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Abstract

Atrial fibrillation (AF), the most common cardiac arrhythmia, is an important contributor to mortality and morbidity.
Ubquitin-specific protease 7 (USP7), one of the most abundant ubiquitin-specific proteases (USP), participated in many
cellular events, such as cell proliferation, apoptosis, and tumourigenesis. However, its role in AF remains unknown. Here,
the mice were treated with Ang II infusion to induce the AF model. Echocardiography was used to measure the atrial
diameter. Electrical stimulation was programmed to measure the induction and duration of AF. The changes in atrial
remodeling were measured using routine histologic analysis. Here, a significant increase in USP7 expression was observed
in Ang Il-stimulated atrial cardiomyocytes and atrial tissues, as well as in atrial tissues from patients with AF. The
administration of p22077, the inhibitor of USP7, attenuated Ang II-induced inducibility and duration of AF, atrial dilatation,
connexin dysfunction, atrial fibrosis, atrial inflammation, and atrial oxidase stress, and then inhibited the progression of AF.
Mechanistically, the administration of p22077 alleviated Ang II-induced activation of TGF-p/Smad2, NF-xB/NLRP3,
NADPH oxidases (NOX2 and NOX4) signals, the up-regulation of CX43, ox-CaMKII, CaMKII, Kir2.1, and down-
regulation of SERCA2a. Together, this study, for the first time, suggests that USP7 is a critical driver of AF and revealing
USP7 may present a new target for atrial fibrillation therapeutic strategies.

Keywords Atrial fibrillation + CX43 - Electrical remodeling * p22077 - Structure remodeling

Introduction mortality, stroke, heart failure (HF), and other heart-related
complications [1]. According to the Global Burden of
Disease, there may be up to 33.5 million patients with AF
[2]. So far, despite the implementation of successful treat-
ment techniques and the administration of antiarrhythmic

drugs, there is still a high recurrence rate and a high burden

Atrial fibrillation (AF) is a common sustained cardiac
arrhythmia which is associated with an increased risk of
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of medical costs [3]. Therefore, identifying modifiable risk
factors for AF and appropriate preventative actions may
significantly improve community health and reduce costs to
the health-care system. The development of AF has been
linked to a number of processes, including electrical and
structural remodeling of atrial tissue [4].
Ubiquitin-proteasome system (UPS) plays an indispensable
role in cell biology functions. Deubiquitinating enzymes
(DUBSs) are known as the element of UPS by specific remove
ubiquitin from modified proteins or disassemble the chain of
ubiquitin. Growing studies demonstrated that DUBs play a
significant role in a variety of diseases especially in cardio-
vascular events such as atherosclerosis, myocardial fibrosis,
myocardial hypertrophy, and myocardial ischemia/reperfusion
injury [5-8]. Ubiquitin-specific protease 7 (USP7), also called
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Graphical Abstract
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The expression of USP7 is
upregulated in Ang ll-infused
AF mice. Blocking the activity
of USP7 by the inhibitor
p22077 suppresses multiple
signal pathways, which has a
significant impact on atrial
fibrosis, atrial inflammation,
atrial electrical remodeling as
well as oxidative stress, there-

by attenuates the progression

——————— : | of AF.

Atrial fibrillation

HAUSP, is a USP-family DUB which has been first dis-
covered as a viral binding protein that preferentially cleaves
K11-, K63- and K48-linked ubiquitin chains [9]. USP7 reg-
ulates cell function such as gene expression, transcription,
DNA damage, viral infection, and immune reaction, mainly
expressed in the cell nucleus [10]. Moreover, several studies
have demonstrated that USP7 regulates multiple biological
functions including apoptosis, proliferation, tumorigenesis,
acute or chronic inflammation and oxidative stress [11-14].
Interestingly, it has been revealed that USP7 plays an impor-
tant role in several cardiovascular diseases based on these cell
and biologic functions [10]. USP7 obviously increases
expression in heart-failure mice with cardiac hypertrophy
while its inhibitor prevents myocardium from cardiac hyper-
trophy [15]. USP7 responses to inflammasome-activating
signals and is necessary for inflammasome activation. NLRP3
is a crucial component of NLRP3 inflammasome, whose
ubiquitination status is affected by the administration of USP7
inhibition [16]. However, there is limited research to expose
the relationship between USP7 and AF occurrence and
progression.

Here, we demonstrated that USP7 was upregulated in
serum and atrial tissues from AF patients and in Ang II-
induced atrial tissues of AF. The administration of the
ubiquitin-specific  protease USP7 inhibitor p22077
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ameliorates Ang II-induced atrial remodeling, atrial fibrosis,
inflammation, and oxidase stress, which lead to AF.
Mechanistically, p22077 reduced Ang II-induced activation
of TGF-p/Smad2, NF-«xB/NLRP3, NADPH oxidases
(NOX2 and NOX4) signals, the elevated expression of
CX43, ox-CaMKII, CaMKII, Kir2.1, and the degraded
expression of SERCA2a in the atrial samples, which are
participated in fibrosis, oxidative stress, inflammatory
response and electrical remodeling. Together, we identified
that USP7 participate in the AF pathogenesis and provide
that USP7 could act as a novel treatment target of AF.

Method
Study subjects

There are altogether 41 fresh serum samples that recruited
from persons with AF in our study. The followings are
exclusion criteria: patients with chronic HF, myocardial
structural lesions, severe valvular heart disease, endocrine
disease (diabetes, thyroid disease), stroke, hematologic
system diseases (chronic myeloid leukemia, anemia), sur-
gery or trauma in the past 3 years, infectious disease (acute
or chronic), cancerous condition, and acute or chronic renal
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dysfunction with an estimated glomerular filtration rate of
30 ml/min per 1.73 m? and others infectious and immune
diseases (sepsis, parasitic diseases, arthritis, inflammatory
bowel disease). And the normal sinus rhythm controls
(n =44) with normal liver function were also recruited if
they showed no family history of AF, as well as any
obvious abnormalities in physical examination including
blood routine examination, biochemical test, clinical diag-
nosis, and B-ultrasonography reports [5, 17]. Blood samples
were collected for the Elisa. The study, which included six
patients with atrial fibrillation and six age- and sex-matched
controls, was carried out in conformity with the Helsinki
Declaration, and the patients agreed on a written informed
consent form before undergoing the procedure, which had
been authorized by the Institutional Ethics Committee of
Dalian Medical University’s First Affiliated Hospital.
Atrial tissues were preserved in neutral buffered formalin
solution for 48 hours before being paraffin-embedded and
processed for histologic pathology and Studies involving
human subjects were approved by Dalian Medical
University’s First Affiliated Hospital (PJ-KS-KY-2021-229,
to X.-H. Y.).

Animal experiments

8-week-old male mice that weight about 22 g were admi-
nistered with p22077 (15 mg/kg/day; S7133, Selleck Chem,
USA), a USP7 inhibitor, or DMSO (control) in abdominal
cavity for 1 week, then injected 2.5% tribromoethanol
(0.02ml/g; Sigma-Aldrich, St. Louis, MO, USA) into
abdominal cavity to anesthetize mice and infused them
utilizing osmotic mini-pumps (Alzet model 1004, Durect,
Cupertino, CA, USA) with Ang II (2,000 ng/kg/min;
MB1677, Meilunbio, Dalian, CHN) or saline for 3 weeks.
Finally anesthetized the mice using 2.5% tribromoethanol
with an intraperitoneal injection, induced atrial fibrillation
and recorded it, then removed the hearts. In this study, the
Animal Care and Use Committee of Dalian Medical Uni-
versity (No. LCKY2016-31) approved all the experiments
and conformed to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

Neonatal rat atrial cardiomyocyte isolation and
culture

We isolated the atrial tissues from the hearts of rats
belonging to Sprague-Dawley aged 1-to 3-day-old. We then
digested the atria at 37°C trypsin (C0201, Beyotime,
Shanghai, CHN) for 8-10 cycles each lasted 2—5 min. Next,
we collected and incubated these cells for 90 min in a 37 °C
environment. And then, we collected suspended cells and
centrifuged at a speed of 1000rpm for 15 min, then

incubated cells in culture medium contained DMEM/F12
(SH30023.01B, Hyclone, South Logan, UT, USA) with
20% FBS (16140071, Gibco, Grand Island, NY, USA), 1%
penicillin/streptomycin, and 100mM BrdU for 36h.
Finally, we starved the cells by the method of serum-starved
for 12 h and then induced with Ang II (100 nM) or saline
for 24 h.

Blood pressure measurement

All the mice’s blood pressures were measured once every
3 days in the same amount of time in the mornings after
intraperitoneal injection of p22077. This work has lasted
until the pump was buried for 3 weeks. During this process,
the mice were in stable state and the ambient temperature
was controlled at 37 °C.

Echocardiographic measurement

We anesthetized mice with 2.5% tribromoethanol (0.02 ml/
g; Sigma-Aldrich, St. Louis, MO, USA) and measured
echocardiographic evaluation of left atrial diameter in mice
with Vevo 2100 High-Resolution Imaging System (Visual
Sonics, Inc, Toronto, Ontario, Canada).

Induction and duration of atrial fibrillation

We anesthetized mice with 2.5% tribromoethanol by an
intraperitoneal injection, and detected the AF progression
by using a Millar 1.9 F octapolar electrophysiology catheter
(Scisense, London, Ontario, Canada), mouse right jugular
vein and right atrium were inserted with recording/stimu-
lating electrophysiology catheters to achieve intracardiac
pacemaking. We administered 33 burst pacing impulses at
the voltage magnitude of 3, 5, and 8 and different fre-
quencies for each individual mouse was used for stimulat-
ing AF. With varying impulses, we recorded the AF
durations after burst pacing. According to previous study
[18], AF was considered rapid with the atrial rates greater
than 1500 beat/min and completely irregular atrial waving
lasting greater than or equal 0.5 s.

Histological analysis

After fixing atrial samples in 4% paraformaldehyde, dehy-
drating and embedding them in paraffin, we performed
electrocardiography. Atrial samples were cut into a series of
4 um thickness thin slices and attached to slides in the 42 °C
water. After dewaxing treatment, a Masson staining kit
(DCO0032, Leagene, Beijing, CHN) and a H&E staining kit
(D006, Nanjing Jiancheng Bio Inc, Nanjing, Jiangsu, CHN)
were used to stain the fibrosis areas. Image] was used to
measure the quantitative analysis of the fibrosis areas.
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Incubated paraffin sections in immunohistochemistry (IHC)
with the following first antibodies: anti-USP7 (1:100;
GTX125894) (Genetex, San Antonio, Texas, USA); anti-
CD68 (1:100; 28058-1-AP), anti-a-SMA (1:200; 67735-1-
Ig), anti-NLRP3 (1:150; 19771-1- AP) (Proteintech,
Wuhan, Hubei, CHN), incubated with first antibodies at
4 °C all night and with appropriate rabbit or mouse derived
secondary antibodies for 2h at room temperature and
detected by DAB Kit (GK347010, Genetech, Shanghai,
CHN) the next day, stained nucleus with hematoxylin
(D006, Nanjing Jiancheng Bio Inc). The histologic stain-
ing’s images were taken by ECLIPSE Ni-U (Nikon
Instruments Inc, Tokyo, JPN) and measured by Image].

Immunofluorescence

Sections had been blocked at room temperature for 30 min
in blocking solution containing Triton X-100, 0.3 M glycine
and 1% BSA, and then incubated with anti-CX43 (26980-1-
AP) overnight at 4°C and cleaned with PBS. The secondary
antibody (A0453, Beyotime) has incubated these sections in
darkness at room temperature for a period of 2h before
labeling the nucleus with DAPI. Using a Leica STELLARIS
5 confocal microscope captured those images. ImageJ was
applied to calculate the intensity of cell fluorescence.

Quantitative real-time PCR analysis

TRIzol (SM139-02, Seven Biotech, Beijing, CHN) had
been utilized to extract the whole RNA from atrial tissues.
Following the manufacturer’s instructions, we utilized a
reverse transcription enzyme mix (11141ES60, Yeasen,
Shanghai, CHN) for the production of first-strand cDNA
from the whole RNA [19]. We determined the amount of
mRNA including USP7, the markers of fibrosis collagen I
(COLIAI) and collagen II (COL3AI), the markers of
inflammation /L-1§ and IL-6, the NADPH oxidase enzymes
NOX2 (CYBB) and NOX4, the potassium ion channel
family members Kcna5, Girkl and Girk4 by real-time PCR
(qPCR) analysis as described [20]. We standardized each
gene’s expression to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). As shown in supplemental
Table 1, primer sequences were obtained from Sango Bio-
tech (Shanghai, CHN).

Immunoblotting analysis

Heart tissue’s entirety of proteins have been extracted with
the RIPA buffer (Solarbio Science Technology Co, Beijing,
CHN) and ground, centrifuged. The concentrations were
then measured by BCA (P0010; Beyotime, Shanghai, CHN)
protein assay in 562 nm, quantitated and heated at 100 °C.
An equivalent quantity of protein (40-60 pg) was separating
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by 8-12% SDS-PAGE and transported to a PVDF mem-
brane (ISEQO00010, Millipore, Shanghai, CHN), mixed with
indicated first antibodies overnight at 4 °C and with the
secondary antibodies for 2h at room temperature. The
whole blots were developed using a chemiluminescent
system, and analyzed signal intensities using a Gel-Pro 4.5
Analyzer (Media Cybernetics, Rockville, MD, USA), and
normalized to Tubulin levels.

Antibodies

All primary and secondary antibodies for use in immuno-
blot are as listed here: USP7 (1:1,500; GTX125894) and
ox-CaMKII (1:1,000; GTX36254) were purchased from
GeneTex (San Antonio, Texas, USA). TGF-f (1:1,000;
21898-1-AP), CaMKII (1:1,500; 20667-1-AP), SERCA2a
(1:800; 67248-1-1g), Kir2.1 (1:1,500; 19965-1-AP), CX43
(1:1,500; 26980-1-AP), NLRP3 (1:800; 19771-1-AP),
NOX4 (1:1,500; 14347-1-AP), p65 (1:1,000; 10745-1-AP)
and Tubulin (1:3,500; 66031-1-Ig) were bought from Pro-
teintech Group Inc (Wuhan, Hubei, CHN). p-Smad2
(1:1,500; ab280888) was obtained from Abcam (Cam-
bridge, MA, UK). Smad2 (1:1,500; WL02286) was
acquired from Wanleibio (Shenyang, Liaoning, CHN).
NOX2 (1:1,500; abs124860) was got from Absin (Shang-
hai, CHN). p-p65 (1:1,000; 310013) was gained from Zen
Bioscience (Chengdu, Sichuan, CHN). Beyotime (Shang-
hai, CHN) provided IgG secondary antibodies against mice
(1:6,000; A0216) or rabbits (1:6,000; A0208).

Elisa

In a word, these samples were comprised of 41 serum
specimens from subjects with AF and 44 serum specimens
from persons with SR. Total USP7 proteins in serum were
then measured with a human USP7 ELISA kit (FS11681,
Westang Biologicals, Shanghai, CHN) according to the
manufacturer’s directions [15].

Statistical analysis

GraphPad Prism 8.0 was used to evaluate the statistical
calculations. First, a normalcy test was performed. If all of
the groups met the standard deviation criteria and the var-
iations were equivalent, our method was the Student’s #-test
or one-way ANOVA (with the Bonferroni post hoc test) as
appropriate. We employed the nonparametric Mann-
Whitney U test if the aforementioned conditions hadn’t
been satisfied. P<0.05 was considered statistically sig-
nificance. Values are to be reported as mean + SD.
Univariable and multivariable logistic regression were
performed to evaluate potential risk factors for AF. Model 1
was a crude model with no correction for covariates; model
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2 was a multifactorial model that adjusting for sex and age;
and model 3 was an entire risk adjustment model that
modified potentially confounding factors that were essential
on single-variate analysis and those identified to be linked
to AF, such as sex, age, LA diameter, LVEF, and SCr.

Results

The expression of USP7 is up-regulated in atrial
tissues from patients with AF and in Ang ll-induced
atrial tissues

To confirm the function of USP7 in heart tissues from AF
patients, immunohistochemistry (IHC) had been employed
to assess the expression of USP7 in AF patients and normal
control group. In AF patients’ heart tissues, compared with
normal group, USP7 expression was clearly enhanced
(Fig. 1A, B), suggesting that USP7 may involve in the
progression of AF. Moreover, a-SMA was increased in AF
tissue vascular walls compared with that in the SR group.
Masson staining and HE staining were used to measure the
fibrotic area and inflammatory infiltration. The data exhib-
ited significantly greater atrial fibrosis and inflammation in
AF human heart tissues than that in SR group (Fig. 1A).
gPCR analysis and immunoblotting assay further confirmed
that the mRNA and protein levels of USP7 was significantly
more extensive in heart tissues from AF patients than
control group (Fig. 1C, D). Moreover, to ensure whether
USP7 plays a crucial role in patients with AF, we tested the
serum level of USP7 in subjects with AF and in SR coun-
terparts. The serum level of USP7 was vastly greater in
patients with AF than SR counterparts which was measured
by human USP7 Elisa kit (Fig. 1E). The clinical data of AF
patients and SR control were illustrated in Table 1. We
found that AF patients had greater LA diameter and SCr
than SR control. The relationship between AF and serum
USP7 was then evaluated using univariable and multi-
variable logistic regression models (supplemental Table 2).
The data shown that the odds ratio (OR) of AF for every rise
of one standard deviation (SD) in USP7 was 2.296 [95% (I,
1.049-5.024; p = 0.038].

Then, to evaluate the correlations between USP7 and
Ang II-induced atrial remodeling, we initially identified the
alterations of USP7 expression in mice atrial tissues treated
with Ang II. After 3 weeks of Ang II or saline infusion,
gPCR and immunoblotting analysis revealed that the
expression of USP7 in atrial tissues infused with Ang II was
considerably higher than that in saline controls (Fig. 1F, G).
Additionally, immunohistochemical analysis has further
shown that the expression of USP7 was elevated in the atrial
tissues treated with Ang II (Fig. 1H). Atrial cardiomyocytes
(ACMs) treated with Ang II similarly showed a

considerable rise in USP7 protein levels (Fig. 1I). These
findings indicated that USP7 may associate with AF.

Administration of USP7 inhibitor p22077 attenuates
Ang ll-induced atrial remodeling and the induction
of AF in mice

To determine whether USP7 was closely associated with the
progression of AF, we used p22077, a strong and sensitive
USP7 inhibitor, to detect the effect of USP7 in Ang II-
induced AF. WT mice were treated with p22077 (15 mg/kg,
per day) at 8-week in parallel with an Ang II infusion
(2000 ng/kg/min) at 9-week to induce AF, and then echo-
cardiography, electrical stimulation and sacrifice at 12-week
(Fig. 2A). Immunoblotting assay shown that the expression
of USP7 was enhanced in Ang II- injected atrial tissues.
However, the inhibitor p22077 did not affect USP7 protein
levels (Fig. 2B). Additionally, with Ang II infusion, an
elevation in systolic blood pressure (SBP) was observed in
DMSO-injected mice compared to baseline levels, and this
effect was inhibited by the administration of p22077
(Fig. 2C). Considering atrial structure modification is a
fundamental pathophysiological aspect of AF, we applied
echocardiography to investigate the impact of USP7 on
atrial dilation. The elevated left atrial (LA) dilatation caused
by Ang II was diminished in the p22077 group (Fig. 2D).
To further confirm whether USP7 plays an important role
in the progression of AF, we next investigated the sus-
ceptibility to AF via programmed electrical stimulation to
AF (Fig. 2E), which was calculated by the inducibility and
duration of Ang II-injected AF in mice administered with
DMSO or p22077. The induction of AF was substantially
increased in Ang II injected mouse groups with DMSO or
p22077 in comparison to saline-injected mice (Fig. 2F, 77.8
vs. 20%, 55.6 vs. 10%). Nevertheless, inhibition of USP7
reduced the inducibility of Ang II-triggered AF (55.6 versus
77.8%). The total duration of AF was also reduced in the
p22077 group infused with Ang II. (Fig. 2G). In addition,
heart rate in each group of mice did not change significantly
between the DMSO- or p22077-injected groups and the
saline or Ang Il-infused groups. The DMSO or p22077
injection groups did not differ statistically (Fig. 2C-G).

p22077 decreases Ang ll-induced atrial fibrosis

In the next step, USP7 is evaluated in mice with atrial
fibrosis, which is known to stimulate the onset and pro-
gression of AF [21]. The fibrosis areas of Masson staining
exhibited an expanded in Ang Il-infused tissues of atrial,
suggested atrial fibrosis was increased under treatment of
Ang Il-induced. This growth was reversed by the admin-
istration of p22077 (Fig. 3A). Moreover, immunohisto-
chemical staining (IHC) shown that the Ang Il-infused

SPRINGER NATURE
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Fig. 1 The expression of USP7 is up-regulated in atrial tissues from
patients with AF and in Ang Il-induced atrial tissue.
A Immunohistochemical (IHC) staining in control group and patients’
atrial tissues with anti-USP7 and a-SMA. Atrial fibrosis stained with
Masson and inflammatory cell infiltration stained with HE (blue).
Scale bar = 50 um. B Bars illustrate the quantification of USP7
positive area (n = 6). C qPCR assay of USP7 mRNA level in human
atrial tissues (n =6). D Representative immunoblotting analysis and
quantification of USP7 in atrial tissues from AF patients and SR group
(n=4). E The serum USP7 concentration of SR group (n=44) and
patients with AF (n=41) was quantified by ELISA. **P <0.01 vs
normal SR control. F qPCR evaluation of the mRNA level of USP7 in

increase of the number of a-SMA positive cells was
decreased in p22077-treated group (Fig. 3B). qPCR assay
exhibited an increase of mRNA level of collagen I
(COLIAI), collagen III (COL3AI) in Ang II-induced group,
which were decreased after the administration of p22077
(Fig. 3C, D). Western blot analysis shown an elevation in
TGF-B, p-Smad2 protein expression in Ang Il-induced
group, which were decreased in p22077-treatment group
(Fig. 3E). All above results suggested that administered
p22077 could decrease Ang II-induced atrial fibrosis.
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mice atrial tissues with saline or Ang II (n=6). G Representative
immunoblotting assay and quantification of USP7 protein in mice
atrial material from each group that had been stimulated by Ang II
(2,000 ng/kg/min) (n=06). H IHC staining of USP7 (left) and the
quantification of the USP7-positive region (right) in atrial material
with Ang II or saline treated mice (n=6). Scale bar = 50 pm.
I Primary atrial cardiomyocytes (ACMs) received stimulation with
Ang II (100 nM) or saline for 24 h. Immunoblot analysis (upon) and
quantification (below) were utilized to determine the amount of USP7
protein in ACMs (n =4). The statistics are shown as the mean + SD,
with n denoting the number of animals in each group. *p <0.05, and
**p <0.01 vs saline-treated WT mice

Administration of p22077 attenuates Ang ll-induced
re-distribution of CX43 and dysregulation of ion
channel and Ca?" transporter expression in

mouse atria

Electrical propagation can be impaired by aberrant connexin
number, abnormal function, or anomalous positioning
which can also lead to occurrence and/or development of
reentry circuits that assist AF [22]. The next step was to
determine whether USP7 affects the distribution and
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Table 1 Clinical Characteristics

Parameters SR (n=44) AF (n=41) P value
Demographics

Male, n (%) 21 (47.73) 22 (53.66)

Age, years 55.66 +7.38 66.24 +8.61 <0.001**
Hemodynamic variables

Resting heart rate, 75.27+13.08 78.95+15.58 0.256
beats/min

SBP, mmHg 132.68+13.70 131.10+16.06 0.625
DBP, mmHg 83.59+11.61 85.10+11.40 0.548
Echocardiography

LVEF, % 58.16 £ 1.60 57.61 +1.63 0.120
LA diameter, mm 34.75+2.75 40.93 £5.52 <0.001%**
Blood-based biomarkers

USP7, ng/ml 0.61+£0.25 0.78 £0.35 0.038*
WBC, 10°/L 579+ 1.41 5.55+1.76 0.481
FBG, mmol/L 4.84 +£0.60 5.12+0.89 0.110
AST, umol/L 20.09 £5.36 20.83 +6.17 0.832
SCr, umol/L 65.98+13.40 75.22+16.38 0.005%**
TG, mmol/L 4.54+0.95 425+1.19 0.216
TC, mmol/L 1.52+0.97 1.28 £0.50 0.532
HDL, mmol/L 1.34+£0.31 1.23+0.33 0.515
LDL, mmol/L 2.45+0.63 231+0.83 0.128
BNP, pg/ml NA 178.88 £ 129.15
Medications

B-blockers, n (%) NA 11 (26.83)

ACEIs or ARBs or NA 2 (4.88)

ARNISs, n (%)

CCBs, n (%) NA 8 (19.51)

Diuretics, n (%) NA 11 (26.83)

*P<0.05, ¥**P<0.01 vs. SR control; SR sinus rhythm, AF atrial
fibrillation, SBP systolic blood pressure, DBP diastolic blood pressure,
LA left atrial, LVEF left ventricular ejection fraction, WBC white blood
cell, FBG fasting blood glucose, AST aspartate transaminase, 7G
triglyceride, SCr serum creatinine, 7C Total cholesterol; and LDL low-
density lipoprotein; HDL high-density lipoprotein, NA not applicable,
BNP indicates B-type natriuretic peptide, p-blockers beta-
adrenozeptoren blockers, ACEIls angiotensin-converting enzyme
inhibitors, ARBs angiotensinllreceptor blockers, ARNIs angiotensin
receptor neprilysin inhibitors, CCBs calcium channel blockers. The
parameters are mean (SD) or n (%)

expression of CX43, which may be involved in Ang II
induces electrical remodeling in atria. CX43 immuno-
fluorescence (red) in atrial tissues shown it mainly focus on
cell ends in saline groups, but disorderly distributed among
the cell-ends and lateral margins in Ang II-infused groups.
Meanwhile, the CX43 fluorescence staining’s intensity was
elevated in groups of Ang Il-infusion (Fig. 4A, red).
However, administration of p22077 attenuated this dys-
function of CX43 (Fig. 4B). In addition, the Kcna$l, Girkl
and Girk4 mRNA levels were significantly higher in Ang

II-induced atrial groups compare to saline groups, but this
effect was reversed by p22077 adminstration (Fig. 4C).
Consistent, the administration of p22077 reduced the Ang
II-induced upregulation of ox-CaMKII, CaMKII, CX43,
and Kir2.1, while increased the Ang II-induced decreased of
SERCA2a (Fig. 4D). Together, p22077 reduces Ang II-
induced CX43 re-distribution and deregulation of ion
channel and Ca*" transporter expression in atrial tissues.

Administration of p22077 decreases Ang ll-induced
atrial inflammation and atrial oxidative stress

It has been reported that inflammation and oxidative stress were
attached great importance in regulating Ang Il-induced cardiac
remodeling. We further tested whether USP7 had a potential
role on inflammation and producing reactive oxygen species
(ROS) in Ang II-infused AF mouse model [23, 24]. As it is
shown in hematoxylin-eosin staining, a greater increase of
inflammation cells occurred in Ang IlI-induced groups than
saline groups, including CD68-positive macrophages and
NLRP3-positive cells, and this impact was diluted by admin-
istration of p22077 (Fig. 5A, B). In addition, DHE staining
confirmed that the Ang II injection caused significance
enhancement of peroxide production, but this alteration was
inhibited in p22077-treated group (Fig. 5A, B). Moreover, the
mRNA quantitative analysis of pro-inflammatory cytokines /L-
1p and IL-6 and NADPH oxidases NOX2 (CYBB) and NOX4
was significantly elevated in Ang II-induced mice atrial tissues
(Fig. 5C, D), but was decreased in the p22077-treated mice.
Meanwhile, western blot assay shown that the Ang II-induced
augment of NLRP3, p-p65, NOX2 and NOX4 was significantly
reserved in the group treated with p22077 (Fig. SE, F). In saline
groups all above parameters treated with and without
p22077 show no obvious alterations (Fig. 5A-F). Together,
these data demonstrate that USP7 is attached great importance
in Ang Il-induced inflammation, oxidative stress as well as the
development of AF, and it’s possible that p22077 could blunted
this process.

We further tested whether USP7 had a potential role on
producing reactive oxygen species (ROS) in Ang Il-infused
AF mouse model [24]. In our study, DHE staining con-
firmed that the Ang II injection caused significance
enhancement of superoxide production, but this alteration
was inhibited in p22077-treated group (Fig. 5A, B).
Moreover, qPCR assay and immunoblotting assay demon-
strated that the elevation of the mRNA and protein level of
NADPH oxidases NOX2 and NOX4 in Ang II-induced
mice was attenuated in the p22077-treated mice. No sig-
nificant differences were observed in either of the saline-
treated groups in any of these parameters (Fig. 5SD-F).
Therefore, USP7 is responsible for the oxidative stress and
the development of AF caused by Ang II.
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Fig. 2 Administration of USP7 inhibitor p22077 attenuates Ang II-
induced atrial remodeling and the induction of AF in mice.
A Measures of injection p22077 in mice. Mice were dosed with
p22077 (15 mg/kg, each day) for 1 week followed by Ang II
(2,000 ng/kg/min) infusion and then together for another 3 weeks.
B Immunoblotting analyzed USP7 protein in mice injected with
p22077 and following Ang II or saline injection (left). The USP7 value
was quantified (right, n =4). C Systolic blood pressure (SBP) was
monitored with a tail-cuff every three days following Ang II treatment
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(n =6). D Echocardiographic measurement of LA dilation (left) and
quantification (right) in mice treated with Ang II or saline (n=6).
E Representative atrial electrogram recordings for AF or SR control.
The solid lines represent burst pacing, whereas the dotted lines
represent AF. F Bar graph showing percent AF inducibility
(n=9-10). G Total AF duration in DMSO and p22077-injected mice
receiving Ang II or saline perfusion. The number n denotes the number
of animals utilized in each group. *P <0.05, **P <0.01
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Fig. 3 p22077 decreases Ang Il-induced atrial fibrosis. A A repre-
sentative Masson staining for fibrosis (left) and quantification of the
fibrotic area on the Masson-stained sections of the saline-infused and
Ang Il-infused mice atrial tissues (right; n = 6). Scale bar = 20 um.
B Representative images of IHC analyses (left) and quantification of a-
SMA-positive cells level (right; n=6). Scale bar = 20 ym. C, D

Discussion

This study, for the first time, revealed that the deubiquiti-
nase USP7 may play an important role in Ang II-induced
AF. Our investigation generated three significant

mRNA expression level analyses of collagen I (COLIAI) and collagen
III (COL3A1) by qPCR in Ang II-induced mice atrial tissues and saline
groups (n=06). E Immunoblot analyses (left) and each protein level
quantification (right, n =4) of TGF-p, p-Smad2, and Smad2 in mice
atrial tissues. The number n indicates how many animals were used in
each group. *P <0.05, **P <0.01

conclusions, which are listed below. (1) USP7 protein level
was found to be higher in atrial tissues and serum from AF
individuals, as well as in Ang Il-induced atrial tissues
and atrial myocytes. (2) The administration of p22077,
the inhibitor of USP7, significantly attenuated the Ang
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Fig. 4 Administration of p22077 attenuates Ang II-induced re-dis-
tribution of CX43 and dysregulation of ion channel and Ca*" trans-
porter expression in mouse atria. A, B Cx43 representative images of
immunofluorescence (red) and quantification of the intensity of CX43
in atrial tissues of Ang Il-induced mice and saline-induced mice
(n = 6). Scale bar = 20 um. C mRNA levels analysis of Kcna5, Girkl
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Saline

Ang Il Saline Angll

and Girk4 in atrial tissues (n = 6). D Immunoblot analyses of calcium
ion channel related protein, potassium channel related protein, and gap
junction proteins ox-CaMKII, CaMKII, SERCA2a, CX43, and Kir2.1
in atrial tissues (left). Quantification of protein levels (right, n =4). n
represents the amount of used animals (n =4). *P <0.05, **P <0.01
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Fig. 5 Administration of p22077 decreases Ang II-induced atrial
inflammation and atrial oxidative stress. A Hematoxylin-eosin (H&E)
staining, CD68, NLRP3 staining by IHC and staining of atrial sections
with dihydroethidium (DHE). Scale bar = 20 um. Representative
images are shown. B The quantification of the positive cells of CD68
and NLRP3 in the IHC-stained sections from Ang II-induced mice
heart tissues (upon, n=06). Quantification of DHE content
(below, n=6). C, D mRNA expression level analyses of

II-induced atrial enlargement, atrial remodeling, and the
progression of atrial fibrillation (3) On the mechanism, the
administration of p22077, the USP7 inhibitor, recovered the
multiple Ang Il-induced regulators and signal pathways,
including ox-CaMKII, CaMKII, CX43, Kir2.1, SERCA2a,
TGF-p/SMAD, NF-xkB/NLRP3, NOX2 and NOX4, which
has a connection to the atrial fibrillation. Together, our
results demonstrated that the deubiquitinase USP7 serves an

pro-inflammatory cytokines IL-/f and IL-6 and NADPH oxidor-
eductase NOX2 (CYBB) and NOX4 in atrial tissues (n=0).
E Representative immunoblot analysis in Ang II-induced atrial tissues
(NLRP3, p-p65, p65, NOX2, NOX4, and Tubulin). F Quantification
of NLRP3, p-p65/p65, NOX2 and NOX4 in mice atrial tissues (n =
4). The data are presented as the mean + SD. The number n indicates
how many animals were used in each group. *P <0.05, **P <0.01

essential part in Ang II-induced atrial fibrillation and may
represent an innovative treatment option for AF. As shown
in graphical abstract, we proposed a working model.
Electrical remodeling and structural remodeling are the
pathophysiological basis form the development and main-
tenance of AF, including atrial dilation, calcium overload,
atrial fibrosis, cell death, inflammation and oxidase stress
[25, 26]. Growing evidence demonstrates that some certain
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interactome-related nodal points are the molecular driving
factors of AF progression, such as CaMKII and NLRP3
[22]. Here, our results shown that inhibition of USP7 atte-
nuated atrial electrical remodeling, atrial fibrosis, inflam-
mation, and oxidase stress (Figs. 3-5). Interestingly, the
expression of CaMKII and NLRP3, two key regulators in
AF, were increased in Ang Il-induced atrial tissues but were
rescued by the administration of the USP7 inhibitor,
p22077. CaMKII is involved in fibrotic signaling in the
myocardium. Angiotensin II increases oxidation of CaM-
KII, leading to atrial cell death and atrial fibrosis, whereas
inhibition of CaMKII has a protective effect against atrial
cell death and fibrosis [27, 28]. Interestingly, our data found
that administration of USP7 inhibitor p22077 down-
regulated the protein levels of both ox-CaMKII and total-
CaMKII.

It is well known that AF and HF are closely related and
that similar pathophysiological mechanisms coexist, which
explains the reduced cardiac output observed in patients
with AF and the increased incidence of AF in patients with
HF. However, despite the clear interconnectedness of AF
and HF, finding targets that can affect both diseases
simultaneously is a major challenge. Therefore, it is valu-
able to identify the molecular mechanisms that simulta-
neously facilitate the treatment of AF and HF. And in our
previous experiments, we found that USP7 expression was
increased in the blood and ventricular tissue of patients with
HF [15]. Meanwhile, in this paper, we demonstrated that
USP7 was observed in patients with AF with similar results.
The baseline of action is the same, both during pathological
myocardial hypertrophy and during atrial fibrillation, in
which fibrosis, inflammation, and oxidative stress are con-
nected to the pathological processes of both diseases
[29-32], and our experiments revealed that inhibition of
USP7 significantly inhibited Ang II-induced atrial fibrosis,
inflammation, and oxidative stress, indicating that USP7
may be a potential marker and a novel therapeutic target
both for AF and HF.

It has been reported that several substrate proteins, such
as FOXO1/3, FOXO03/4, HIF-1 alpha, NOX2, SMAD3,
PTEN, NF-xB, Keapl, NLRP3 and others, are stabilized
and deubiquitinated by the deubiquitinase USP7 in many
kinds of biological processes [10, 12, 33]. Recently,
growing studies corroborated that USP7 acts a critical part
in the control of redox homeostasis and inflammation. Xue
et al. corroborated that the increase expression of USP7 was
observed in HO9c2 cells cultured under hypoxia. Over-
expression of USP7 exacerbated LV remodeling and
reduced LV function in rats and promoted hypoxia-induced
apoptosis of cardiomyocytes, which was accompanied by
increased secretion of cytokines (IL-1p, TNF-a, and IL-6)
and myocardial injury markers (LDH, cTnl, and CK-MB)
[34]. Moreover, knockdown or inhibition of USP7
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decreased chondrocyte proliferation, accelerated apoptosis
and inflammatory response, activated endoplasmic reticu-
lum stress (ERS), and NF-kB/p65 signaling by BiP-e[F2a-
ATF4-CHOP signaling [35], suggesting that USP7 may
play an important role in inflammation. A study has
revealed that the administration of USP7 inhibitor p22077
inhibited the activation of NLRP3 inflammasome and
inflammation response, indicating that USP7 may be
involved in inflammation [16]. Thus, these studies sug-
gested that inhibiting USP7 may be a viable treatment for
cardiovascular disease. Our data, which is consistent with
these reports, showed that administration of USP7 inhibitor
p22077 reduced the Ang II-induced activation of NF-xB,
the increase expression of NLRP3, IL-1f, IL-6, NOX2,
NOX4, and the content of ROS, which are important reg-
ulator in inflammation response, oxidative stress, and clo-
sely related with the progression of AF (Fig. 4A, E). A
number of substrate proteins that are crucial for atrial
fibrosis, inflammation, oxidative stress, and the develop-
ment of AF appear to be targeted and stabilized by the
USP7 inhibitor p22077, these findings suggesting that
inhibition of USP7 may exert a protective effect on atrial
fibrillation. Interestingly, a study has demonstrated that
USP7 plays a beneficial role in angiogenesis induced by
angiotensin-converting enzyme inhibitor (ACEI) in a hin-
dlimb ischemia model: p22077 canceled the ACEI-induced
angiogenesis [36]. The opposing effects of USP7 in two
models, angiotensin-converting enzyme inhibitor-induced
angiogenesis and hypertension-induced atrial fibrillation,
may be dependent on the modifications of the USP7 or the
target substrates.

Hypertension is a risk factor of AF. Increasing animal
experiments and clinical data suggest that the renin-
angiotensin system (RAS) and inflammation are involved
in hypertension and AF [37]. In our study, we found that the
administration of p22077 decreased both systolic blood
pressure (SBP) and AF in Ang Il-infused mice. Growing
evidence shows that Ang II exerts the effects on the
increased of SBP and AF closely associated with the acti-
vation of NF-kB/NLRP3 signaling [38, 39]. Meanwhile,
NF-«xB and NLRP3 are stabilized and deubiquitinated by
the deubiquitinase USP7, suggesting that USP7 may
associate with Ang Il-induced increased SBP and AF
[16, 40, 41]. Thus, in our study, the administration of
p22077 not only decreased systolic blood pressure in Ang
II-infused mice, but also attenuated Ang II-induced AF,
which might through NF-«B/NLRP3 inflammation
signaling.

Several limitations of this study should be addressed.
First, all the mRNA and protein expression levels in Ang II-
induced atrial tissues and atrial tissues from patients with
AF of USP7 was up-regulated (Fig. 1). The mechanism of
increased USP7 expression during atrial fibrillation is likely
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to be related to the regulation of transcription factors. Top
Transcription factor binding sites in the USP7 gene pro-
moter, predicted by Genecards database and QIAGEN
database, are including AREB6, Amt, c-Myc, E47, Max,
Max1, NF-xB, PPAR-gammal, and PPAR-gamma2.
Among them, NF-kB plays a major role in the pathogenesis
of atrial fibrillation as a central response element to two
triggering factors: inflammation and oxidative stress [42].
As thus, the Ang II-induced increase expression of USP7
might be regulated by the transcription factor NF-kB, which
needs to be determined in the future. Second, USP7 acts as
a deubiquitinating enzyme and plays a role in the progres-
sion of different diseases by deubiquitinating and stabilizing
the different substrates. In Ang Il-induced atrial fibrillation,
which substrate (or substrates) are regulated by USP7 to
influence the development of AF is a question that we
need to address in the future. Third, the present study used
USP7-specific inhibitors, which may affect different organs
in mice, so the possibility that USP7 inhibitors affect the
atria by affecting other organs cannot be ruled out. Future
studies could investigate the effect of atrial myocyte-
specific knockdown of USP7 on Ang Il-induced atrial
fibrillation.

Conclusion

The current study revealed that USP7 was up-regulated in
Ang Il-injected atrial cardiomyocytes and atrial tissues in
mice, and the atrial tissues from AF individuals. The
administration of p22077, a USP7 inhibitory agent, reduced
Ang II-induced atrial enlargement, atrial fibrosis, inflam-
mation and oxidase stress, thereby attenuated the progres-
sion of AF. Our findings demonstrate that the
deubiquitinating enzyme USP7 may serve as a biomarker
for the clinical diagnosis of AF and a novel therapeutic
strategy for AF.
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