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SENP1 Protects Against Pressure
Overload-Induced Cardiac Remodeling and
Dysfunction Via Inhibiting STAT3 Signaling

Dan Yang, MD; Di Fan, MD; Zhen Guo, MD; Fang-Yuan Liu, MD; Ming-Yu Wang, MD; Peng An, MD;
Zheng Yang, MD; Qi-Zhu Tang “*, MD, PhD

BACKGROUND: SENP1 (sentrin/small ubiquitin-like modifier-specific protease 1) has emerged as a significant modulator involved
in the pathogenesis of a variety of human diseases, especially cancer. However, the regulatory roles of SENP1 in cardiovas-
cular biology and diseases remain controversial. Our current study aims to clarify the function and regulation of SENP1 in
pressure overload-induced cardiac remodeling and dysfunction.

METHODS AND RESULTS: We used a preclinical mouse model of transverse aortic constriction coupled with in vitro studies in
neonatal rat cardiomyocytes to study the role of SENP1 in cardiac hypertrophy. Gene delivery system was used to knock-
down or overexpress SENP1 in vivo. Here, we observed that SENP1 expression was significantly augmented in murine hearts
following transverse aortic constriction as well as neonatal rat cardiomyocytes treated with phenylephrine or angiotensin II.
Cardiac-specific SENP1 knockdown markedly exacerbated transverse aortic constriction-induced cardiac hypertrophy, sys-
tolic dysfunction, fibrotic response, and cellular apoptosis. In contrast, adenovirus-mediated SENP1 overexpression in murine
myocardium significantly attenuated cardiac remodeling and dysfunction following chronic pressure overload. Mechanistically,
JAK2 (Janus kinase 2) and STATS3 (signal transducer and activator of transcription 3) acted as new interacting partners of
SENP1 in this process. SENP1-JAK2/STATS interaction suppressed STAT3 nuclear translocation and activation, ultimately
inhibiting the transcription of prohypertrophic genes and the initiation of hypertrophic response. Furthermore, cardiomyocyte-
specific STAT3 knockout mice were generated to validate the underlying mechanisms, and the results showed that STAT3
ablation blunted the cardiac hypertrophy-promoting effects of SENP1 deficiency. Additionally, pharmacological inhibition of
SENP1 by Momordin Ic amplified cardiac remodeling post-transverse aortic constriction.

CONCLUSIONS: Our study provided evidence that SENP1 protected against pressure overload-induced cardiac remodeling
and dysfunction via inhibiting STAT3 signaling. SENP1 supplementation might constitute a new promising treatment against
cardiac hypertrophy. Notably, cardiovascular side effects should be seriously considered while applying systemic SENP1
blockers to suppress tumors.
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quela, is caused by a spectrum of hypertensive
cardiac stress such as myocardial injury, chronic
mechanical overload, neurohormonal stimuli, and ge-
netic mutations.! Characterized with cardiomyocyte
enlargement, structural abnormalities, and cardiac

Cardiac hypertrophy, a complex cardiovascular se-

dysfunction, cardiac hypertrophy represents a critical
predisposing factor for cardiovascular events. Without
appropriate intervention, cardiac hypertrophy may ulti-
mately progress into end-stage heart failure, a growing
public health problem worldwide with high morbidity
and mortality.? Cardiac hypertrophy acts as a significant
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CLINICAL PERSPECTIVE

What Is New?

e Qur study provides evidence that SENP1 (sen-
trin/small  ubiquitin-like modifier -specific pro-
tease 1) protects against cardiac remodeling
and dysfunction triggered by long-term pressure
overload.

e SENP1 could directly interact with JAK2 and
STAT3 in cardiomyocytes, resulting in the in-
hibition of STAT3 activation and STAT3 nu-
clear translocation, thus bringing benefits to
cardiac injury caused by chronic pressure
overload.

What Are the Clinical Implications?

e Approaches to stimulate or stabilize SENP1 ex-
pression might be achieved to mitigate cardiac
hypertrophy.

e Considering the detrimental effects of SENP1
deficiency in heart diseases, cardiovascular
side effects should be seriously considered
while applying systemic SENP1 blockers to
suppress tumors.

Nonstandard Abbreviations and Acronyms

ANP atrial natriuretic peptide
I/R ischemia/reperfusion
NRCMs neonatal rat cardiomyocytes

SENPs Sentrin/small ubiquitin-like modifier-
specific proteases

TAC transverse aortic constriction

target of therapeutic strategies for patients suffering from
heart failure. In the past decades, despite multiple cel-
lular and molecular signaling pathways that have been
identified in the initiation and progression of cardiac
hypertrophy, the pathogenesis of cardiac hypertrophy
remains incompletely understood.3® Thus, identifying
novel molecular targets and signaling networks involved
in cardiac hypertrophy continues to be of great value and
interest.

SUMOylation is an ubiquitin-like post-translational
modification that is involved in the dynamic regulation
of a range of cellular processes, including immune re-
sponses, tumorigenesis, apoptosis, DNA damage re-
pair, etc.b Generally, the conjugation of SUMO (smalll
ubiquitin-like modifier) proteins are mediated by a cas-
cade of enzymes comprised of E1-activating enzyme,
E2 conjugase, and E3 ligases, while the deSUMOyla-
tion process is precisely regulated by SENPs (sentrin/
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SUMO-specific proteases), which have the capability
of removing the SUMO proteins from the modified
proteins. The SENP family consists of 6 members,
including SENP1, SENP2, SENP3, SENP5, SENP6,
and SENP7, with differences in their tissue distribu-
tion, cellular localization, and catalytic properties.”8
Among all the identified SENPs, SENP1 is the first
discovered as well as the most widely studied. An
increasing number of research suggests that SENP1
may serve as an effective prognostic biomarker and a
suitable therapy strategy for solid tumors and hemato-
logic malignancies, and notably, some Food and Drug
Administration-approved drugs are shown to target
SENP1 and treat cancer, indicating the clinical value of
SENP1 inhibitors.®

In recent years, emerging studies have provided
evidence that SENP1 is expressed in the heart tis-
sue and may exert profound roles in the initiation and
progression of cardiovascular disorders. SENP1 was
initially shown to protect against myocardial ischemia/
reperfusion (I/R) injury. In vivo and in vitro experimen-
tal data have indicated that SENP1 deficiency wors-
ened cardiac function and accelerated cardiomyocyte
apoptosis, and the cardioprotective roles of SENP1
in I/R is HIF1a-dependent.”® Another study demon-
strated that cardiomyocyte-specific overexpression
of SENP1 was associated with mitochondrial abnor-
malities and dysfunction through calcineurin-NFAT/
MEF2C-PGC-1a signaling.!' These results suggest
that SENP1 may serve as a significant candidate for
cardiovascular diseases. However, up to date, studies
focusing on the regulatory role of SENP1 in cardiac
hypertrophy caused by chronic pressure overload are
limited.

In this study, we explored the contribution of
SENP1 in chronic pressure overload via transverse
aortic constriction (TAC), a well-established mouse
cardiac hypertrophy model. We demonstrated that hy-
pertrophic stimuli led to abnormal induction of SENP1
both at mMRNA and protein levels in cardiomyocytes.
Our results also elucidated that pressure overload-
induced cardiac hypertrophy and dysfunction were
deteriorated in the absence of SENP1 but improved
with exogenous SENP1 supplementation, indicating
the cardioprotective roles of SENP1 against cardiac
hypertrophy. Further molecular study unraveled that
STAT3 may act as a new interacting partner of SENP1
in this process.

METHODS

The data supporting the findings of this study are avail-
able from the corresponding author upon reasonable
request.
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Animals

All animal care and procedures were performed
in compliance with the guidelines of the National
Institutes of Health (revised 2011) and authorized by the
Animal Care and Use Committee of Renmin Hospital of
Wuhan University (approve number: WDRM20191209).
In animal experiments, genetic background, age- and
sex-matched mice were randomly divided into in-
dicated groups. Experiments and subsequent data
analysis were performed blindly. Male C57BL/6 mice
(8-10weeks old, 23.5-27.5 g) were acquired from
the Institute of Laboratory Animal Science, Chinese
Academy of Medical Sciences (Beijing, China).
STAT3lox mice, maintained on a C57BL/6 genetic
background, were obtained from Cyagen (Suzhou,
China). Mice carrying the a-myosin heavy chain (a-
MHC)-MerCreMer (MCM) transgene were acquired
from the Jackson Laboratory. All mice were fed in a
specific pathogen-free environment (temperature: 20—
25 °C; humidity: 50+5%; with 12hours light/dark cy-
cles) with ad libitum access to sterile water and food.
Before animal experimental procedures, all the animals
were adaptively fed for 1week. Gene transfer-based
approaches were used to downregulate or upregulate
SENP1 levels.'”'® To specifically downregulate SENP1
in murine hearts, the mice received a single intravenous
injection of adeno-associated virus serotype 9 (AAV9)
(1x10" viral genome per mouse) carrying shSenpf,
which was constructed by Designgene Biotechnology
(Shanghai, China), and AAV9 containing nonspecific
short hairpin RNA (shRNA) was used as control. To
overexpress SENP1 in mouse hearts, we performed
a single intramyocardial injection of 1x10° adenoviral
(Ad) genome particles (Designgene Biotechnology,
Shanghai, China) carrying Senp1, and AJGFP (green
fluorescence protein) was used as controls. Four
weeks after AAV9 injection or 1week after adenoviral
injection, mice were randomly subjected to TAC opera-
tion to induce pressure overload-cardiac hypertrophy
model or a sham operation as a control. The cardiac
function of these mice was measured 4 weeks post-
surgery, and then mice were euthanized with excess
pentobarbital sodium (200mg/kg; intraperitoneally).
The ratios of heart weight to tibia length were calcu-
lated. The mouse hearts were frozen in liquid nitrogen
and then stored at —80 °C for subsequent molecular
experiments, or arrested in remission in 10% potas-
sium chloride and fixed in 10% formalin for histological
analysis. To further verify the hypothesis that the mod-
ulatory role of SENP1 in pressure overload-induced
cardiac hypertrophy was STAT3-dependent, a mouse
model of STAT3 conditional knockout was generated
by crossing STAT3ox mice with mice carrying a-
MHC-MCM transgene. For cardiac specific-knockout
of STAT3, pharmaceutical-grade tamoxifen dissolved
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in corn oil was injected into 6-week-old mice for 5 con-
secutive days (25mg/kg per day, intraperitoneally).’?
The controls were also injected with equal dose of ta-
moxifen. For the treatment of Momordin Ic (Mc), mice
were intraperitoneally injected with Mc at 10mg/kg
daily for 20 consecutive days, and dimethyl sulphoxide
was used as vehicle control.'*

Transverse Aortic Constriction

Murine cardiac hypertrophy was induced by TAC as
previously described.’®'® In brief, mice were anesthe-
tized by intraperitoneal injection of sodium pentobar-
bital (50mg/kg). In the absence of pain stimulation
reflex, mice were fixed on the thermostatic heating
pad to open the left chest at the second intercostal
space, and then the thoracic aorta was exposed by
blunt dissection. Next, a 7-0 silk suture was used to
band the aortic arch against a 27-gauge needle be-
tween the innominate and left common carotid artery.
Subsequently, the 27-G needle was quickly removed,
leaving a discrete region of constriction. Sham-
operated mice were subjected to the same surgical
procedure except for constricting the aorta. Adequate
constriction of the aorta was examined by Doppler
analysis and the mice with unsuccessful surgery were
removed from experimental groups. All surgical proce-
dures were performed blindly.

Echocardiography

Echocardiography was performed as we previously
described.'”'® After anesthetization with isoflurane
(1.5%-2%), mice received transthoracic echocardiog-
raphy for the evaluation of cardiac function. M-mode
tracings were used to measure echocardiographic pa-
rameters including left ventricular internal dimension
diastolic, left ventricular internal dimension systolic, left
ventricular ejection fraction, and left ventricular frac-
tional shortening, which were averaged from 3 to 5
consecutive cardiac cycles.

Histological Analysis

Hearts were harvested from the euthanized mice, ar-
rested in remission in 10% potassium chloride, and
then immersion fixed in 10% formalin. After being em-
bedded in paraffin, the heart tissues were transversely
cut into 5-um-thick sections. To analyze the cardio-
myocyte cross-sectional area, the tissue section was
stained with hematoxylin and eosin and examined
under bright field microscopy (Aperio VERSA 8, Leica).
To evaluate collagen deposition, cardiac sections were
stained with Picrosirius red. The images were analyzed
by Image-Pro Plus software (version 6.0). More than
100 myocytes in the examined sections were outlined
in each group of mice.
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Cell Culture and Treatments

Neonatal rat cardiomyocytes (NRCM) were prepared
as previously described.'® Briefly, hearts were removed
from neonatal Sprague—-Dawley rats (1 to 2days old)
and digested with 0.125% trypsin. Then, the harvested
cells were centrifuged, resuspended, and cultured
in DMEM/F12 (Gibco) with 15% fetal bovine serum
(Gibco) for 90 minutes, and NRCMs, which were in the
suspended medium, were plated at a density of 1x108
cells/mL. The isolated NRCMs were then cultured in
the medium consisting of 15% fetal bovine serum,
BrdU (0.1mmol/L, to prevent fibroblast proliferation),
and penicillin/streptomycin. After 48 hours, the NRCMs
were starved in serum-free DMEM/F12 medium for
12hours, subsequently, NRCMs were treated with
phenylephrine (50 umol/L) or angiotensin Il (1 umol/L)
to induce hypertrophy. To knockdown SENP1 expres-
sion, adenoviruses carrying rat shSenp? were used,
and shRNA was the nontargeting control. For the over-
expression of SENP1, cultured cells were infected with
AdSenp1. Cells were infected with adenoviruses at a
multiplicity of infection of 100 for 24 hours. For further
investigations of the molecular mechanisms involved,
STAT3 was silenced by siRNA transfection; meanwhile,
some STAT3-associated signaling inhibitors dissolved
in dimethyl sulphoxide were also used for the inves-
tigation of molecular mechanisms: Smyd2 inhibitor
LLY-507 (5umol/L for 24 hours), HDACGE inhibitor ACY-
1215 (0.5umol/L for 24 hours), ErbB2 inhibitor AG825
(10umol/L for 24hours), and JAK2 inhibitor AG490
(10umol/L for 6 hours).'®?2 HIc2 cells, purchased from
the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China), were also used in this study. H9c2
cells were cultured in DMEM (Gibco) supplemented
with 10% fetal bovine serum.

Western Blots

Proteins were prepared from frozen left ventricles or cul-
tured cells. Whole-cell lysates and nuclear protein frac-
tions were separated by RIPA lysis buffer (Servicebio,
Wuhan, China) and a commercial kit (Thermo Fisher
Scientific) following manufacturers’ protocols, re-
spectively. The extracted proteins were quantified by
a BCA Protein Assay Kit (Thermo Scientific, 23227).
Subsequently, 50 ug of each protein sample was
fractionated by SDS-PAGE and electro-transferred
onto polyvinylidene fluoride membranes (Millipore,
IPVHOO010), which were then blocked with Tris-
buffered saline containing 5% bovine serum albumin
for 1hour. And then the membranes were incubated
with primary antibodies, including anti-GAPDH (Cell
Signaling Technology, CST, 2118,1:1000), anti-Lamin
B1 (Abcam, ab16048, 1:1000), anti-SENP1 (santa
cruz, sc-271360, 1:200), anti-atrial natriuretic peptide
(ANP) (santa cruz, sc-20158, 1:200), anti-BNP (brain
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natriuretic peptide) (Abcam, ab239510, 1:1000), anti-
Jak2 (CST, 3230S, 1:1000), anti-P-dak2 (CST, 3776,
1:1000), anti-Stat3 (CST, 9139S, 1:1000), anti-P-Stat3
(CST, 9145, 1:1000), anti-Bax (Bcl-2-associated X pro-
tein) (CST, 2772, 1:1000), anti-Bcl-2 (B-cell lymphoma-2)
(Abcam, ab196495, 1:1000), anti-PTEN (phosphatase
and tensin homolog) (CST, 9559, 1:1000), anti-P-AKT
(phosphorylated protein kinase B) (CST, 4060, 1:1000),
anti-AKT (protein kinase B) (CST, 4691, 1:1000), anti-
HIF1a (CST, 36169S, 1:1000), anti-Sirt1 (sirtuin 1) (CST,
8469, 1:1000), and anti-Sirt3 (sirtuin 3) (CST, 5490,
1:1000), at 4 °C overnight followed by incubation with
secondary antibodies (1:10000) for 1 hour at room tem-
perature. The signals were detected by the ECL sys-
tem, visualized using ChemiDoc XRS+(Bio-Rad), and
quantified using Image Lab software. The expression
levels of specific proteins were normalized to GAPDH
for the total lysates or to Lamin B1 for the nuclear
proteins.

RNA Isolation and Quantitative Real-Time

Polymerase Chain Reaction

Total RNA of frozen heart tissues and cultured cells
was extracted using TRIzol (Invitrogen, 15596-026)
and converted to cDNA using Transcriptor First Strand
cDNA Synthesis Kit [Roche (Basel, Switzerland),
04897030001] following manufacturers’ protocols.
Quantitative real-time polymerase chain reaction (QRT-
PCR) was performed using Light Cycler 480 SYBR
Green 1 Master Mix (Roche, 04887352001). The details
about all primer sequences are listed in Table S1, and
GAPDH is used as the endogenous reference gene.

Immunoprecipitation

Immunoprecipitation was conducted according to the
manufacturer’s instructions for Protein A+G Agarose
(Beyotime, Shanghai, China). Briefly, the freshly iso-
lated heart tissue or cell lysates were incubated over-
night with rotation at 4 °C with anti-immunoglobulin G
antibody, anti-STAT3 antibody, or anti-JAK2 antibodly.
The lysates with primary antibody were then mixed
with Protein A+G agarose beads and incubated with
rotation at 4 °C for 3hours. Beads containing immu-
noprecipitated proteins were then washed 5 times with
ice-cold PBS and boiled with 1xSDS loading buffer.
The supernatant was then subjected to immunoblot-
ting for the examination of the target proteins.

Immunofluorescence Staining

Immunofluorescence staining was performed as previ-
ously described.” Briefly, immunofluorescence stain-
ing was performed on paraffin-embedded sections
and fixed cells using antibodies to SENP1 (santa cruz,
sc-271360, 1:25), sarcomeric alpha actinin (Abcam,
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ab68167, 1:100), alpha actinin (CST, 69758S, 1:100),
cardiac Troponin | (Abcam, ab155047, 1:100), P-Stat3
(CST, 9145, 1:100), Stat3 (CST, 30835S, 1:100), and
Jak2 (CST, 3230S, 1:100) at 4 °C overnight. The fol-
lowing day, the sections and cells were incubated
with Alexa Fluor 488 goat anti-rabbit or 568 goat
anti-mouse secondary antibody (1:200, Invitrogen)
for 60 minutes at 37 °C. Nuclei were stained by
4',6-diamidino-2-phenylindole  (Invitrogen, S36939).
Fluorescein isothiocyanate-conjugated wheat germ
agglutinin (Invitrogen) was used for the detection of
cell membranes following manufacturers’ protocols.
Fluorescence images were captured using OLYMPUS
DX51 fluorescence microscope (Tokyo, Japan) and
analyzed by Image-Pro Plus software (version 6.0).

Immunohistochemistry

Paraffin-embedded mouse heart tissues were incu-
bated with antibodies to SENP1 (Abcam, ab236094,
1:100), CD45 (Abcam, ab10558, 1:200), and CD68
(Abcam, ab125212, 1:100) overnight. After washing
in PBS, the tissue sections were incubated with anti-
rabbit/mouse EnVisionTM +/horseradish peroxidase
reagent at a temperature of 37 °C for 30 to 60 min-
utes, and then reacted with 3,3’-diaminobenzidine for
the detection of the positive areas (Gene Technology,
Shanghai, China; GK600705). Then the sections were
counterstained with hematoxylin and mounted with
coverslips. The images were taken under bright field
microscopy (Nikon H550L (Tokyo, Japan)) and ana-
lyzed using Image-Pro Plus (version 6.0).

Statistical Analysis

All data in this study were expressed as mean+SD and
analyzed by GraphPad Prism 8.0 (GraphPad Prism
Software Inc., San Diego, CA, USA). Data normal-
ity was determined by Kolmogorov—Smirnov test. For
non-normal data, a nonparametric statistical analysis
was performed using Mann-Whitney test for 2 groups
and Kruskal-Wallis test for multiple groups. Unpaired
Student t-test was used for comparison between
2 groups. One-way and 2-way ANOVA followed by
Bonferroni post-test was applied when comparing at
least 3 experimental groups. P<0.05 was considered
statistically significant.

RESULTS

Hypertrophic Stimulation Leads to
Upregulation of SENP1 In Vivo and Vitro
To determine whether the expression of SENP1 is
associated with cardiac hypertrophy, we first estab-
lished a murine model of cardiac hypertrophy induced
by TAC. Wild-type mice were subjected to 1, 2, 3, 4,
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and 8weeks of TAC surgery, these time points were
designed to capture the optimal time for SENP1 up-
regulation. Histological analysis revealed that TAC-
operated mice exhibited time-dependent increases in
the cardiomyocyte cross-sectional areas (Figure S1A),
and echocardiography showed that cardiac contractile
function was preserved at weeks 1 and 2 but mark-
edly decreased from weeks 3 post-TAC (Figure S1B).
These results suggested the successful establishment
of cardiac hypertrophy models. Meanwhile, it also re-
vealed that pressure overload initially contributed to
adaptive hypertrophy, while sustained pressure over-
load induced maladaptive hypertrophy and cardiac
dysfunction. Our gRT-PCR results showed that SENP1
levels were significantly increased after TAC operation,
and notably, SENP1 upregulation peaked at 4 weeks
post-TAC (Figure S1C). To validate this observation,
we detected SENP1 protein levels in mouse hypertro-
phic heart tissues as well as NRCMs treated with pro-
hypertrophic stimulus based on different experimental
approaches. The results from western blots suggested
that SENP1 was upregulated at protein levels in mouse
hypertrophic hearts induced by TAC compared with
sham control hearts (Figure 1A). Consistently, immu-
nohistochemistry results showed that SENP1 ex-
pression was elevated in response to TAC-induced
cardiac hypertrophy (Figure 1B). Immunofluorescence
staining of heart tissue sections with anti-SENP1 and
anti-Troponin | demonstrated that SENP1 was sig-
nificantly elevated in the hypertrophic myocardium
compared with controls (Figure S1D). To mimic hyper-
trophic conditions in NRCMs, we treated the cells with
phenylephrine (50 umol/L) or angiotensin Il (1 wmol/L)
at different time points. Results from gRT-PCR re-
vealed that the expression of SENP1 was increased
in a time-dependent manner and remained at a high
level for 24 hours by these hypertrophic stimuli when
compared with the control group (Figure S1E and
S1F). Consistently, results from immunoblotting and
immunofluorescence staining revealed the increased
expression of SENP1 proteins in hypertrophic NRCMs
(Figure 1C through 1F). Collectively, these results indi-
cated that the expression of SENP1 can be markedly
upregulated by hypertrophic stress.

Pressure Overload-Induced Cardiac
Remodeling and Dysfunction Are
Aggravated in the Absence of SENP1

To investigate the functional role of SENP1 in
pressure overload-induced cardiac hypertrophy, we
transduced murine hearts with AAV9 vectors carry-
ing shSenp?, and shRNA served as controls (Figure
S2A). Figure S2B showed the inhibitory efficiency of 3
constructed AAV9 carrying shSenp? on SENP1 gene,
among which the second was preferred. Experimental
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Figure 1. Hypertrophic stimulation leads to upregulation of SENP1 (Sentrin/small ubiquitin-like modifier-

specific protease 1) in vivo and vitro.

A, Representative western blot analysis and quantitative data for SENP1 expression in murine heart tissues with
sham operation or 4 weeks of transverse aortic constriction (n=6 per group). Protein expression was quantified and
normalized to GAPDH. B, Immunohistochemistry staining and quantitative data for SENP1 in the myocardium of wild-
type mouse hearts with sham or transverse aortic constriction operation for 4 weeks (n=6 per group). Scale bar, 50 um.
C, Representative western blot analysis and quantitative data for SENP1 protein levels in phenylephrine (50 umol/L)
or PBS-treated neonatal rat cardiomyocytes for 24 hours (n=6 independent experiments). Protein expression was
quantified and normalized to GAPDH. D, Representative images for immunofluorescence staining of a-actinin (green)
and SENP1 (red) in neonatal rat cardiomyocytes stimulated with phenylephrine (50umol/L) or vehicle for 24 hours.
Scale bar, 50um. E, Representative western blot analysis and quantitative data for SENP1 protein levels in angiotensin
Il (1umol/L) or PBS treated neonatal rat cardiomyocytes for 24hours (n=6 independent experiments). Protein
expression was quantified and normalized to GAPDH. F, Representative images for immunofluorescence staining of
a-actinin (green) and SENP1 (red) in neonatal rat cardiomyocytes stimulated with angiotensin Il (1 umol/L) or vehicle for
24 hours. Scale bar, 50 um. Values represent the mean+SD. All data were analyzed by unpaired Student t-test. *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001. Ang Il indicates angiotensin Il; DAPI, 4’,6-diamidino-2-phenylindole; NRCMs,
neonatal rat cardiomyocytes; SENP1, sentrin/small ubiquitin-like modifier-specific protease 1; and TAC, transverse
aortic constriction.

data from immunoblotting also exhibited that the lev-
els of SENP1 in the myocardium were markedly de-
creased after shSenp? treatment compared with the
shRNA-transduced group (Figure 2A). Four weeks
after intravenous injection, mice were randomly allo-
cated to TAC surgery or sham operations. The impact
of SENP1 deficiency on cardiac hypertrophy was then
assessed. The cardiomyocyte cross-sectional areas
and hypertrophic marker levels in AAV9-shRNA and
AAV9-shSenp? treated mice were similar under un-
stimulated basal conditions. Notably, after 4 weeks of
TAC induction, mice deficient in SENP1 exhibited en-
larged hearts and elevated heart weight to tibia length

ratios (Figure 2B and 2C). Echocardiography was also
performed to assess the functional changes of mice in
each group. As shownin Figure 2D and 2E, mice that re-
ceived AAV9-shSenp1 exhibited significantly increased
left ventricular internal dimension systolic and left ven-
tricular internal dimension diastolic but decreased left
ventricular ejection fraction and left ventricular frac-
tional shortening compared with the AAV9-shRNA
controls after TAC (Figure 2D and 2E). Hematoxylin
and eosin staining showed the exaggerated effects
of SENP1 deficiency on TAC-induced cardiac hyper-
trophy (Figure 2F). Accordingly, SENP1 loss led to the
upregulation of ANP and BNP (Figure 2G). Moreover,
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Figure 2. SENP1 (Sentrin/small ubiquitin-like modifier-specific protease 1) deficiency aggravates pressure overload-
induced cardiac remodeling and dysfunction.

A, Representative western blot analysis and quantitative data for SENP1 protein levels in mouse hearts transduced with adeno-
associated virus serotype 9-short hairpin RNA (shRNA)or adeno-associated virus serotype 9-shSenp? (n=6 per group). Protein
expression was quantified and normalized to GAPDH. B, Representative images of heart tissues isolated from shRNA sham, shSenp1
sham, shRNA transverse aortic constriction (TAC), and shSenp7 TAC mice. C, The ratios of heart weight to tibia length were calculated
in shRNA or shSenp1 treated mice following 4 weeks of sham or TAC operations (n=18 for shRNA sham, shRNA TAC and shSenp1
TAC groups; n=13 for shSenp? sham group). D, Representative M-mode images of shRNA sham, shSenp? sham, shRNA TAC, and
shSenp1 TAC mice. E, Echocardiographic quantification of ejection fraction, fractional shortening, left ventricular internal dimension
diastolic, and left ventricular internal dimension systolic in the indicated groups (n=18 for shRNA sham, shRNA TAC and shSenp7 TAC
groups; n=13 for shSenp1 sham group). F, Hematoxylin & eosin staining and quantitative data for cardiac cross-sections from shRNA-
or shSenp1-treated mice following 4 weeks of sham or TAC operations (n=10 per group). Scale bar, 100um. G, Representative western
blots and quantitative data for ANP and BNP protein levels in the indicated groups (n=6 per group). Protein expression was quantified
and normalized to GAPDH. H, Representative Picrosirius red staining and quantitative data for cardiac fibrotic areas in shRNA- or
shSenp1-treated mice following 4 weeks of sham or TAC operations (n=10 per group). Scale bar, 100 um. I, Quantitative polymerase
chain reaction analysis of hypertrophic and fibrotic gene expression in the indicated groups (n=6 per group). mRNA expression was
quantified and normalized to GAPDH. Values represent the mean+SD. Statistical analysis was done using unpaired Student t-test (A)
and 2-way ANOVA with Bonferroni post hoc test for panels (C, E through I). a-Mhc indicates a-myosin heavy chain; §-Mhc, f-myosin
heavy chain; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; Col1, collagen type I; EF, ejection fraction; FS, fractional
shortening; H&E, hematoxlin and eosin; HW, heart weight; SENP1, Sentrin/small ubiquitin-like modifier-specific protease 1; shRNA,
short hairpin RNA; TAC, transverse aortic constriction; and TL, tibia length. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

Picrosirius red revealed that the collagen contents in type ) were also measured, gRT-PCR data showed
AAV9-shSenp? mice were markedly increased com-  that SENP1 depletion aggravated TAC-induced hy-
pared with AAV9-shRNA mice at 4weeks after TAC pertrophic and fibrotic response (Figure 2I). These
surgery (Figure 2H). Simultaneously, the mRNA lev- loss-of-function data collectively indicated that SENP1
els of some markers of cardiac hypertrophy and fi- depletion deteriorated pressure overload-induced car-
brosis including a-MHC, g-MHC, and Col1 (collagen diac pathological remodeling and dysfunction.
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SENP1 Overexpression Alleviates
Pressure Overload-Induced Cardiac
Remodeling and Dysfunction

Considering that SENP1 deficiency deteriorated hy-
pertrophic response and aggravated cardiac function
post-TAC, we then assessed the contribution of exoge-
nous supplementation of SENP1 in pressure-overload
cardiac hypertrophy. In this set of experiments, male
C57BL/6 mice were first infected with AdSenp? or
AdGfp and then distributed to TAC or sham opera-
tions 1week later. These mice were followed up for
4 more weeks before being euthanized. Figure S2C
demonstrated that the adenoviruses were successfully
transduced into the myocardium, and SENP1 levels
in the myocardium were significantly increased com-
pared with the AdGfp-transduced group (Figure S2D).
Notably, the molecular, histological, and functional
analysis demonstrated that cardiac hypertrophy and
dysfunction induced by TAC were markedly attenuated
in mice that received exogenous SENP1. Cardiac func-
tional assessment via echocardiogram demonstrated
that pressure overload significantly increased left ven-
tricular internal dimension diastolic and left ventricular
internal dimension systolic but decreased left ven-
tricular ejection fraction and left ventricular fractional
shortening, however, SENP1 overexpression markedly
attenuated cardiac dysfunction induced by pressure
overload (Figure 3A). SENP1-overexpessed mice also
exhibited smaller gross size of hearts and decreased
heart weight to tibialength ratios inresponse to pressure
overload compared with the control mice (Figure 3B
and 3C). In accordance with these findings, results ob-
tained from wheat germ agglutinin staining indicated
that TAC-induced cardiomyocyte hypertrophy was
greatly improved in mice with SENP1 overexpressed
(Figure 3D). Experimental results obtained from gRT-
PCR also revealed that SENP1 overexpression effec-
tively blocked TAC-induced hypertrophic response, as
indicated by reduced ANP, BNP, and $-MHC levels but
increased a-MHC expression (Figure 3E). Moreover,
Picrosirius red staining suggested that the induction
of fibrotic response by TAC was mitigated in SENP1
overexpression group (Figure 3F). The levels of fibrotic
markers including Col1 and Col3 were lower in hyper-
trophic hearts with SENP1 overexpressed (Figure 3G).
Collectively, these results revealed that SENP1 pro-
tected against pressure overload-induced cardiac re-
modeling and dysfunction.

SENP1 Has No Effects On Cardiac
Inflammation Induced By Pressure
Overload

Inflammatory response acts as another significant
characteristic during chronic pressure overload. We
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next evaluated the impact of SENP1 on cardiac inflam-
mation. Immunohistochemistry staining of CD45 and
CD68 indicated that TAC led to the increased cardiac
inflammatory response. Interestingly, no significant dif-
ferences were observed in hypertrophic murine hearts
with SENP1 ablation or overexpression compared with
their control groups (Figure S3A and S3B). These data
suggested that SENP1 had no effects on cardiac inflam-
matory response induced by chronic pressure overload.

SENP1 Protects the Heart from Apoptosis
During Pressure Overload

It has been reported that SENP1 profoundly affected
I/R injury-induced cardiomyocyte apoptosis.'® To fur-
ther define whether SENP1 had an effect on pressure
overload-induced cellular apoptosis, the protein levels
of Bax and Bcl-2 were detected. Experimental results
illustrated that TAC induced a remarkable elevation in
Bax expression but a decrease in Bcl-2 expression
compared with sham control, however, SENP1 deple-
tion aggravated while SENP1 overexpression mitigated
apoptotic response during pressure overload (Figure
S3C and S3D).

SENP1 Deficiency Is Associated With
Increased STAT3 Phosphorylation

The prominent effects of SENP1 on pressure overload-
induced cardiac hypertrophy and dysfunction
prompted us to explore the underlying mechanisms.
A set of documented studies have demonstrated that
some key regulators potentially involved in cardiac
hypertrophy may act as the direct targets of SENP1.
For instance, SENP1 was capable of stabilizing HIF1a
during the hypoxic response.’®?® Moreover, SENP1
could modulate the expression level as well as the nu-
cleoplasmic distribution of Sirt1 to suppress its dea-
cetylase activity in hyperoxic lung injury.?* There also
existed studies revealing that the SENP1-Sirt3 axis
participated in the regulation of mitochondrial metabo-
lism. 2528 Additionally, PTEN may act as an essential tar-
get of SENP1 in the progress of tumorigenesis.?” Thus,
we first evaluated whether these target proteins were
involved in SENP1-regulated hypertrophic response.
Results from immunoblotting showed the significantly
elevated levels of HIF1a and P-AKT, and reduced lev-
els of PTEN, Sirt1, and Sirt3 induced by hypertrophic
stress, however, no significant alterations in these pro-
tein levels after either SENP1 depletion or overexpres-
sion were observed (Figure S4A and S4B). Moreover,
previous studies have illustrated that the depletion of
SENP1 suppressed lipopolysaccharide-induced mac-
rophage inflammation by regulating the expression of
inflammatory cytokines interleukin-6 (IL-6), indicating
that inflammatory factors were potential downstream
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Figure 3. SENP1 (Sentrin/small ubiquitin-like modifier-specific protease 1) overexpression mitigates pressure
overload-induced cardiac remodeling and dysfunction.

A, Echocardiographic quantification of ejection fraction, fractional shortening, left ventricular internal dimension diastolic, and left
ventricular internal dimension systolic in AdGfp sham, AdSenp1 sham, AdGfp transverse aortic constriction (TAC), and AdSenp1
TAC mice (n=18 per group). B, Histological sections of cardiac tissues from AdGfp or AdSenp1? treated mice with sham or
TAC surgery were stained with H&E. Scale bar, 2mm. C, The ratios of heart weight to tibia length were calculated in AdGfp or
AdSenp1 treated mice following 4 weeks of sham or TAC operations (n=18 per group). D, Representative images and quantitative
data for wheat germ agglutinin-stained cardiac cross-sections in the indicated groups (n=10 per group). Scale bar, 100um. E,
gPCR analysis for hypertrophic gene expression in the indicated groups (n=6 per group). mRNA expression was quantified and
normalized to GAPDH. F, Representative Picrosirius red staining and quantitative data for cardiac fibrotic areas in AdGfp or
AdSenp1 treated mice following 4 weeks of sham or TAC operations (n=10 per group). Scale bar, 100um. G, gPCR analysis for
fibrotic gene expression in the indicated groups (n=6 per group). mMRNA expression was quantified and normalized to GAPDH.
Values represent the mean+SD. All data were analyzed by 2-way ANOVA with Bonferroni post hoc test except panel F (Kruskal-
Wallis). a-Mhc indicates a-myosin heavy chain; 3-Mhc, f-myosin heavy chain; Anp, atrial natriuretic peptide; Bnp, brain natriuretic
peptide; Col1, collagen type I; Col3, collagen type lll; EF, ejection fraction; FS, fractional shortening; GFP, green fluorescence
protein; H&E, hematoxylin and eosin; LVIDd, left ventricular internal dimension diastolic; LVIDs, left ventricular internal dimension
systolic; SENP1, Sentrin/small ubiquitin-like modifier-specific protease 1; TAC, transverse aortic constriction; and WGA, wheat
germ agglutinin. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

targets of SENP1.28 Interestingly, in the present studly, profound roles via modulating the downstream targets
we found that SENP1 had no effects on cardiac in- of IL-6. Zhao et al*® have revealed that IL-6 silencing
flammatory response induced by chronic pressure significantly attenuated TAC-induced cardiac hyper-
overload. We thus asked whether SENP1 exerted its trophy and markedly improved cardiac dysfunction by
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manifesting STAT3 signaling, one of the most impor-
tant downstream factors of IL-6. Multiple in vivo and in
vitro studies have also implicated that STAT3 is consti-
tutively activated by hypertrophic stress and interacts
with a multitude of cellular and molecular mechanisms
which modulate the progression of pressure overload-
induced cardiac hypertrophy.?9-3

Therefore, we asked whether the aggravation of pre-
established cardiac hypertrophy after SENP1 silencing
might be attributed to the altered activity of STAT3.
Utilizing immunoblotting-based approaches, we de-
tected distinct phosphorylation of STAT3 following TAC
operation, and surprisingly, STAT3 phosphorylation lev-
els were markedly elevated in SENP1-deficient hyper-
trophic mouse hearts (Figure 4A and 4B). Considering
that JAK2 acts as a key upstream regulatory factor
and is responsible for signaling transduction in various
cellular processes through STAT3,%? we also detected
JAK2 phosphorylation and found that the phosphory-
lated JAK2 (P-JAK2) levels were markedly enhanced in
SENP1-deficient hypertrophic murine hearts compared
with those receiving AAV9-shRNA (Figure 4A and 4B).
Conversely, the JAK2/STAT3 signaling cascade was
inhibited in AdSenp? mice compared with the AdGfp
group in response to hypertrophic stress (Figure 4A
and 4B). To further verify the effects of SENP1 on
STAT3 signaling, we treated cultured NRCMs with
AdshSenp1 or AdSenp1 to downregulate or upregulate
SENP1 expression, and western blots confirmed that
the levels of SENP1 were significantly changed (Figure
S5A and S5B). Consistent with the in vivo results, the
in vitro experimental data illustrated that SENP1 dele-
tion strengthened the levels of P-JAK2 and P-STAT3
in phenylephrine-treated NRCMs, whereas SENP1
overexpression weakened the phosphorylation lev-
els of JAK2 and STAT3 in response to phenylephrine
stimulation (Figure 4C and 4D). In NRCMs, STATS3 in-
hibition diminished the detrimental effects of SENP1
deficiency on hypertrophic response as indicated by
the decreased cellular size and mRNA levels of ANP
and B-MHC (Figure 4E and 4F). Thus, these results
suggested that the cardioprotective roles of SENP1
against pressure overload-induced cardiac hypertro-
phy may attribute to STAT3 signaling.

SENP1 Modulates the Nuclear
Translocation of STAT3

STATS, distributed in the cytoplasm in an inactive
form, is rapidly and transiently activated by a range
of pathological stimuli. The activation of STAT3 and
subsequent dimer formation trigger the nuclear trans-
location of STAT3 to drive the transcription of tar-
get genes.®® Thus, we further examined the effects
of SENP1 on the nuclear translocation of STAT3 in
NRCMs treated by hypertrophic stress. Phenylephrine
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treatment significantly increased STAT3 phosphoryla-
tion and nuclear STAT3 levels compared with control.
Notably, SENP1 depletion promoted STAT3 phos-
phorylation and subsequent nuclear translocation, in
contrast, SENP1 overexpression markedly prevented
the activation and nuclear translocation of STAT3 in re-
sponse to phenylephrine treatment (Figure 5A and 5B).
Consistent with these findings, results from immunoflu-
orescence staining revealed that, P-STAT3 expression
was induced in NRCMs stimulated with phenylephrine
and localized in the nucleus. However, SENP1 ablation
led to a significant increase in nuclear P-STAT3 levels
while SENP1 overexpression resulted in decreased
nuclear P-STAT3 expression in response to phenyl-
ephrine (Figure 5C and 5D). In summary, these results
indicated that SENP1 prevented the nuclear transloca-
tion of STAT3 to regulate the hypertrophic response.

SENP1 Can Interact With JAK2/STAT3
Signaling

To further investigate the effect of SENP1 on the
STAT3-associated signaling in hypertrophic response,
we performed immunoprecipitation with anti-JAK2 or
anti-STAT3 antibodies followed by immunoblot with
anti-SENP1 antibody. As shown in Figure 6A and 6B,
in lysis isolated from both murine heart tissues and
NRCMs, JAK2 or STAT3 could interact with SENP1.
To validate the protein—protein interaction of SENP1
and JAK2/STAT3, co-immunofluorescence of SENP1
and JAK2 or STAT3 in cultured myocyte cells was also
performed to visually detect their relationships, and
the results showed that JAK2 or STAT3 co-localized
with SENP1 in cellular compartments (Figure 6C and
6D). These results implied that SENP1 could interact
with JAK2 or STAT3 in phenylephrine-treated NRCMs,
which subsequently regulate the activation of STATG.

Cardiomyocyte-Specific Deletion of
STAT3 Negates the Detrimental Effects

of SENP1 Deficiency on Cardiac
Hypertrophy

Based on the above observations, we performed in vitro
experiments using cultured NRCMs and H9c2 cells to
test whether the cardioprotective roles of SENP1 in
cardiac hypertrophy were STAT3-dependent. Cultured
cells were treated by AdshSenp? as well as siStat3,
and then stimulated by phenylephrine. Immunoblotting
and immunofluorescence results confirmed the suc-
cessful depletion of STAT3 in cultured cells (Figure
S5C and S5D). In hypertrophic NRCMs, inhibition of
STAT3 markedly diminished the increase in cellular size
and mRNA levels of ANP and p-MHC (Figure 4E and
4F). Similar results were also obtained in H9c2 cells
(Figure SBA through S6D). To further identify the causal
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Figure 4. STATS3 signaling is the downstream of SENP1 (Sentrin/small ubiquitin-like modifier-specific protease 1) in the
regulation of pressure overload-induced cardiac hypertrophy and dysfunction.

A, Representative western blot analysis of phosphorylated JAK2 (P-JAK?2), JAK2, P-STAT3, and STAT3 protein levels in cardiac extracts
from mice in the indicated groups (n=6 per group). Protein expression was quantified and normalized to GAPDH. B, Quantification
of protein expression in the indicated groups based on the western blots in A. C, Representative western blot analysis of P-JAK2,
JAK2, P-STAT3, and STATS3 protein levels from neonatal rat cardiomyocytes in the indicated groups (n=6 independent experiments).
Protein expression was quantified and normalized to GAPDH. D, Quantification of protein expression in the indicated groups based
on the western blots in C. E, Representative images and quantitative data for immunofluorescence staining of a-actinin in neonatal rat
cardiomyocytes in the indicated groups (n=6 independent experiments). Scale bar, 50 um. F, Quantitative polymerase chain reaction
analysis for hypertrophic gene expression in neonatal rat cardiomyocytes in the indicated groups (n=6 independent experiments).
mRNA expression was quantified and normalized to GAPDH. Values represent the mean+SD. All data were analyzed by 2-way ANOVA
with Bonferroni post hoc test. Ad indicates adenoviral; Anp, atrial natriuretic peptide; GFP, green fluorescence protein; JAK2, Janus
kinase 2; B-Mhc, -myosin heavy chain; NS, not significant; P, phosphorylated; SENP1, Sentrin/small ubiquitin-like modifier-specific
protease 1; shRNA, short hairpin RNA; STAT3, signal transducer and activator of transcription 3; and T, total. *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001.

association between STAT3 signaling and SENP1- and 5-CCCTAGATTAGGCCAGCACA-3. The wild-

regulated cardiac hypertrophy, we utilized an inducible
Cre-dependent system to deplete STAT3 in cardio-
myocytes. Specifically, we generated Stat3 conditional
knockout mice by crossing Stat3-floxed mice with mice
carrying the aMHC-MCM transgene (Figure S7A). We
performed the genotypic identification of Stat3 con-
ditional knockout mice by polymerase chain reaction
using genomic DNA isolated from murine toes. The
polymerase chain reaction primer sequences of Stat3-
floxed mice are: 5-TTGACCTGTGCTCCTACAAAAA-3’

type allele was shown to 146bp, the mutant allele
187bp, and the heterozygote allele generated both 146
and 187bp bands (Figure S7B). The aMHC-MCM mice
were genotyped according to the following primer se-
quences: 5-AGGTGGACCTGATCATGGAG-3, 5-ATA
CCGGAGATCATGCAAGC-3, 5-CTAGGCCACAGAAT
TGAAAGATCT-3, and 5-GTAGGTGGAAATTCTGCAT
CATCC-3. These cross-bred STAT3"™¥1%aMHC-
MCM mice and their negative controls were then in-
traperitoneally injected with tamoxifen (25mg/kg, for
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Yang et al

SENP1 Prevents Pathological Cardiac Hypertrophy

a-actinin P-STAT3

DAPI

merge

A PE - + + + B 4 ok ok 3 * % 4 ok
¥k K Xk k
shSenpl - - + - *k — o —
f‘_" 3 2] o 3
AdSenpl - - - + '<_t o Ez_ 5k K i c ok K ok
o ey & £ c °
o | P-sTAT3 [ 86kDa & o s z S 5 £
2 3 2
i) g o ° o
| STAT3[ W e s o8 | S6kDa = & 519 5; ®
3| caroH [ ememe—e—| 3702 = 113 A 5 1®
0= 0 0
é P_STAT?’_%'(DZ’ PE - + o+ -+ o+ o+ -+ o+ o+
5| TaTs [ 86KD2 ¢hsenpr . . 4 - e A
=z .
Lamin B1 | sessssem—— | 68kDa Aqsenp1 - -+ - - -4 - - -4
c shRNA shSenpl  shRNA shSenp1 AdGfp AdSenpl  AdGfp AdSenp1

a-actinin P-STAT3

DAPI

merge

Figure 5. SENP1 (Sentrin/small ubiquitin-like modifier-specific protease 1) modulates the nuclear translocation
of STAT3 in response to hypertrophic stimuli.

A, Representative western blot analysis of whole-cell and nuclear contents of P-STAT3 and STAT3 proteins from neonatal
rat cardiomyocytes in the indicated groups (n=6 independent experiments). Protein expression was normalized to
GAPDH and Lamin B1, respectively. B, Quantitative data for whole-cell and nuclear contents of P-STAT3 and STAT3
based on the western blots in A. C, Representative images for immunofluorescence staining of a-actinin (green) and
P-STATS (red) in neonatal rat cardiomyocytes treated with shRNA or shSenp1 plus phenylephrine (50 umol/L) or vehicle.
Scale bar, 50um. D, Representative images for immunofluorescence staining of a-actinin (green) and P-STAT3 (red) in
neonatal rat cardiomyocytes treated with AdGfp or AdSenp1 plus phenylephrine (50 umol/L) or vehicle. Scale bar, 50 um.
Values represent the mean+SD. All data were analyzed by 1-way ANOVA with Bonferroni post hoc test. Ad indicates
adenoviral; DAPI, 4’,6-diamidino-2-phenylindole; P, phosphorylated; SENP1, Sentrin/small ubiquitin-like modifier-specific
protease 1; shRNA, short hairpin RNA; and STATS3, signal transducer and activator of transcription 3. *P<0.05; **P<0.01;

***P<0.001; ****P<0.0001.

5 consecutive days) to induce cardiomyocyte-specific
STAT3 deletion (Figure S7A). Subsequently, the ani-
mals underwent intravenous injection to downregu-
late SENP1 expression, and finally were subjected to
TAC or sham operations. Results from immunoblot-
ting showed that STAT3 levels were downregulated in
Stat3 conditional knockout murine hearts compared
with controls (Figure S7C). As expected, the histologi-
cal analysis suggested that cardiomyocyte-specific
ablation of STAT3 could diminish the difference of
cardiac hypertrophy between mice receiving AAV9-
shRNA and AAV9-shSenp1 (Figure 7A-C). Additionally,
the cardiac function was significantly ameliorated by
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cardiomyocyte-specific STAT3 silencing in both AAV9-
shRNA and AAV9-shSenp? treated mice subjected
to TAC (Figure 7D). The mRNA levels of some hyper-
trophic markers also tended to be normal when STAT3
was depleted (Figure 7E). These results indicated that
the effects of SENP1 on pressure overload-induced
cardiac hypertrophy were STAT3-dependent.

Next, we asked whether the modulatory roles of
SENP1 were dependent on JAK2/STATS signaling. We
treated SENP1-depleted hypertrophic NRCMs with
some inhibitors targeting STAT3-associated signaling,
including LLY-507 (Smyd?2 inhibitor), ACY-1215 (HDAC6
inhibitor), AG825 (ErbB2 inhibitor), and AG490 (JAK2
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Figure 6. SENP1 (Sentrin/small ubiquitin-like modifier-specific protease 1) can interact with
JAK2/STATS signaling.

A, Representative images for western blotting for SENP1 and JAK2 in myocardial tissues from
transverse aortic constriction-treated mice immunoprecipitated with anti-JAK2 antibody (left). Anti-
STAT3 immunoprecipitates were immunoblotted with anti-SENP1 and anti-STAT3 antibody (right). B,
Representative images for western blotting for SENP1 and JAK2 in phenylephrine-treated neonatal rat
cardiomyocytes immunoprecipitated with anti-JAK2 antibody (left). Anti-STAT3 immunoprecipitates
were immunoblotted with anti-SENP1 and anti-STAT3 antibody (right). C, Representative images for
immunofluorescence staining of JAK2 (green)+SENP1 (red) (top) or STAT3 (green)+SENP1 (red) (bottom)
in neonatal rat cardiomyocytes treated with phenylephrine. Scale bar, 50um. D, Representative images
for immunofluorescence staining of JAK2 (green)+SENP1 (red) (top) or STAT3 (green)+SENP1 (red)
(bottom) in H9c2 cells treated with phenylephrine. Scale bar, 50um. DAPI indicates 4’,6-diamidino-2-
phenylindole; IgG, immunoglobulin G; JAK2, Janus kinase 2; NRCMs, neonatal rat cardiomyocytes;
SENP1, Sentrin/small ubiquitin-like modifier-specific protease 1; and STAT3, signal transducer and

activator of transcription 3.

inhibitor). As expected, only in the NRCMs treated with
JAK2 inhibitor AG490, STAT3 phosphorylation levels
and the hypertrophic response were prevented (Figure
S8A through S8C). Taken together, these results in-
dicated that the potential cardioprotective effects of
SENP1 were dependent on JAK2/STATS signaling in
cardiomyocytes.

Pharmacological Inhibition of SENP1
by Momordin Ic Accelerates Pressure
Overload-Induced Cardiac Remodeling

Previous studies have demonstrated that SENP1
plays essential roles in the occurrence, development
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and metastasis of various tumors, and suppressing
SENP1 expression has become a goal for cancer
treatments.343% Giving the detrimental role of SENP1
loss in cardiac hypertrophy, systemic SENP1 inhibi-
tion may bring side effects on the heart. Mc, a pen-
tacyclic triterpene extracted from multiple Chinese
natural medicines, has been proved to be a new
natural SENP1 inhibitor and exert obvious antitumor
effects.'* Thus, we treated mice with Mc to determine
the roles of pharmacological SENP1 inhibition in TAC-
induced cardiac remodeling. Notably, administration
of Mc aggravated TAC-induced cardiac hypertrophic
response, with markedly increased heart weight to
tibia length ratios and cardiomyocyte cross-sectional
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Figure 7. Cardiomyocyte-specific deletion of STAT3 negates the detrimental effects of SENP1 (sentrin/small ubiquitin-like
modifier-specific protease 1) deficiency on cardiac hypertrophy.

A, Representative images of hematoxylin and eosin and wheat germ agglutinin-stained cardiac cross-sections in the indicated
groups. Scale bar, 2mm (top), 100um (middle and bottom). B, The ratios of heart weight to tibia length were calculated in the
indicated groups (n=12 per group). C, Quantitative data for cell areas based on hematoxylin and eosin staining in A (n=6 per group).
D, Echocardiographic quantification of ejection fraction, fractional shortening, left ventricular internal dimension diastolic, and left
ventricular internal dimension systolic in the indicated groups (n=12 per group). E, gPCR analysis for hypertrophy-associated gene
expression in the indicated groups (n=6 per group). MRNA expression was quantified and normalized to GAPDH. Values represent
the mean+SD. All data were analyzed by 2-way ANOVA with Bonferroni post hoc test. a-MHC indicates a-myosin heavy chain; §-
MHC, B-myosin heavy chain; Anp, atrial natriuretic peptide; Bnp, brain natriuretic peptide; cKO, conditional knockout; EF, ejection
fraction; FS, fractional shortening; H&E, hematoxylin and eosin; HW, heart weight; LVIDd, left ventricular internal dimension diastolic;
LVIDs, left ventricular internal dimension systolic; MCM, MerCreMer; NS, not significant; SENP1, Sentrin/small ubiquitin-like modifier-
specific protease 1; shRNA, short hairpin RNA; STAT3, signal transducer and activator of transcription 3; TAC, transverse aortic
constriction; TL, tibia length; and WGA, wheat germ agglutinin. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

areas (Figure 8A through 8C). Hypertrophic mark-
ers including ANP and BNP were also elevated in

DISCUSSION

Mc-treated mice after 4weeks of TAC (Figure 8D).
Picrosirius red staining also revealed that the extent
of cardiac fibrosis was significantly increased after
Mc treatment (Figure 8E). gRT-PCR results showed
that TAC-induced Col1 and Col3 (collagen type lll)
expression were markedly upregulated in the hearts
isolated from Mc-treated mice (Figure 8F). These
observations indicated that the administration of Mc
aggravated cardiac remodeling induced by pressure
overload.

J Am Heart Assoc. 2022;11:e027004. DOI: 10.1161/JAHA.122.027004

In this study, we have uncovered a previously unrec-
ognized role of SENP1 in the setting of cardiac remod-
eling and dysfunction induced by chronic pressure
overload. First, using different approaches, we ob-
served that the mRNA and protein levels of SENP1
were augmented in heart tissues from a mouse model
of TAC-induced cardiac injury as well as NRCMs
treated by pro-hypertrophic stimuli. By performing
gain-of-function and loss-of-function animal experi-
ments, we discovered a novel role of SENP1 in the
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Figure 8. Momordin Ic (Mc) accelerates pressure overload-induced cardiac remodeling.

A, Representative images of heart tissues, hematoxylin and eosin staining, and wheat germ agglutinin staining in dimethyl
sulphoxide sham, Mc sham, dimethyl sulphoxide transverse aortic constriction, and Mc transverse aortic constriction mice. Scale
bar, 100 um. B, The ratios of heart weight to tibia length were calculated in dimethyl sulphoxide or Mc-treated mice following 4 weeks
of sham or transverse aortic constriction operations (n=10 per group). C, Quantitative data for cell areas based on hematoxylin
and eosin staining in A (n=6 per group). D, Quantitative polymerase chain reaction analysis for ANP and BNP gene expression in
the indicated groups (n=6 per group). MRNA expression was quantified and normalized to GAPDH. E, Representative Picrosirius
red staining and quantitative data for cardiac fibrotic areas in dimethyl sulphoxide or Mc-treated mice following 4 weeks of
sham or transverse aortic constriction operations (n=6 per group). Scale bar, 100 um. F, Quantitative polymerase chain reaction
analysis for Col1 (collagen type I) and Col3 (collagen type Ill) gene expression in the indicated groups (n=6 per group). mMRNA
expression was quantified and normalized to GAPDH. Values represent the mean+SD. All data were analyzed by 2-way ANOVA
with Bonferroni post hoc test. Anp indicates atrial natriuretic peptide; Bnp, brain natriuretic peptide; Col1, collagen type I; Col3,
collagen type lll; DMSO, dimethyl sulphoxide; H&E, hematoxylin and eosin; HW, heart weight; Mc, Momordin Ic; TAC, transverse
aortic constriction; TL, tibia length; and WGA, wheat germ agglutinin. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

pathogenesis of cardiac hypertrophy. The knock-
down of SENP1 promoted TAC-induced hypertrophy
and cardiac dysfunction; conversely, adenoviruses-
mediated overexpression of SENP1 in the myocar-
dium protected against hypertrophic response and
cardiac functional decline in a cardiac hypertrophy
mouse model. Mechanically, SENP1 depletion in hy-
pertrophic models led to increased phosphorylation of
the JAK2/STAT3 signaling axis. Based on results from
immunoprecipitation and immunoprecipitation, it was
illustrated that SENP1 could interact with JAK2 as well
as STAT3 and inhibit the activation and nuclear trans-
location of STAT3. In vivo experiments indicated that
cardiomyocyte-specific knockout of STAT3 reverted
the detrimental role of SENP1 ablation in mice sub-
jected to TAC. Similar observations were also obtained
from NRCMs treated with pro-hypertrophic stimuli.

SUMOylation has been well studied in the modula-
tion of various cellular processes. Emerging evidence
has shown that SUMOQylation is an important revers-
ible posttranslational modification that contributes to
the maintenance of cardiac homeostasis during hy-
pertrophic stimuli.®® It has been illustrated that gene
transfer-induced SUMO1 overexpression blocked the
development of cardiac hypertrophy and failure in mice
subjected to TAC via post-translational modifications of
SERCAZ2a.%" The SUMO1/SERCAZ2a signaling axis was
also identified as an underlying mechanism of miR-
146a regulation in failing cardiomyocytes.®® Moreover,
overexpression of UBC9, a SUMO E2 ligase, seemed
to attenuate aggregate formation as well as cardiac hy-
pertrophy through modulating cardiac autophagy in a
murine model of proteotoxic cardiac disease.®® These
studies altogether illustrated that modulatory factors
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in the process of SUMQylation may participate in the
regulation of cardiac hypertrophy. Importantly, SENP1,
a significant protease removing SUMOs from the mod-
ified proteins, is also expressed in the myocardium
and plays profound roles in the heart. A documented
study has reported that SENP1 exerted cardioprotec-
tive roles in I/R-induced cardiac acute injury via the
hypoxia-inducible factor 1 alpha (HIFi1a)-dependent
pathway.®

Cardiac hypertrophy represents a critical predispos-
ing factor for cardiovascular events and heart failure,
and the mechanisms involved are largely unknown.
To date, the regulatory roles of SENP1 in pressure
overload-induced cardiac hypertrophy and dysfunc-
tion remains unclear. By performing immunoblotting,
we observed that SENP1 expression was significantly
augmented in both hypertrophic hearts induced by
chronic pressure overload and NRCMs treated with
pro-hypertrophic stimuli. Moreover, results from im-
munostaining revealed that the upregulated SENP1
was expressed primarily in cardiomyocytes. Therefore,
gain-of-function and loss-of-function experiments
were performed to investigate the roles of SENP1 in
pressure overload-induced cardiac hypertrophy. Our
data supported SENP1 as a critical negative regula-
tor during chronic pressure overload. Furthermore,
previous studies have presented compelling evidence
demonstrating that some critical regulators of car-
diac hypertrophy such as HIF1ia, PTEN, Sirt1, and
Sirt3 acted as downstream targets of SENP1.23-27
Surprisingly, we observed no significant changes in
these target proteins after SENP1 silencing or over-
expression in cardiac hypertrophy. Therefore, these
observations prompted us to propose other regulators
potentially involved in this process.

Documented studies have illustrated that SENP1
ablation suppressed lipopolysaccharide-induced mac-
rophage inflammation by regulating the expression of
inflammatory cytokines IL-6, indicating that inflam-
matory factors were potential downstream targets of
SENP1.28 Interestingly, in the present study, we found
that SENP1 had no effects on cardiac inflammatory re-
sponse induced by chronic pressure overload. We thus
asked whether SENP1 exerted its profound roles via
modulating the downstream targets of IL-6. Previous
studies have given evidence that the STAT3 signal-
ing functions as a significant downstream regulator
of IL.-6 in various cellular processes, and importantly,
knockout of IL.-6 markedly attenuated TAC-induced
cardiac hypertrophy and dysfunction via STAT3 signal-
ing.2%33 We thus asked whether the STAT3 signaling
participated in SENP1-regulated cardiac hypertrophy.
It has been well established that STAT3 serves as a
significant contributor to the pathogenesis of cardiac
hypertrophy. A multitude of cardiac stresses, such
as pressure overload, neuro-hormones, cytokines,
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epidermal growth factor, interferons, and hypertro-
phic agonists, can trigger a STAT3-associated signal-
ing cascade.® It has also been well established that
transgenic mice with cardiac-specific STAT3 overex-
pression manifested cardiac hypertrophy as indicated
by the upregulation of hypertrophic markers and his-
tological alterations,*' while inhibiting the expression
of STAT3 markedly suppressed cardiac hypertrophy
and collagen synthesis.*? Subsequent studies have
also identified multiple factors, such as JAK2, IL-6,
and gp130, that could positively or negatively regulate
STAT3 expression during this process.??*3 In addition,
a number of studies have also pointed out that there
exist therapeutic approaches which target STAT3 and
are effective to prevent the progression of cardiac hy-
pertrophy, suggesting that STAT3 may be a potential
target for the treatment of cardiac hypertrophy.30:444%
In the present study, we observed that SENP1 de-
ficiency promoted the phosphorylation of STAT3 in an
in vivo mouse TAC model and cultured NRCMs in par-
allel with the expression level of hypertrophic markers,
indicating potential involvement of STAT3 in SENP1-
mediated cardiac hypertrophy. We further confirmed
that the SENP1-STAT3 axis modulated hypertrophic re-
sponse using cardiomyocyte-specific STAT3 knockout
mice as well as STAT3-depleted myocyte cells. These
observations supported the notion that the STAT3-
associated signaling axis might be an underlying
mechanism in SENP1-mediated cardiac hypertrophy.
In addition, we also investigated the potential up-
stream regulator of STAT3 in this process. Results from
immunoblotting revealed that SENP1 deficiency also
augmented JAK2 phosphorylation in vivo and vitro,
which was in parallel with STAT3 phosphorylation. By
performing immunofluorescence and immunoprecip-
itation in cultured myocyte cells, we discovered that
SENP1 could interact with JAK2 as well as STATS,
and subsequently inhibit the activation and nuclear
translocation of STAT3. Inhibition of JAK2 by AG490
significantly reversed STAT3 phosphorylation and car-
diac hypertrophy in hypertrophic NRCMs deficient in
SENP1. These data confirmed the potential involvement
of the SENP1-JAK2-STATS signaling axis in cardiac hy-
pertrophy induced by chronic pressure overload. Thus,
we can conclude that the STAT3 signaling account for
SENP1-mediated cardiac hypertrophy. Definitely, in
addition to STAT3, there must be some other regula-
tors which serve as the target proteins of SENP1 in the
modulation of cardiac hypertrophy, and this work is of
great interest and deserved further investigation.
Interestingly, a previous study has indicated that in-
duction of SENP1 in myocardium was associated with
cardiomyopathy and mitochondrial abnormalities,
which seemed to be contrary to our current findings.
There exist some potential reasons for differences be-
tween observations in the present study and study by
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Cai et al. First, SENP1 functions as an upstream mod-
ulator of diverse cellular signaling pathways,?%3%46 thus
manipulating on SENP1 expression may bring distinct
changes to different signaling pathways. In the study
by Cai et al,'" they demonstrated that upregulation of
SENP1 in myocardium gave rise to some mitochondrial-
related genes and contributed to mitochondrial dys-
function. In the present study, we mainly focused on
the modulatory roles of SENP1 in chronic pressure
overload induced-hypertrophic response, which is
characterized with cardiomyocyte enlargement, in-
creased fibrosis, the upregulation of fetal genes, de-
creased contractility, and eventually heart failure."4®
And our study demonstrated the SENP1-JAK2-STAT3
regulatory axis involved in this process. As we know,
cardiac hypertrophy is a decompensated conse-
quence of the combined effect of multiple pathological
factors, mitochondrial abnormities only represents one
aspect.! In addition, in the present study, we utilized
gain- and loss-of-function method in mice subjected
to TAC surgery to comprehensively analyze the effect
of SENP1 in cardiac hypertrophy. Furthermore, our in
vivo findings were further supported by observations
in the vitro model of phenylephrine-induced cardiac
hypertrophy, and the data altogether indicated a direct
role of SENP1 in pressure overload-induced cardiac
hypertrophy. Importantly, different types of cultured
cells used in the 2 studies may also contribute to the
discrepancy. In Cai’'s study, C2C12 myoblast cell line
was used for mechanism exploration at cellular levels,
while in the present study, NRCMs, a standard exper-
imental in vitro system, were used for the investigation
of cellular mechanisms in hypertrophic response.*%°

This study has several limitations. First, AAV9 de-
livery system was used in our study instead of the
cardiomyocyte-specific knockout mice. Second, al-
though we have demonstrated that SENP1 could di-
rectly bind to JAK2 and inhibit its phosphorylation, the
detailed molecular relationship between SENP1 and
activation of JAK2 requires further clarification.

In summary, the present study revealed that SENP1
expression was upregulated in both cardiac hypertro-
phic murine heart tissues and NRCMs challenged with
hypertrophic stimuli. Aggravated cardiac hypertro-
phy and dysfunction were observed in mice deficient
in SENP1. Conversely, exogenous overexpression of
SENP1 suppressed TAC-induced cardiac remodeling.
These observations indicated the cardioprotective roles
in pressure overload-induced cardiac remodeling, which
was in line with the protective roles of SENP1 against I/R.
The regulatory effects of SENP1 in cardiac hypertrophy
are mediated by STAT3-associated signaling. SENP1
could directly interact with JAK2 and STAT3 in cardiomy-
ocytes, resulting in the inhibition of STAT3 activation and
STAT3 nuclear translocation, thus bringing benefits to
cardiac injury caused by chronic pressure overload. Our
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data illustrated a new and previously unrecognized role
of SENP1 in cardiac remodeling triggered by long-term
pressure overload. Approaches to stimulate or stabilize
SENP1 expression might be achieved to mitigate cardiac
hypertrophy. In addition, our study has significant clinical
implications. In the past decades, increasing number of
studies have demonstrated the involvement of SENP1
in the tumorigenesis. And more importantly, some Food
and Drug Administration-approved drugs were shown
to target SENP1 and treat cancer, indicating the clini-
cal value of SENP1 inhibitors in tumors.®' Therefore,
downregulation of SENP1 has become the goal of many
cancer treatments. Mc, a new natural SENP1 inhibitor,
has been shown to exert antitumor effects. However, in
this study, we revealed that treatment with Mc aggra-
vated TAC-induced cardiac remodeling. Considering
the detrimental effects of SENP1 deficiency in heart
diseases, we need to seriously consider cardiovascu-
lar side effects while applying systemic SENP1 blockers
to suppress tumors. Accordingly, manipulating SENP1
expression requires an accurate delivery system, such
as adenovirus-associated virus and nanocarrier delivery
system. Furthermore, some novel anti-tumor strategies
need to be further studied to manipulate SENP1 expres-
sion but prevent future cardiovascular diseases.
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Table S1. Primer sequences used in the gRT-PCR experiments

Genes
Mouse GAPDH
Mouse SENP1
Mouse ANP
Mouse BNP
Mouse B-MHC
Mouse a-MHC
Mouse Coll
Mouse Col3
Rat GAPDH
Rat SENP1
Rat ANP
Rat p-MHC

Forward (5'-3")
ACTCCACTCACGGCAAATTC
CAGCAGATGAATGGAAGTGA
ACCTGCTAGACCACCTGGAG
GTCAGTCGTTTGGGCTGTAAC
CCGAGTCCCAGGTCAACAA
GTCCAAGTTCCGCAAGGT
CCCAACCCAGAGATCCCATT
TCCCCTGGAATCTGTGAATC
GACATGCCGCCTGGAGAAAC
CTCAGGCTTTCCAGAGGACC
AAAGCAAACTGAGGGCTCTGCTCG
TCTGGACAGCTCCCCATTCT

Reverse (5'-3")
TCTCCATGGTGGTGAAGACA
CCGGAAGTATGGCATGTGT
CCTTGGCTGTTATCTTCGGTACCGG
AGACCCAGGCAGAGTCAGAA
CTTCACGGGCACCCTTGGA
AGGGTCTGCTGGAGAGGTTA
GAAGCACAGGAGCAGGTGTAGA
TGAGTCGAATTGGGGAGAAT
AGCCCAGGATGCCCTTTAGT
ACTGCTTGTAGAACCCGTGA
TTCGGTACCGGAAGCTGTTGCA
CAAGGCTAACCTGGAGAAGATG



Figure S1. Hypertrophic stimulation leads to the upregulation of SENP1 in vivo and vitro.
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(A) Histological analyses of the H&E staining and quantification of the average cross-sectional
areas in WT mice at 1, 2, 3, 4, and 8 wk after TAC surgery (n=6 per group). Scale bar, 2mm (top),
100um (bottom). (B) Echocardiographic assessments of EF% and FS% in mice in the indicated
groups (n=6 per group). (C) qPCR analysis for SENP1 expression in mice subjected to sham or
TAC operations in the indicated times (n=6 per group). mRNA expression was quantified and
normalized to GAPDH. (D) Representative images for immunofluorescence staining of cardiac
Troponin | (green) and SENP1 (red) in WT mouse hearts with sham or TAC operation for 4 weeks.
Scale bar, 50um. (E) qPCR analysis for SENP1 expression in NRCMs treated with PE (50 uM) in
the indicated times (n=6 independent experiments). mMRNA expression was quantified and
normalized to GAPDH. (F) qPCR analysis for SENP1 expression in NRCMs treated with Ang Il
(1 uM) in the indicated times (n=6 independent experiments). mMRNA expression was quantified
and normalized to GAPDH. Values represent the mean + SD. Significance was calculated using
1-way ANOVA with Bonferroni’s post-hoc test (A, B, E and F) and Kruskal-Wallis (C). *, P
<0.05; **, P <0.01; *** P <0.001; **** P < 0.0001; NS, not significant. SENP1,
Sentrin/SUMO-specific protease 1; TAC, transverse aortic constriction; NRCMs, neonatal rat

cardiomyocytes; PE, phenylephrine; Ang I, Angiotensin II.



Figure S2. The efficiency of AAV9-mediated SENP1 knockdown and adenovirus-mediated

SENP1 overexpression.
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(A) Schema of the procedure for injection of AAV9 carrying shSenpl. (B) The inhibitory
efficiency of three constructed AAV9 carrying shSenpl, among which the second had the highest
inhibitory efficiency. (C) Fluorescence intensity of cardiac sections was detected by fluorescence
microscope 2 weeks after intramyocardial injection. Scale bar, 100um. (D) Representative western
blot analysis and quantitative data for SENP1 protein levels in mouse hearts transduced with
AdGfp or AdSenpl (n=6 per group). Protein expression was quantified and normalized to GAPDH.
Values represent the mean + SD. Data were analyzed by 1-way ANOVA with Bonferroni’s
post-hoc test (B) and unpaired Student’s t-test (D). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001. SENP1, Sentrin/SUMO-specific protease 1; TAC, transverse aortic constriction; GFP,

green fluorescence protein.



Figure S3. The effects of SENP1 on cardiac inflammation and apoptosis induced by pressure

overload.
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(A) Immunohistochemistry staining and quantitative data for CD45 and CD68 in cardiac
cross-sections from shRNA or shSenpl treated mice following 4 weeks of sham or TAC operations
(n=6 per group). Scale bar, 100 um. (B) Immunohistochemistry staining and quantitative data for
CD45 and CD68 in cardiac cross-sections from AdGfp or AdSenpl treated mice following 4
weeks of sham or TAC operations (n=6 per group). Scale bar, 100 pm. (C) Representative western
blot analysis and quantitative data for Bax and Bcl-2 protein levels in shRNA or shSenpl treated
mice following 4 weeks of sham or TAC operations (n=6 per group). Protein expression was
quantified and normalized to GAPDH. (D) Representative western blot analysis and quantitative
data for Bax and Bcl-2 protein levels in AdGfp or AdSenpl treated mice following 4 weeks of
sham or TAC operations (n=6 per group). Protein expression was quantified and normalized to
GAPDH. Values represent the mean + SD. All data were analyzed by 2-way ANOVA with
Bonferroni’s post-hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; NS: not
significant. SENP1, Sentrin/SUMO-specific protease 1; TAC, transverse aortic constriction; CD45,



cluster of differentiation 45; CD68, cluster of differentiation 68; Bcl-2, B-cell lymphoma-2; Bax,
Bcl-2-Associated X Protein.



Figure S4. HIF1a, PTEN/AKT, Sirtl, and Sirt3 signaling pathways are not involved in
SENP1-regulated cardiac hypertrophy.
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(A) Representative western blot analysis and quantitative data for HIFla, PTEN, P-AKT, AKT,
Sirtl, and Sirt3 protein levels in cardiac extracts from shRNA and shSenpl mice 4 weeks after
TAC or sham operations (n=6 per group). Protein expression was quantified and normalized to
GAPDH. (B) Representative western blot analysis and quantitative data for HIF1a, PTEN, P-AKT,
AKT, Sirtl, and Sirt3 protein levels in cardiac extracts from AdGfp and AdSenpl mice 4 weeks
after TAC or sham operations (n=6 per group). Protein expression was quantified and normalized
to GAPDH. Values represent the mean + SD. All data were analyzed by 2-way ANOVA with
Bonferroni’s post-hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; NS: not
significant. SENP1, Sentrin/SUMO-specific protease 1; TAC, transverse aortic constriction;

HIF1a, hypoxia inducible factor 1-alpha; PTEN, phosphatase and tensin homolog; Sirt1, sirtuin 1;
Sirt3, sirtuin 3; AKT, protein kinase B.



Figure S5. The efficiency of gene overexpression or knockdown in cultured cells.
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(A) Representative western blot analysis of SENP1 protein levels in ShRNA and shSenpl treated

NRCMs. Protein expression was normalized to GAPDH. (B) Representative western immunoblots
for SENP1 protein levels in AdGfp and AdSenpl treated NRCMs. Protein expression was
normalized to GAPDH. (C) Representative western blot analysis and quantitative data for STAT3
protein levels in siRNA or siStat3 treated NRCMs (n=6 independent experiments). Protein
expression was quantified and normalized to GAPDH. (D) Representative images for
immunofluorescence staining of STAT3 in in siRNA or siStat3 treated H9c2 cells. Scale bar, 50um.
Values represent the mean + SD. Unpaired Student’s t-test. *, P < 0.05; **, P < 0.01; ***, P <
0.001; **** P < 0.0001. SENP1, Sentrin/SUMO-specific protease 1; STAT3, signal transducer

and activator of transcription 3.



Figure S6. Inhibition of STAT3 negates the detrimental effects of SENP1 deficiency on

hypertrophic response in cultured H9c2 cells.
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(A) Representative images and quantitative data for immunofluorescence staining of a-actinin in
HO9c2 cells in the indicated groups (n=6 independent experiments). Scale bar, 50um. (B) qPCR
analysis for hypertrophic gene expression in H9c2 cells in the indicated groups (n=6 independent
experiments). mMRNA expression was quantified and normalized to GAPDH. (C) Representative
images and quantitative data for immunofluorescence staining of a-actinin in H9c2 cells in the
indicated groups (n=6 independent experiments). Scale bar, 50um. (D) gPCR analysis for
hypertrophic gene expression in H9c2 cells in the indicated groups (n=6 independent experiments).
MRNA expression was quantified and normalized to GAPDH. Values represent the mean + SD.
All data were analyzed by 2-way ANOVA with Bonferroni’s post-hoc test. *, P < 0.05; **, P <
0.01; ***, P < 0.001; **** P < 0.0001;NS: not significant. SENP1, Sentrin/SUMO-specific
protease 1; STAT3, signal transducer and activator of transcription 3; PE, phenylephrine; Ang I,

Angiotensin I1; ANP, atrial natriuretic peptide; B-MHC, B-myosin heavy chain.



Figure S7. The generation of cardiomyocyte-specific STAT3 knockout mice.
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(A) Schematic of the generation of STAT3 conditional knockout mice. (B) The genotypic
identification of Stat3 cKO mice. The WT allele was shown to 146 bp, the mutant allele 187bp,
and the heterozygote allele generated 146 and 187bp bands. (C) Representative western blots for
STAT3 protein levels in aMHC-MCM and Stat3 cKO mice. STAT3, signal transducer and

activator of transcription 3.



Figure S8. JAK2 inhibitor negates the detrimental effects of SENP1 deficiency on hypertrophic
response in cultured NRCMs.
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(A) Representative western blot analysis of P-STAT3 and STAT3 protein levels in NRCMs
treated by shSenpl, PE, plus Smyd2 inhibitor LLY-507, HDACS6 inhibitor ACY-1215, ErbB2
inhibitor AG825, or JAK2 inhibitor AG490 (n=6 independent experiments). Protein expression
was quantified and normalized to GAPDH. (B) Quantitative data for cell areas of NRCMs s in the
indicated groups (n=6 independent experiments). (C) gPCR analysis for hypertrophic gene
expression in NRCMs in the indicated groups (n=6 independent experiments). mMRNA expression
was quantified and normalized to GAPDH. Values represent the mean + SD. All data were
analyzed by 1-way ANOVA with Bonferroni’s post-hoc test. *, P < 0.05; **, P < 0.01; ***, P <
0.001; **** P < 0.0001. SENP1, Sentrin/SUMO-specific protease 1; STAT3, signal transducer
and activator of transcription 3; PE, phenylephrine; ANP, atrial natriuretic peptide; 3-MHC, B

-myosin heavy chain.
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