tukey
post hoc multicomparisons test); n=6. I, Immunofluorescent staining was performed to analyze the effects of ASPP1 knockout on p53 nuclear
translocation in isolated adult cardiomyocytes after cardiac I/R injury (Kruskal-Wallis, followed by FDR method of Benjamini and Hochberg test);
n=D5; ns, not significant. Scale bar=20 pm. ASPP1 indicates apoptosis stimulating of pb3 protein 1; DAPI, 4’,6-diamidino-2-phenylindole; I/R,

ischemia/reperfusion; and LDH, lactate dehydrogenase.

We then constructed the adeno-associated virus
9 (AAV9) carrying pb53 shRNA (AAV9-shpb3) to
knockdown p53 in vivo (Figure 8A). Administration

through 7M). These data suggested that ASPP1
exerted its detrimental effects on H/R-induced injury
by binding to pb3.

Circulation Research. 2023;132:208-222. DOI: 10.1161/CIRCRESAHA.122.321153
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of AAVO-shpb3 restored ejection fraction and frac-
tional shortening, and reduced infarct size of ASPP1
transgenic mice after I/R injury (Figure 8B and 8C).
Consistently, AAV9-shpb3 abolished the increase of
serum LDH and creatine kinase isoenzyme MB levels
in ASPP1 transgenic mice after I/R injury (Figure 8D
and 8E). The increased caspase-3 activity in ASPP1
transgenic mice with [/R injury was attenuated by
AAV9-shpb3 (Figure 8F). Furthermore, the downregu-
lation of Bcl2 and upregulation of Bax in I/R hearts
of ASPP1 transgenic mice were reversed by AAV9-
shpb3 (Figure 8G and 8H). These findings suggest that
knockdown of pb3 rescues cardiac I/R injury in ASPP1
transgenic mice.

Circulation Research. 2023;132:208-222. DOI: 10.1161/CIRCRESAHA.122.3211563

DISCUSSION

In this study, we demonstrated that under ischemic state
binding of ASPP1 to pb3 promotes their nuclear translo-
cation, and the nuclear trafficking of ASPP1 and p53 are
interdependent. ASPP1 was robustly increased in I/R
hearts and H/R primary cardiomyocytes of mice under
the control of transcription factor E2F1. Both gain- and
loss-of-function studies indicated that ASPP1 was det-
rimental to cardiac I/R injury. The damaging effects of
ASPP1 was mediated by pb3 in cardiomyocytes. Inhi-
bition of ASPP1 alleviated cardiac I/R injury (Figure 9).
The findings highlight the distinct mechanism for the
nuclear trafficking of ASPP1 and pb3, and imply the
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Figure 7. p53 mediates the proapoptotic effects of ASPP1.

A, The efficiency of small interfering RNA (siRNA) of p53 in neonatal mouse ventricular cardiomyocytes

(NMVCs) by Western blot (Mann-Whitney U test); n=5. B, LDH release after cotransfection of siRNA of p53 and ASPP1 plasmid (1-way ANOVA,
followed by Tukey post hoc multicomparisons test); n=9. C, Apoptosis index of NMVCs detected by TUNEL (TdT-mediated dUTP nick end
labeling) assay (Kruskal-Wallis, followed by false discovery rate [FDR] method of Benjamini and Hochberg test); n=5. Scale bar=50 um. Green,
TUNEL- positive cells; blue, DAPI. D, Caspase-3 activity in NMVCs by ELISA assay (1-way ANOVA, followed by Tukey post hoc multicomparisons
test); n=6. E and F, The protein levels of Bcl2 and Bax detected by Western blot (1-way ANOVA, followed by Tukey post hoc multicomparisons
test); n=6. G, Validation of p53-NT and p53-CT by Western blot. Flag-p53-NT, N-terminal fragment containing binding domain for ASPP1 without
nuclear localizing signal (NLS, 1-288 aa) and Flag-p53-CT, C-terminal fragment containing NLS of p53, which is responsible for its nuclear
localization (310-381 aa); n=5. H, Celluar distribution of Flag-p53-NT and Flag-p53-CT by immunofluorescent staining; n=5. Scale bar=20 pm.
I, Effects of Flag-p53-NT and Flag-p53-CT on ASPP1 and p53 nuclear translocation in NMVCs; n=b. Scale bar=20 um. J, LDH level in culture
medium after treated with Flag-p53-NT or Flag-p53-CT (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6. K, Caspase-3
activity in NMVCs after cotransfection of Flag-p53-NT or Flag-p53-CT and ASPP1 plasmid by ELISA assay (1-way ANOVA, followed by Tukey
post hoc multicomparisons test); n=6. L and M, The protein levels of Bcl2 (L) and Bax (M) after cotransfection of Flag-p53-NT or Flag-p53-

CT and ASPP1 plasmid detected by Western blot (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6. ASPP1 indicates
apoptosis stimulating of pb3 protein 1; Bax, Bcl2-associated X; DAPI, 4’,6-diamidino-2-phenylindole; H/R, hypoxia/reoxygenation; and LDH,
lactate dehydrogenase.
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Figure 8. AAV9-shp53 rescues the cardiac injury mediated by the transgenic overexpression of ASPP1.

A, The efficiency of AAC9-shp53 in cardiac tissues by Western blot (Student t test); n=6. B, Echocardiographic measurement of cardiac function
(1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=7. C, Infarct area of I/R mice by 2,3,5-triphenyltetrazolium chloride (TTC)
staining (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6. Scale bar=2 mm. D and E, Serum LDH and creatine kinase
isoenzyme MB (CKMB) levels (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=10 for LDH assay and CKMB assay. F,
Caspase-3 activity detected by ELISA assay (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n~=10. G and H, The protein
levels of Bcl2 and Bax detected by Western blot (1-way ANOVA, followed by Tukey post hoc multicomparisons test); n=6. AAV9 indicates
adeno-associated virus serotype 9; ASPP1, apoptosis stimulating of p53 protein 1; Bax, Bcl2-associated X; Bcl2, B-cell ymphoma 2; EF, ejection
fraction; FS, fractional shortening; I/R, ischemia/reperfusion; LDH, lactate dehydrogenase; and TG, transgenic.

therapeutic potential of ASPP1 as a novel target for car-
diac I/R injury.

ASPP1 is a crucial member of the apoptosis stimu-
lating of pb3 protein (ASPP) family that promotes cell
apoptosis. In a variety of cancer cells, the decreased

Circulation Research. 2023;132:208-222. DOI: 10.1161/CIRCRESAHA.122.3211563

level of ASPP1 was closely related to tumor progres-
sion.'6""8 Qverexpression of ASPP1 promoted apoptosis,
whereas knockdown of ASPP1 inhibited apoptosis and
induced b-FU resistance of clear cell renal cell carci-
noma.'? Knockdown of ASPP1 inhibited apoptosis and
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Figure 9. The diagram of the
regulation of ASPP1 on cardiac I/R
injury.

ASPP1 indicates apoptosis stimulating

of pb3 protein 1; Bax, Bcl2-associated X;
I/R, ischemia/reperfusion; and PUMA, p53
upregulated modulator of apoptosis.

Apoptosis

drove tumor growth in liver cancer.’® In this study, we
found that the expression of ASPP1 was upregulated in
both mRNA and protein levels in cardiac I/R mice and
H/R NMVCs. Cardiomyocytes specific overexpression of
ASPP1 activated cell apoptosis and aggravated cardiac
[/R injury. Inversely, knockout of ASPP1 mitigated apop-
tosis of cardiomyocytes and improved cardiac function in
[/R injury. These findings indicate that ASPP1 is also a
key regulator of cardiomyocyte apoptosis.

The transcription factor pb3 activates apoptosis by
regulating the expression of a host of target genes2%?'
pb3 was upregulated and thereby aggravated cardiac I/R
injury by promoting the transcription of apoptosis-related
genes such as Bax, PUMA, Noxa.?? The inhibitor of pb3
transcription, PIFITHRIN-a decreased cardiomyocyte
apoptosis and improved cardiac function of rats after
cardiac I/R injury?® ERK (extracellular signal-regulated
kinase)/GSK-3p (glycogen synthase kinase-3 beta) path-
way activated the apoptosis process and participated in
the cardiac I/R injury by enhancing the activity of p53.2* As
a crucial cofactor of pb3, ASPP1 binds to pb3 and specifi-
cally enhances the transcriptional ability of pb3 to activate
apoptotic targets such as Bax and PUMA in the nucleus,
thereby promoting apoptosis.® The proapoptotic activity of
ASPP1 in cardiomyocytes was related to the activation of
p53. We found that the binding between ASPP1 and p53
was increased in cardiomyocytes after H/R injury, which
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led to increased transcription of pb3 targets. Overexpres-
sion of ASPP1 increased, while knockdown of ASPP1
inhibits the expression of apoptosis-related pb3 targets
such as Bax, PUMA, and Noxa.

Nuclear transport of certain proteins is an essential
step for them to exert their biological functions, includ-
ing pb3.%? Most nuclear proteins contain the NLS
domain and traffic into the nucleus via the classic nuclear
transport protein importins.?” In this classical pathway,
importin-a. proteins recognized NLS domains and tran-
sited into nucleus by binding with importin-31 through
their cargo.® In terms of nuclear translocation of pb3,
importin-a3 recognized the NLS | domain of pb3 and
transited it into nucleus by importin-f31.'* In this study, we
found that ASPP1 enhanced the nuclear translocation
and accumulation of p53, which indicates that except for
the activation of pb3 in the nucleus as a cofactor, ASPP1
is also a key regulator of pb3 trafficking. Intriguingly,
we found that nuclear import of ASPP1 is dependent
on pb3, as knockdown of pb3 significantly reduced the
nuclear localization of ASPP1 under H/R stimulation in
NMVCs. Furthermore, knockdown of importin-f1 signifi-
cantly reduced the nuclear localization of both pb3 and
ASPP1 under H/R stimulation in NMVCs. As ASPP1
does not contain a currently identifiable NLS domain, it
may be a cocargo of pb3 nuclear trafficking pathway to
accomplish nuclear translocation. These data imply that
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the nuclear translocation of ASPP1 and pb3 are interde-
pendent. p63 and p73 are 2 p53 homologs, which also
participates in the induction of cell apoptosis?*2° In this
study, we found ASPP1 did not colocalized with p63 or
p73, and knockdown of ASPP1 did not affect the subcel-
lular distribution of p63 and p73 in cardiomyocytes under
H/R stimulation, indicating that the detrimental effects
of ASPP1 on cardiomyocytes during ischemia injury was
not mediated by p63 and p73. There are also studies
showing that pb3 was not very important in cardiac I/R
injury.2'#2 It would be quite necessary to dissect how the
discrepancy of pb3's role in cardiac I/R injury happened.
The settlement of this issue will definitively progress our
understanding of the unique mechanism of p53-medi-
ated cardiac I/R injury and facilitate the development of
novel therapeutic strategy.

Lu et al® has reported that the other 2 ASPP fam-
ily members, ASPP2 and iASPP contain ankyrin repeat
domains, which can bind to RanGDP and be trans-
located into the nucleus by nuclear transport factor
2. In this study, we found that knockdown of iIASPP
increases pb3 expression, and knockdown of ASPP2
or iASPP produced no effects on subcellular distribu-
tion of pb3. These findings highlight the special role
of ASPP1 of the ASPP family proteins in regulating
pb3 nuclear translocation, which is different from the
original understanding of ASPP1 as a nuclear cofac-
tor of pb3 in the nucleus. Consistent with the different
influence of IASPP on p53 expression and distribution
than ASPP1, knockdown of iIASPP aggravates cardiac
ischemic damage.'®

The proapoptotic effect of ASPP1 depends on its
nuclear localization. Arnaud et al® reported that unlike
in the nucleus, cytoplasmic ASPP1 competed with YAP
(Yes-associated protein) for LATS2 (large tumor sup-
pressor homolog 2) and inhibited the phosphorylation
of YAP, thereby exerting an antiapoptotic effect. Consis-
tently, we found that ASPP1 localized predominantly in
the cytoplasm of unstressed cardiomyocytes, while sig-
nificant nuclear translocation and accumulation occurred
after cardiac I/R injury and NMVCs H/R stimulation.

E2F1 is a pivotal transcription factor in promoting
apoptosis and suppressing proliferation.3* During cardiac
I/R injury, E2F1 was upregulated and aggravated car-
diac I/R injury by regulating the expression of multiple
genes, including promoting apoptosis by enhancing the
expression of FoxO-1a and promoting necrosis by inhib-
iting expression of miR-30b.3%% E2F1 was shown to
be the transcription factor for ASPP1.3%8 Consistently,
E2F1 was robustly increased in I/R hearts and H/R pri-
mary cardiomyocytes, and knockdown of E2F1 inhibited
the upregulation of ASPP1 in H/R NMVCs.

In conclusion, the study demonstrated that ASPP1
aggravates cardiac I/R injury by activating the pb3 pro-
apoptotic pathway. This detrimental effect stems from
the unique interdependent nuclear translocation of p53

Circulation Research. 2023;132:208-222. DOI: 10.1161/CIRCRESAHA.122.3211563
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and ASPP1. The findings indicate that modulation of
ASPP1 and p53 nuclear translocation represents a novel
strategy in treating cardiac I/R injury.
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