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The transforming growth factor-p1 (TGF-p1)/Smad3 pathway drives DNA damage, necrosis, and ventricular
remodeling following acute myocardial infarction (AMI); however, effective therapies targeting this cascade
remain limited. Here, we investigated the role of the deubiquitinating enzyme BRCAL/BRCA2-containing
complex subunit 3 (BRCC3) in postinfarction cardiac remodeling and dysfunction using a mouse AMI
model established via left coronary artery ligation. The cardiac structure and function were evaluated by
echocardiography, Western blotting, and histomorphometry. We found that cardiac BRCC3 expression
was markedly down-regulated after AMI. Cardiac-specific BRCC3 overexpression inhibited TGF-$1/Smad3
activation, reduced the infarct size, attenuated adverse remodeling and DNA double-strand breaks, improved
cardiac function, and enhanced survival, whereas cardiac-specific Brce3 gene knockout exacerbated these
phenotypes. Invitro, BRCC3 suppressed TGF-Bl-induced hypertrophic gene expression and DNA damage
in cardiomyocytes, as well as profibrotic responses in cardiac fibroblasts. Mechanistically, BRCC3 bound
to the MH2 domain of Smad3 and removed K63-linked polyubiquitination at lysine 333 (K333), thereby
inhibiting Smad3 phosphorylation at Ser423/425. Collectively, these findings demonstrate that BRCC3
protects against ischemic injury and pathological remodeling by deubiquitinating Smad3 at K333 to
antagonize TGF-p1/Smad3 signaling, identifying BRCC3 as a potential therapeutic target for preventing
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post-AMI heart failure.

Introduction

In response to acute myocardial ischemia, excessive activation
of the transforming growth factor-p1 (TGF-p1)/Smad2,3
pathway contributes to cellular DNA damage, necrosis, tissue
repair, and ventricular remodeling and dysfunction [1,2].
In the myocardium, TGF-1 is secreted by cardiomyocytes
and cardiac fibroblasts (CFs) under various stresses [3-5].
Generally, bioactive TGF-B1 binds to type I and type Il TGF-f
receptors to activate both Smad2 and Smad3 cascades. Although
Smad2 and Smad3 share structural and biochemical similari-
ties, accumulating evidence indicates that Smad3 plays distinct
roles from Smad2 in regulating CF and macrophage pheno-
type and function within the infarcted myocardium [6,7]. For
instance, mice with fibroblast-specific Smad3 loss exhibit
exacerbated adverse cardiac remodeling following reperfused
infarction and an increased incidence of late rupture following
nonreperfused infarction. Conversely, cardiomyocyte-specific
Smad3 deletion reduces cardiomyocyte apoptosis and attenu-
ates post-myocardial infarction (post-MI) remodeling and
dysfunction [4].
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Smad3 activation is governed by several mechanisms, includ-
ing posttranslational modifications. Classically, phosphorylation
at Ser423/425 within the C-terminal SSXS motif by the type I
TGEF-p receptor is essential for Smad3 interaction with Smad4,
nuclear translocation, and transactivation [8]. Smad ubiquitina-
tion regulatory factor 2 (Smurf2)-mediated dual monoubiq-
uitination of Smad3 inhibits the formation of Smad3-Smad4
complexes [9]. Additionally, the E3 ubiquitin ligase complex
ROC1-SCF (Fbwla), mediated by RNF111, induces K48-linked
ubiquitination of Smad3, facilitating its proteasomal degradation
in a ligand-dependent manner [10]. Unlike K48-linked polyu-
biquitination, K63-linked polyubiquitination primarily regulates
intracellular protein trafficking [11,12], transcription [13], DNA
repair [14], and kinase signaling [15].

BRCA1/BRCA2-containing complex subunit 3 (BRCC3) is
a zinc metalloprotease belonging to the JAMM/MPN™ family
of deubiquitinases (DUBs) that specifically cleaves K63-linked
polyubiquitin chains [16,17]. Initially identified as a core com-
ponent of the BRCA1-A complex, BRCC3 mediates homologous
recombination to repair DNA double-strand breaks (DSBs) [18].
Emerging evidence suggests that BRCC3 participates in diverse


mailto:yungkzh@163.com
https://doi.org/10.34133/research.1418
https://doi.org/10.34133/research.1418
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Research

cellular processes, including autophagy [19], NLRP3 inflamma-
some activation [20], and development [21]. In the cardiovas-
cular system, Brcc3 morphant zebra fish exhibit angiogenesis
defects, and loss-of-function Brce3 mutations are associated with
moyamoya angiopathy [22]. Using co-immunoprecipitation (co-
IP) coupled with liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis, we previously identified BRCC3
as an Smad3-interacting protein in rat pulmonary artery smooth
muscle cells [23]. More recently, we demonstrated that BRCC3
overexpression activates the BMP2-ALK2-Smad1/5 pathway,
thereby preventing hypoxia-induced pulmonary vascular remodel-
ing and hypertension [17]. Studies have shown that the ablation
of ABRO1—a chaperone protein that partners with BRCC3 in the
BRCA1-A complex—exacerbates oxidative stress injury and car-
diomyocyte death following myocardial ischemia [24]. However,
despite its critical role in this complex, whether BRCC3 exerts a
protective effect against pathological processes associated with
myocardial ischemia remains unknown.

Although the link between the prolonged activation of TGF-
p1-Smad2,3 signaling and cardiac remodeling and dysfunction is
well established, effective clinical strategies targeting this cascade
in MI remain lacking. We hypothesized that BRCC3 functions as
a specific DUB to regulate Smad3 K63-linked polyubiquitination,
thereby interfering with the activated TGF-pf-Smad3 cascade and
mitigating ventricular remodeling post-acute myocardial infarction
(post-AMI). In this study, we demonstrate that BRCC3 removes
K63-linked polyubiquitination of Smad3 at Lys333, antagonizing
ischemia-induced TGF- signaling and subsequent DNA DSB
formation by enhancing myocardial DNA damage repair. Clinically,
we observed reduced BRCC3 levels in both cardiac tissues and
serum from patients with ischemic heart disease and chronic heart
failure compared to those in controls. These findings suggest that
BRCC3 serves as an endogenous protective factor against ischemia-
induced cardiac remodeling and represents a promising therapeutic
target for preventing post-MI heart failure.

Results

BRCC3 is decreased in the ischemic myocardium
To assess the role of BRCC3 in the heart, we first analyzed a Gene
Expression Omnibus (GEO) RNA sequencing (RNA-seq) dataset
(GSE48060) comparing cardiac transcriptomes from patients
with and without MI (n = 5 and n = 22, respectively). The BRCC3
messenger RNA (mRNA) levels in left ventricles tended to be
lower in patients with MI than in those without (Fig. 1A). We
further analyzed the GEO RNA-seq dataset (GSE153485) gener-
ated from MI versus sham-operated mice (n = 5 in each group).
Consistent with human data, the left ventricular myocardial
mRNA levels of BRCC3 were also decreased 24 h after surgery in
MI mice. Along with reduced BRCC3 levels, genes involved in
homologous recombination (e.g., Rad51a, Atm, and Mrel 1a) and
nonhomologous recombination (e.g., Rad50) were down-regulated.
Conversely, the levels of genes involved in TGF-f signaling (e.g.,
Tgfb, Smurfl,2, and Smad2), cardiac hypertrophy (e.g., Nppa and
Myh?7), and extracellular matrix remodeling (e.g., Postn and Ctgf)
were up-regulated in MI mice compared with those in sham
controls (Fig. 1B), suggesting that ischemia injury triggers the
activation of myocardial DNA damage repair mechanisms and
remodeling-related TGF-f signaling pathway.

To further clarify the expression profile of BRCC3 in different
cell types in an infarcted heart, we scanned a single-nucleus RNA-
seq dataset of mouse heart (GSE214611) derived from a sham
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surgery group (Ctrl, n = 3) and a left anterior descending artery
(LAD) ligation-induced AMI model group (MI, n=5) [25]. Based
on the specific marker gene, a total of 14 cell clusters were further
classified into 5 major cell types (Fig. 1C and D). BRCC3 is widely
expressed in various cell types throughout the body. Unlike these
in myocardial fibroblasts, smooth muscle cells, macrophages, and
endothelial cells, BRCC3 expression in cardiomyocytes was down-
regulated in the MI group compared with that in the control group
7 d after surgery (Fig. 1E and F). This finding suggests that BRCC3
plays a more critical role in regulating the fate of myocardial cells.

To directly further explore the above bioinformatics analytic
results involving the potential association between BRCC3 and
the TGF- signaling pathway, we transfected cardiomyocytes
with adenovirus AD-Brec3 or Ad-Ctrl for 3 d and then treated
them with the vehicle or TGF-p1 for 24 h to examine the BRCC3-
regulated transcriptome. Database for Annotation, Visualization
and Integrated Discovery (DAVID) analysis showed that genes
involved in several cardiac remodeling-related pathways, e.g.,
DNA damage repairment (GO:0006974), cardiac hypertrophy
(GO:0014898), positive regulation of fibroblast proliferation
(GO:0048146), extracellular matrix remodeling (GO:0030198),
and TGF-f signaling pathway (map04350, Kyoto Encyclopedia
of Genes and Genomes), were affected by BRCC3 overexpres-
sion. A total of 25,777 genes were detected in the RNA-seq, and
the differentially expressed genes were analyzed. The corre-
sponding heatmap in Fig. 1G demonstrates the up-regulation of
genes in the TGF-p signaling pathway, such as Smad2, Smad3,
Smurf2, Fbnl, and Tgfbl, and extracellular matrix organization,
including the Colllal, Coll3al, and Postn genes, was suppressed
by BRCC3. Also, homologous-recombination-related genes in
response to TGF-f1 treatment, such as Rad51c, Abraxasl, and
E2f4, were regulated by BRCC3 overexpression.

Clinically, we also tested the level of BRCC3 expression in the
heart tissues of patients with coronary heart disease with or with-
out heart failure. The baseline characteristics of these patients
are shown in Table S1. We observed that with the decline in heart
function in patients, the expression of BRCC3 was down-
regulated and yH2AX was up-regulated compared with subjects
with preserved heart function (Ctrl) (Fig. 1H), indicating that
the failing myocardium may be accompanied by down-regulation
of BRCC3, sustained activation of the TGF-p pathway, and DNA
damage, suggesting that BRCC3 down-regulation may be associ-
ated with the severity of cardiac dysfunction.

BRCC3 elicits cardioprotection against acute

ischemic stress

Since we show that Brce3 expression was decreased in cardio-
myocytes compared with other cells in the heart after MI, we
generated mice with cardiac-specific BRCC3 overexpression
(Bree3-Tg) and knockout (Brec3-KO) to examine the involve-
ment of BRCC3 in MI. Neither Brcc3-Tg nor Bree3-KO neonates
were born with noticeable cardiac defects or alterations in heart
rate and blood pressure measured by a noninvasive tail-cuff sys-
tem under unstressed conditions. LAD ligation was performed
to induce AMI in these 2 lines of mice and their respective
littermate controls. The post-MI survival rate was markedly
improved in Brce3-Tg mice compared with that in wild-type
(WT) controls (Fig. 2A). Echocardiographic studies revealed
that the left ventricular end-systolic diameter (LVESD) and left
ventricular end-diastolic diameter (LVEDD) were reduced,
while fractional shortening (FS) and the left ventricular ejection
fraction (LVEF) showed an increase in Brce3-Tg mice compared
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Fig. 1. Ischemic stress led to myocardial BRCA1/BRCA2-containing complex subunit 3 (BRCC3) down-regulation in humans and mice. (A) RNA sequencing (RNA-seq)
data mining of BRCC3 messenger RNA (mRNA) in patients with myocardial infarction (MI). The box plot shows the expression of BRCC3 mRNA in myocardial samples
from patients with and without MI (n = 5 and n = 22 [Ctrl]). Data were from a Gene Expression Omnibus (GEO) RNA-seq dataset (GSE48060). (B) Heatmap showing the
expression levels of the indicated genes in left ventricular myocardial samples from MI mice (n = 4) and sham-operated mice (n = 5). Data were from a GEO RNA-seq
dataset (GSE153485). (C) Single-nucleus RNA sequencing (snRNA-seq) data were obtained from GEO with accession number GSE214611. Uniform manifold approximation
and projection plot showing heart nuclei from 8 mice with clusters labeled by cell type. (D) Expression of selected specific marker genes correlated with cardiomyocytes
(CMs), cardiac fibroblasts (Fibs), smooth muscle cells (SMCs), endothelial cells (ECs), and macrophage (Macs). (E) Uniform manifold approximation and projection plot
showing heart nuclei from 8 mice in normal (Ctrl) and myocardial infarction groups with clusters labeled by cell type. (F) Comparison of normalized BRCC3 expression
level (filtering out Brce3 = O cells) in 5 clusters between the control and Ml groups. (G) Heatmaps showing differentially expressed genes involved in transforming growth
factor-p (TGF-B) signaling pathways (25 differentially expressed genes), homologous recombination signaling (15 differentially expressed genes), and extracellular matrix
remodeling (6 differentially expressed genes) in cultured cardiomyocytes transfected with AD-Null vs AD-Bree3 and treated with the vehicle or TGF-B1. (H) Western blot
analysis of BRCC3 and yH2AX protein levels in the atrial appendage tissues of coronary artery disease patients with normal heart function (Ctrl) and heart failure (CHD-HF)
(n=3). Data are mean + standard error of the mean (SEM) (a Student t test was used for comparisons between 2 groups).
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Fig. 2. Cardiac BRCA1/BRCA2-containing complex subunit 3 (BRCC3) overexpression or knockout in mice affects survival, infarct size, and cardiac function. (A) Wild-type (WT)
and Brce3-Tg mice underwent left anterior descending artery (LAD) ligation or sham surgery. Survival was monitored on day 28 after myocardial infarction (MI). (B to F) Left
ventricular structure and function were determined by echocardiographic study using a Vevo 3100 machine with an MX550S transducer 110 (Visual Sonics, Toronto, Canada)
inWT or Brce3-Tg mice with or without MI 28 d after surgery (WT sham, n = 10; WT MI, n = 15; Brce3-Tg sham, n = 10; Bree3-Tg MI, n = 15 mice). Data are mean + SEM; one-way
analysis of variance (ANOVA) followed by Bonferroni multiple comparison tests. (G) Representative photograph of hearts on day 28 after MI. Whole hearts were weighed and
the ratio of heart weight to body weight (HW/BW) is shown. (H) Representative areas of Ml in Brcc3-Tg and WT groups revealed by 2,3,5-triphenyl tetrazolium chloride (TTC)
staining. Scale bar = 1 mm. (I) The infarction size was averaged from 6 mice in each group. (J) Brcc3-KO and the littermate Brcc3"™*/Cre™ control (B3-fl/fl) mice underwent
LAD ligation or sham surgery. Survival was monitored in B3-fl/fl and Brcc3-KO mice at day 14 after MI. (K and L) Whole hearts were weighed and the ratios of heart weight to
tibia length (HW/TL) and body weight (HW/BW) were calculated. (M to P) The left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD),
left ventricular fractional shortening (LVFS), and left ventricular ejection fraction (LVEF) were determined at 7 d after sham or Ml surgery by M-mode echocardiography. n =
8 to 12 each group. Data are mean + SEM (one-way ANOVA followed by Bonferroni multiple comparison tests).

Yao et al. 2026 | https://doi.org/10.34133/research.1418


https://doi.org/10.34133/research.1418

Research

with those in WT controls (Fig. 2B to F). Similarly, the ratio of
heart weight to body weight (HW/BW) in Brec3-Tg mice was
decreased (Fig. 2G), and the ratio of heart weight to tibia length
(HW/TL) also decreased markedly (7.23 vs 6.23). In our prelimi-
nary experiment, Evans blue staining of the myocardium 3 d after
AMI showed no significant difference in the area at risk between
the Brce3-Tg group and the WT control group. However, the
myocardial infarct size at 4 weeks after MI was smaller in Bree3-Tg
than in WT mice (Fig. 2H and I). By contrast, Brcc3-KO mice
showed lower post-MI survival due to pulmonary edema or heart
rupture (Fig. 2]), an enlarged infarct size (Fig. S2), and increased
ratios of HW/TL, HW/BW, LVEDD, and LVESD but decreased
FS and LVEE, compared with littermate Brec3"*/Cre™ MI mice
(B3-fl/fl MI) (Fig. 2K to P). Together, the results from the Brcc3
gain- and loss-of-function mice demonstrate the protective role
of BRCC3 against cardiac stress imposed by MI.

BRCC3 alleviates cardiac fibrosis in Ml mice by
antagonizing the activated TGF-p—Smad3 pathway
We next studied the mechanism by which BRCC3 protected
mouse hearts at the molecular and tissue levels. Although the
result from the GEO RNA-seq dataset analysis showed that AMI
did not induce an increase in Smad3 mRNA expression in
infarcted mouse myocardium, compared with Smad2 and Smad3
target genes, such as Postn and Ctgf (Fig. 1B), our Western blot
analysis showed that MI stress not only increased the expression
of TGF- and phosphorylated Smad3 (Ser-423/425), which indi-
cates TGF-p pathway activation, but also reduced the BRCC3
level in the myocardium of WT mice. Interestingly, cardiac-specific
overexpression of BRCC3 in Bree3-Tg mice rectified TGF-p1 and
Smad3 activation in the myocardium (Fig. 3A), indicating an
inhibitory effect of BRCC3 on the activated TGF-p1-Smad3 sig-
nal. Phenotypically, consistent with the findings of previous
studies [26,27], collagen fiber staining (Masson, collagen type I,
and collagen type III) in the heart tissue of mice from the sham
operation group yielded negative results. MI increased cardiac
fibrosis in the ischemic area of WT mice, as revealed by aug-
mented collagen volume fraction (CVF) in Masson’s trichrome
staining and increased expression of the extracellular matrix mol-
ecules connective tissue growth factor (CTGF) and periostin. Of
note, MI-induced cardiac fibrosis was significantly reduced in
Brec3-Tg mice (Fig. 3B and C). By contrast, the cardiac ablation
of BRCC3 potentiated MI-induced increases in myocardial CVE,
expression of CTGF and Periostin, collagen I/III deposition, and
excessive phosphorylation of Smad3 compared with those in lit-
termate B3-fl/fl mice (Fig. 3D to G). Cardiomyocytes account for
approximately 80% of the heart’s volume and are the main cells
that make up the heart. Similar to previous studies, BRCC3
is almost not expressed in the myocardial tissue of mice with
cardiomyocyte-specific Brcc3 knockout. Together, these results
suggest that BRCC3 prevents MI-induced cardiac fibrosis and
preserves heart function by inhibiting excessive TGF-B-Smad3
activation in the infarcted myocardium.

BRCC3 inhibits TGF-p1 signaling in cardiomyocytes
and CFs

Next, we used cultured cardiomyocytes and CFs with BRCC3 gain
of function to explore the cellular mechanism by which BRCC3
protects the heart against ischemia-induced cardiac remodeling.
Consistent with the results from the above in vivo study, we found
that adenovirus-mediated BRCC3 overexpression in neonatal
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cardiomyocytes inhibited the TGF-p1-increased hypertrophic gene
expression, i.e., ANP, f-MHC, and BNP (Fig. 4A). During the onset
of cardiac stress due to MI, cardiomyocytes increase their secretion
of TGF-B1. The ensuing TGF-p1-stimulated plasticity of CFs con-
tributes to cardiac fibrosis [28]. Thus, to understand why specific
overexpression of BRCC3 in cardiomyocytes mediated by the
a-MHC promoter in Brec3-Tg mice significantly suppressed car-
diac fibrosis, we tested the potential cross talk between cardiomyo-
cytes and CFs with BRCC3 overexpression. Mouse cardiomyocytes
infected with adenovirus AD-Brcc3 or AD-Ctrl for 48 h were co-
cultured with CFs for 24 h and then treated with TGF-f1 or the
vehicle for 30 min (Fig. 4B). Not only did the overexpression of
BRCC3 markedly inhibit TGF-p1-induced Smad3 phosphorylation
in cardiomyocytes, but also TGF-f1-induced Smad3 activation was
substantially attenuated in co-cultured CFs without BRCC3 over-
expression (Fig. 4C and D). Similarly, adenovirus-mediated BRCC3
overexpression in CFs effectively inhibited TGF-B1-induced Smad3
nuclear translocation and the expression of CTGF, Periostin, and
collagen I/III mRNA (Fig. 4E and F). Pretreatment with the specific
Smad3 inhibitor (E)-SIS3 (10 pM) not only attenuated TGF-fp1-
induced mRNA expression of CTGF and Periostin but also fully
counteracted BRCC3-mediated inhibitory action on extracellular
matrix expression in CFs. To verify the underlying mechanism of
the cross talk between the 2 cell types, we also collected the culture
medium of co-cultured cells at 1 h, at 24 h, and after 0.5 h of
TGF-P1 stimulation. We detected the expression of TGF-p1,
interleukin-6 (IL-6), and extracellular vesicle milk fat globule-
epidermal growth factor 8 (MFGES) in the culture medium
using enzyme-linked immunosorbent assay. The results showed
that the overexpression of BRCC3 markedly inhibited the
expression of TGF-f1 and IL-6 in the culture medium while
up-regulating the expression of extracellular vesicle MFGES.
Taken together, the results suggest that overexpression of
BRCC3 in cardiomyocytes affects fibroblast function through
paracrine pathways (Fig. S3A to C).

Of note, the overexpression of BRCC3 had little effect on TGF-
p1-induced Smad2 phosphorylation (Fig. S4A and B), suggesting
that Smad3, but not Smad2, functions as a key target to mediate
the antifibrotic effect of BRCC3. In addition, Cell Counting Kit-8
analysis showed that BRCC3 overexpression effectively suppressed,
while BRCC3 knockdown increased, TGF-p1-induced the prolif-
eration of CFs compared with their respective controls (Fig. 4G).
These results suggest that BRCC3 antagonizes TGF-p1-induced
Smad3, but not Smad2, activation in cardiac remodeling.

BRCC3 removes specific K63-linked polyubiquitination

of Smad3 at the lysine 333 residue

Since we previously demonstrated that BRCC3 can bind to cyto-
plasmic Smad3 in response to cGMP treatment [23], we next
tested whether the DUB activity of BRCC3 plays a role in antago-
nizing Smad3 signaling. Previous studies have shown that H122,
H124, and D135, as critical amino acid residues, are essential for
the deubiquitinating enzyme activity of BRCC3 [29]. To abrogate
this catalytic function, we generated a catalytically inactive BRCC3
mutant (BRCC3-mut) by site-directed mutagenesis. In vitro func-
tional assays revealed that relative to the WT BRCC3, the mutant
BRCC3 exhibited a substantially diminished capacity to suppress
Smad3 activation. Concurrently, the expression levels of extracel-
lular matrix components—including CTGE collagen I, and col-
lagen III—were markedly elevated (Fig. S5A and B). These findings
demonstrate that BRCC3’s inhibitory regulation of the TGF-f/
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Fig. 3. BRCA1/BRCA2-containing complex subunit 3 (BRCC3) suppresses myocardial infarction (MI)-induced cardiac fibrosis in mice. Wild-type (WT), Brcc3-Tg, B3-fl/fl, and Bree3-KO
mice were subjected to left anterior descending artery (LAD) ligation or sham surgery. (A) Representative Western blot analysis of the BRCC3, transforming growth factor-pl (TGF-p1),
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Fig. 4. BRCAL/BRCA2-containing complex subunit 3 (BRCC3) inhibits transforming growth factor-p1 (TGF-B1)-induced cardiac hypertrophy and fibrosis invitro. (A) Neonatal
mouse cardiomyocytes (CMs) were isolated and transfected with an adenovirus overexpressing Brec3 (AD-Brce3) or an empty vector (AD-Ctrl) and then treated with TGF-p1
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Smad3 signaling pathway is strictly dependent on its deubiquiti-
nating enzymatic activity. Of note, our co-IP analysis showed that
TGF-p1 treatment significantly increased the K63-linked polyu-
biquitination of Smad3 in cells with AD-Ctrl, and BRCC3 knock-
down by AD-Brec3 short hairpin RNA (shRNA) enhanced Smad3
K63-linked polyubiquitination, whereas infection of AD-Brcc3
markedly decreased this TGF-f1-induced Smad3 polyubiquitina-
tion in CFs (Fig. 5A and B). These 2 complementary co-IP
experiments with BRCC3 gain or loss of function suggested that
BRCC3 reduces TGF-f1-induced K63-linked polyubiquitination
of Smad3. By contrast, BRCC3 had no effects on the K48-linked
polyubiquitination of Smad3 (Fig. S6A). To determine whether
Smad3 ubiquitination is a prerequisite for its phosphorylation, we
performed a time-course analysis of Smad3 ubiquitination and
phosphorylation following TGF-p1 stimulation from 0 to 30 min.
Ubiquitination of Smad3 was detectable as early as 5 min post-
stimulation, with the signal intensity progressively increasing
over time; by contrast, Smad3 phosphorylation became detect-
able only at the 10-min time point and subsequently increased.
These findings indicate that Smad3 ubiquitination precedes its
phosphorylation (Fig. S6B). In addition, our in vivo study also
showed that AMI increased the total myocardial K63-linked
polyubiquitination level. However, cardiac-specific BRCC3 over-
expression effectively decreased the whole myocardial K63-linked
polyubiquitination level (Fig. S6C). Similarly, AMI increased the
ubiquitination level of the Smad3 K63 site in myocardial tissue,
while the overexpression of the cardiac-specific BRCC3 effectively
reduced the ubiquitination level of the Smad3 K63 site (Fig. S6D).
To further define the BRCC3 binding motif associated with
Smad3, we constructed Smad3 deletion constructs tagged with
Myc (Fig. 5C). HEK293 cells were transfected with these con-
structs expressing truncated Smad3 of varying lengths. Co-IP
experiments were then performed with anti-Myc and anti-BRCC3
antibodies. Endogenous BRCC3 could be co-immunoprecipitated
with the full-length Myc-Smad3 (WT), S133-425, and $229-425,
but not with S12-132 or S12-228 (Fig. 5D). These results were
confirmed by reverse co-IP (Fig. 5E). Functionally, the K63-linked
polyubiquitination of full-length Smad3 (WT) and $229-425 in
TGF-p1-treated HEK293 cells was decreased by BRCC3 overex-
pression (Fig. 5F). These results suggest that the MH2 domain of
Smad3 spanning amino acids 229 to 425 interacts with BRCC3.
To further investigate the mechanism by which BRCC3 affects
SMAD3-MH?2 ubiquitination, we performed protein-protein
docking analysis to simulate the interactions between BRCC3 and
SMAD3-MH2. According to the predicted binding mode, BRCC3
binds to SMAD3-MH2 mainly through electrostatic interactions.
This was mainly because BRCC3 contains a stretch of negatively
charged areas (1284 to E311), while SMAD3-MH2 has a positively
charged groove (K378 to R386). Six p-sheets and 3 loops of
SMAD3-MH2 were observed to constitute the major binding
interface with BRCC3. Given this, K333, K341, and K378, located
at the binding interface, were considered potential ubiquitination
sites in the SMAD3-MH2 domain (Fig. 5G and Fig. S7). Next, we
used the site-directed mutation strategy to construct different
mutation site plasmids of Smad3. As expected, mutation of K333,
but not K341 and K378, completely abolished TGF-p1-induced
Smad3 K63-linked polyubiquitination. Of note, TGF-f1-induced
Smad3 phosphorylation was significantly decreased in cells trans-
fected with K333 or K333/341/378 (Fig. 5H). In addition, our
co-IP analysis showed that in HEK293 cells transfected with WT
Myc-Smad3 plasmid (WT-Smad3), TGF-1 treatment markedly
enhanced the interaction between WT Smad3 and endogenous
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Smad4 (i.e., Myc-Smad3 bound to Smad4), and BRCC3 overex-
pression effectively inhibited the binding of Myc-Smad3 to Smad4.
By contrast, in HEK293 cells transfected with mutant K333-Smad3
(K333R), TGF-p1 treatment did not enhance mutant Myc-Smad3
bound to Smad4 compared with WT-Smad3. Furthermore, over-
expression of BRCC3 did not affect the binding of mutant Myc-
Smad3 to Smad4 (Fig. 5I). Functionally, transfection of the K333R
plasmids not only attenuated TGF-B1-induced mRNA expression
of CTGF and Periostin but also fully counteracted AD-Brec3-
mediated inhibitory action on extracellular matrix expression in
HEK293 cells (Fig. 5]). These findings indicate that K63-linked
ubiquitination at Lys333 of Smad3 serves as a critical marker for
Smad3 activation, is essential for phosphorylation at Ser423 and
Ser425, and facilitates interaction with Smad4. Moreover, BRCC3
deubiquitinates K63-linked polyubiquitin chains conjugated to
Smad3 at Lys333, thereby suppressing Smad3 activation.

To further confirm that the K333 residue of Smad3 serves as
the specific molecular target of BRCC3, we employed an adeno-
virus encoding BRCC3-targeting shRNA (Ad-shBrcc3) to achieve
efficient BRCC3 knockdown in both cardiomyocytes and CFs.
Subsequently, these cells were co-transfected with either WT
Smad3 or the K333R mutant adenovirus, followed by exposure to
hypoxia-glucose deprivation (OGD) or TGF-f stimulation—2
well-established paradigms for modeling myocardial injury. In
cells reconstituted with WT Smad3, BRCC3 depletion markedly
augmented Smad3 phosphorylation and significantly exacerbated
pathological outcomes: elevated levels of myocardial injury bio-
markers (creatine kinase-MB isoenzyme [CK-MB] and malondi-
aldehyde), as well as increased extracellular matrix deposition
mediated by fibroblasts (evidenced by up-regulated collagen I and
collagen III expression) (Fig. S8A to D). In stark contrast, in cells
expressing the Smad3-K333R mutant, BRCC3 knockdown failed
to further enhance Smad3 activation; concomitantly, no significant
increases were observed in CK-MB or malondialdehyde levels,
nor in the expression of fibrosis-associated genes (collagen I and
collagen III) (Fig. S8A to D). Collectively, these results provide
direct biochemical and functional evidence for substrate specific-
ity, demonstrating that BRCC3 exerts its regulatory effects on
downstream signaling and pathophysiological outcomes exclu-
sively through the deubiquitination of the K333 residue of Smad3.

To further validate the conclusion that BRCC3 exerts its protec-
tive effects specifically via modulation of the TGF-f/Smad3
pathway to suppress adverse cardiac remodeling, we conducted
complementary experiments using the selective TGF-p1/Smad3
inhibitor IN-1 in Brcc3-KO mice subjected to MI. The results
demonstrated that IN-1 treatment not only improved cardiac
function—including reductions in LVESD and LVEDD and
increases in LVEF and left ventricular fractional shortening
(LVES)—and attenuated myocardial fibrosis (as assessed by
Masson's trichrome staining) in WT mice post-MI but also partially
ameliorated the exacerbated pathological phenotype observed in
Brce3-KO mice (Fig. SOA and B). Western blot analysis confirmed
that IN-1 effectively suppressed MI-induced phosphorylation
of Smad3 (p-Smad3) even in the absence of BRCC3 (Fig. S9C).
Collectively, these findings establish a causal link between the
adverse cardiac remodeling in Brcc3-KO mice and hyperactivation
of the Smad3 signaling pathway. Thus, our study provides direct
pharmacological evidence that BRCC3 mitigates post-MI cardiac
remodeling predominantly through negative regulation of the
TGF-p/Smad3 axis, and that pharmacological inhibition of this
pathway with IN-1 can partially rescue the pathological phenotype
associated with BRCC3 deficiency.
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Fig. 5. BRCA1/BRCA2-containing complex subunit 3 (BRCC3) decreases K63-linked polyubiquitination of Smad3. Adult mouse cardiac fibroblasts (CFs) were infected with AD-Ctrl
or AD-Brce3 and then treated with transforming growth factor-pl (TGF-BL; 4 ng/ml) or the vehicle for 30 min. (A and B) Cellular extracts were immunoprecipitated with anti-Smad3
or anti-K63-Ub. Immunoprecipitation with rabbit immunoglobulin G (IgG) antibody was the negative control. The immunoprecipitates were then subjected to immunoblotting
with anti-K63-Ub or anti-Smad3 antibodies. (C) Schematic diagram of the full-length Smad3 (wild type, WT) plasmid constructs containing different domains and tagged with
Myc. Three potential K63-linked polyubiquitination sites (i.e., K333, K341, and K378) in the Smad3 MH2 domain were predicted by using the online UbigSite software. (D and E)
Serum-starved HEK293 cells were transfected with 3 ng of various Smad3 variants for 72 h. Cellular extracts were immunoprecipitated with anti-Myc or anti-BRCC3 antibody. The
immunoprecipitates were then subjected to immunoblotting analysis with anti-BRCC3 or anti-Myc and anti-Smad3 antibodies. (F) Serum-starved HEK293 cells were transfected
with WT Smad3, an Smad3 mutant construct containing only the MH2 domain (S229-425), BRCC3 plasmids, or an empty vector and then treated with TGF-B1 for 30 min. The level
of K63-linked ubiquitination of Smad3 was determined by immunoprecipitation with an anti-Myc antibody, followed by immunoblotting with an anti-K63-Ub antibody. (G) Schematic
diagram of BRCC3 interaction with the Smad3 MH2 domain. BRCC3 is depicted in brown and Smad3 in blue. Six p-sheets (green) and 3 loops (gray curve) of SMAD3-MH2 were
observed to constitute the major binding interface with BRCC3. Given this, the Smad3 K333, K341, and K378 residues located at the binding interface were considered potential
ubiquitination sites in the SMAD3-MH2 domain. (H) Serum-starved HEK293 cells were respectively transfected with 3 ng of 4 kinds of lysine residue mutations in Smad3 MH2
domain (i.e., K333, K341, K378, and K333/341/378) plasmids for 72 h and then treated with TGF-B1 (4 ng/ml) or the vehicle for 30 min. Cellular extracts were immunoprecipitated
with anti-Myc. The immunoprecipitates were then subjected to immunoblotting analysis with anti-K63-Ub, anti-p-Smad3, and anti-Smad3. (I) Serum-starved HEK293 cells were
co-transfected with 3 ng of WT-Smad3, or K333R plasmids together with AD-Ctrl or AD-Brcc3 adenovirus for 72 h, and then treated with TGF-B1 (4 ng/ml) or the vehicle for 30 min.
Cellular extracts were immunoprecipitated with anti-Myc. The immunoprecipitates were then subjected to immunoblotting with anti-Smad4 and anti-Myc. All inputs were determined
in the same membrane by immunoblotting with a-tubulin. All experiments were repeated at least 3 times, and representative results are shown. (J) Serum-starved HEK293 cells
were co-transfected with 3 ng of WT-Smad3, or K333R with AD-Ctrl or AD-Brce3 adenovirus for 72 h, and then treated with TGF-p1 (4 ng/ml) or the vehicle for 12 h. Total RNAs were
extracted, and the expression of Periostin and CTGF messenger RNA (mRNA) was determined by real-time reverse transcription polymerase chain reaction (RT-PCR). Results are
expressed as mean + SEM. Statistical analysis: One-way ANOVA followed by Bonferroni multiple comparison tests.
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BRCC3 alleviates ischemia-induced myocardial
DNA damage

It is well-known that sustained myocardial ischemia leads to the
formation of large amounts of local reactive oxygen species and
thus increases oxidative stress followed by cellular DNA damage,
necrosis, and loss of cardiomyocytes in AMI. Because enhance-
ment of DNA damage repair by preventing DNA DSB formation
is the earliest confirmed biological function of BRCC3 [16], we
tested whether BRCC3 potentiates protection of the heart against
ischemia-induced DSB formation in MI mice. For this, we detected
the phosphorylation of the histone variant H2AX (yH2AX)
Ser139, a classical marker of DNA damage initiation and DSB
induction [30]. The expression of YH2AX in the border zone of
the infarcted heart in WT mice post-MI was markedly higher than
that in the remote zone far from infarct zones. Importantly, isch-
emic injury increased DSB formation, and the DNA repair mecha-
nism was activated in parallel, as revealed by an increase in RAD51
expression in the infarct border zone. Cardiac BRCC3 overexpres-
sion in Brce3-Tg mice not only reduced the yH2AX level but also
enhanced the RAD51 level compared with those in WT controls
post-MI (Fig. 6A). Immunohistochemical staining showed that
YH2AX foci were largely located in the infarct border zone
rather than the infarct region in WT MI mice. The number of
yYH2AX-foci cells in the infarct border zone of Bree3-Tg mice
was significantly lower than that in WT mice (Fig. 6B), whereas
the number of YH2AX foci in Brec3-KO mice was higher than that
in B3-fl/fl mice (Fig. 6C). As a control, expression of p53-binding
protein 1 (53BP1), another marker of a DSB, was also lower in
Bree3-Tg than in WT mice in the infarct border zone (Fig. 6D).
In agreement, cardiac-specific BRCC3 knockout in Brec3-KO mice
potentiated MI-induced YH2AX level but reduced the RAD51
level in the infarct border zone (Fig. 6E). These results from the
in vivo study demonstrated that the protective effect of BRCC3
on cardiac function is at least to some extent related to the reduc-
tion of myocardial DNA damage in MI mice.

To establish a direct connection between the inhibition of
TGF-P1-Smad3 signaling and DNA damage protection by
BRCC3 in the heart, we further investigated whether sustained
TGF-P1 challenge potentiates DNA damage response in neo-
natal mouse cardiomyocytes. Cardiomyocytes infected with
AD-Brcc3 or AD-Ctrl were challenged with 50 ng/ml TGF-f1
for 48 h. As shown in Fig. 6F, we found that excessive TGF-f1
stimulation not only led to increased expression of YH2AX and
53BP1 but also initiated DNA damage response repair mecha-
nisms, characterized by an increase in ataxia-telangiectasia
mutated (ATM, a DNA damage response key protein) kinase
phosphorylation and up-regulation of the Mrel1 complex includ-
ing P95/NBS1, Mrell, and RAD51 [31]. Pretreatment with the
specific Smad3 inhibitor (E)-SIS3 (10 pM) significantly sup-
pressed TGF-p1-induced up-regulation of yH2AX and 53BP1,
suggesting an Smad3-dependent mechanism of TGF-1 on DNA
damage response (Fig. S9A). Similarly, overexpression of BRCC3
effectively decreased the expression of yH2AX and 53BP1,
while it augmented the protective mechanism against DNA
damage by up-regulating ATM phosphorylation and expression
of P95/Nbsl, Mrell, and RAD51 in cardiomyocytes treated
with a high dose of TGF-f1 treatment (Fig. 6G). Moreover,
inhibition of Smad3 by (E)-SIS3 could fully abolish the effect
of BRCC3 on TGF-p1-induced DSB formation, suggesting that
Smad3 is required for BRCC3 in antagonizing TGF-f1-induced
DSB formation (Fig. S9A).
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Lastly, because sustained myocardial ischemia-induced oxi-
dative stress directly leads to cellular DNA damage, we next
tested whether BRCC3 confers cardiomyocyte protection against
oxidative stress caused by H,0,. As shown in Fig. S9B, H,0,
treatment significantly increased YH2AX and RAD51 foci in
cardiomyocytes infected with AD-Ctrl. However, infection of
cardiomyocytes with AD-Brcc3 effectively decreased yH2AX
expression and foci formation induced by H,0O, while increasing
RAD?51 expression and foci formation (Fig. S9C). Collectively,
these results from in vivo and in vitro studies suggest that both
excessive activation of TGF-B1-Smad3 signaling and oxidative
stress due to sustained ischemia trigger myocardial DNA dam-
age response and DSB formation, and BRCC3 overexpression
alleviates DSB formation and triggers the ATM-mediated DNA
damage repair in cardiomyocytes.

Discussion

The current study is the first to show that BRCC3, through its
negative regulation of TGF-B1-Smad3 signaling, confers protec-
tion to the mouse heart against acute ischemia-induced DNA
damage, cardiac remodeling, and dysfunction. Using mouse
models, we demonstrated that AMI reduced BRCC3 expression
in the stressed mouse heart. As a specific deubiquitinating
enzyme targeting K63-linked polyubiquitin chains, BRCC3 efhi-
ciently removes K63-linked polyubiquitination at lysine 333 of
Smad3, thereby inhibiting Smad3 activation—a nonproteolytic,
signal-transducing posttranslational modification. In line with
this newly deduced mechanism, cardiac-specific BRCC3 overex-
pression in mice markedly reduced infarct size, ventricular dila-
tion, cardiac fibrosis, and myocardial DNA DSB formation and
improved survival after AMI. In contrast, myocardial ablation of
BRCC3 greatly exacerbated acute ischemia-induced myocardial
damage, cardiac remodeling, and dysfunction, which contributed
to DNA DSB formation and death. In line with our findings,
previous studies reported that macrophage-specific TREM2
deficiency exacerbates cardiac dysfunction and enlarges the
infarct area in a mouse sustained LAD-ligated AMI model by
up-regulating SLC25A53 transcription [32]. Gu et al. [33] found
that cardiac-specific overexpression of NLR family CARD
domain containing 5 (NLRC5) reduces the MI area and improves
cardiac function by enhancing autophagic flux of the CAVIN1/
CAV1 axis in the same AMI model. Overall, these results reveal
a critical role for BRCC3 in mitigating cardiac remodeling and
myocardial DNA damage while augmenting DNA DSB repair by
inhibiting TGF-p1-Smad3 signaling in cardiomyocytes and CFs.

To infer the translational relevance of BRCC3 involvement in
cardiac disease, we also tested the expression levels of BRCC3 in
clinical samples. We found that the serum level of BRCC3 is
detectable in healthy control subjects. Although we presently do
not know exactly where it comes from or how, the results imply
that BRCC3 is likely to exist in blood plasma in a naturally
secreted manner. Interestingly, we showed that down-regulation
of myocardial BRCC3 expression and serum BRCC3 levels in
patients with ischemic heart disease were associated with the
development of cardiac dysfunction. However, it is noted that a
definitive causal relationship between BRCC3 and prognosis in
patients suffering from ischemic heart disease needs further
investigation involving longer durations and larger sample sizes.

We previously reported that although disruption of TGF-p1-
Smad signaling by overexpression of dominant negative type II

10


https://doi.org/10.34133/research.1418

Research

A g P=00001 _P<00001 o P=0.0171__ P=0.0001
WT Bree3-Tg Mr c f I. P <0.0009 c P<00001
RZ BZ RZ BZ (kDa) g — B
i v © 6
VHZAXF- & —_— —l‘” 34 &
2 5
RADS1| = s s S 57 g2 a3
= <
o
B-Actin 42 0 0
RZ BZ RZ Bz RZ BZ RZ BZ
WT Brece3-Tg WT Bree3-Tg
B (o
P<0.0001 P<0.0001 P<00001 P<00014
Rz - ,?Z‘ wap 82001 e Rz . B’Z - _6240 P <0.0001
SR Ly v ° 1 . Y 218 S
5 wb e 1 25 = se Nde g%
- Eatiat | ) . v, 7 S
p T o /9 ]
soum T Ssoum >y o o ¥y 1120
: e o %
=y - Y 4 - . P .
£ 7. b ° 2% ¢ o
2 L A e 2 oRP®i e 5 60
o - £ : | Voo /e 9
3 KRR xS 3 Ve €
S / 7 e N Z 8 1 s 8 5
@ | osaum s Zsout RZ BZ RZ BZ @ ¢ soum-we | soum  Z RZ BZ RZ BZ
WT Bree3-Tg B3-fl/fl  Brce3-KO
D Bree3-Tg
RZ P<0.0001 _ P<0.0004
) 180 ° P <0.0016
T 150
2120 90
= ]
o Q
@ 5
by I}
o
€
v =3
< . {ir B z RZ BZ RZ BZ
25um O L -1 WT Brce3-Tg
E F
B3-fl/fl Brec3-KO w AD-Ctrl AD-Brcc3 w
RZ BZ RZ BZ om Veh  TGF-B1 Veh  TGF-B1  (xpm
vH2AX| - —— — — - = 535P1 D e 1
RAD51| — N — |—37 vH2AX| L ——— — o —— T
ﬁ-A(;ﬁn| )—42 B-Actin I _— == = )—42
P =0.0267 P =0.0015 P'<0.0001 P<0.0001 P<0.0001 P<0.001
30 P <0.0001 5 TP<00216' 4P 72000 Peoon 107 | —
c — P =0.0496 8 P=0.0036
£4 £3 [ £
3 3 86
a3l @2 &
— - X 4
0 2 o 2
[a] Q4 o
F 3 T2
Bz 0 0 0
e s Rz _BZ RZ BZ [JAD-Ctrl+ Veh B8 AD-Ctrl+ TGF-B1 [ AD-Brec3+ Veh Bl AD-Bree3+ TGF-B1
B3-fl/fl  Brcc3-KO Ba-fl/fl  Brcc3-KO
AD-Crl AD-Broc3 P I s o 75 g4 fzow peopm,  IAD-COT Veh
(| 5 <0.0001
Veh — TGF-1  Veh TGF-p1_ ‘' _, 3 33 ~ . EAD-Ctri+ TGF-p1
[ @
- e e |50 <3 =
P-ATM s ) o 92 [ AD-Brec3+ Veh
=
e A 1350 z N
ATM | e P i 1 81 B AD-Bree3+ TGF-B1
= a
P95/NBS1 ——66;——;- 95 0 Po0oiie F= o000 0 P<0.0001 P=0.0002
5 ea c31" ' Peosor
s i R c 0001, £ 4
MRE11 = e— = @D |.81 2, g =
a a2
RADS] | e e e o e e s e 7 = 3 g 2
W 2 s 3 a
P4 <1
B-Actin — s 1 o
0 0

Fig. 6. BRCA1/BRCA2-containing complex subunit 3 (BRCC3) overexpression reduces DNA double-strand break (DSB) and increases DNA damage repair. (A) Brcc3-Tg and
wild-type (WT) littermate mice (n =7 to 8 mice/group) underwent left anterior descending artery (LAD) ligation surgery. Tissues from the border zone area and the remote
area (away from the infarct area) were extracted from the left ventricle. Western blot analysis of the protein levels of yH2AX and RAD51 with B-actin as the loading control. RZ,
remote zone; BZ, border zone. (B) Immunohistochemical staining (200x magnification) of yH2AX foci in the border zone and remote area of the infarcted hearts of Brcc3-Tg
and WT mice. Scale bar = 50 um. (C) Immunohistochemical staining (200x magnification) revealed myocardial infarction (MI)-induced yH2AX expression in the border zone
and remote area of the infarcted hearts in Brcc3-KO and age-matched littermate B3-fl/fl. Scale bar = 50 pm. (D) Immunohistochemical staining (200x magnification) of 53BP1
in left ventricles of Brcc3-Tg and WT mice. Scale bar = 50 um (up) or 25 pm (down). (E) Brec3-KO and age-matched littermate B3-fl/fl underwent MI surgery. Western blot
analysis of yH2AX and RAD51 expression in the border zone area and the tissue away from the infarct area. -Actin was the loading control. (F and G) Cultured cardiomyocytes
were treated with 50 ng/ml transforming growth factor-p1 (TGF-BL) or the vehicle (Veh) for 48 h. Western blot analysis of DSB formation markers (i.e., yH2AX and 53BP1)
and DNA damage repair response proteins such as phosphorylated ataxia-telangiectasia mutated (ATM) kinase and Mrell complex including P95/NBS1, Mrell, and RAD5L.
B-Actin was the loading control. n = 7 to 11. Results are expressed as mean + SEM. Statistical analysis: One-way ANOVA followed by Bonferroni multiple comparison tests.
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TGE-p receptor inhibited transverse aortic constriction-induced
cardiac fibrosis and remodeling [34], mice showed ventricular
dilation and cardiac dysfunction at 120 d after surgery, so directly
blocking TGF-p1-Smad signals at the receptor level might not
be optimal to mitigate cardiac remodeling. Although TGF-f1
signal cascade-related Smads, including Smad2, Smad3, Smad4,
and inhibitory Smad?7, are involved in pathological cardiac
remodeling [35-37], their functional differences in cardiac
remodeling show distinct cell type and stimulus context depen-
dence [4,6]. Previous studies have shown that cardiac tissue
from patients with heart failure with reduced ejection fraction
or heart failure with preserved ejection fraction and AMI exhibit
increased levels of TGF-f1 and activated Smad3 [38]. Smurf2
has been shown to promote the degradation of Smad3 by increas-
ing Smad3 K48-linked polyubiquitination [9]. Therefore, Smad3
expression remains unchanged likely due to the increase of
Smurf2 24 h after AMI, which is different from the up-regulation
of the entire TGF-p signaling pathway in the chronic phase of
MI [39]. By contrast, the phosphorylation level of Smad3 was
substantially increased. In a transgenic mouse model, we showed
that cardiac-specific overexpression of BRCC3 leads to inhibition
of TGF-P1-Smad3 activation after AMI (Fig. 3A), suggesting the
existence of an intrinsic association between TGF-1-Smad3 and
BRCC3. However, BRCC3 does not appear to affect TGF-p1-
induced Smad?2 activation (Fig. S5B), suggesting that Smad3, but
not Smad2, functions as a key target of BRCC3 in the heart.
Accumulating evidence has demonstrated that posttransla-
tional modifications of Smad3, such as phosphorylation, acetyla-
tion, methylation, and K48-linked ubiquitination, are involved in
its activation, translocation, and stability [8-10]. Classically, phos-
phorylation of Ser423/425 at its C-terminus is a hallmark of Smad3
activation in response to TGF-f1 stimulation [8]. However, Smad3
undergoes Nedd4L-mediated K48-linked polyubiquitination, thus
leading to Smad3 degradation that attenuates TGF- signaling
[40]. Other Lys residues of Smad3 can be mono-ubiquitinated by
the E3 ligase Smurf2 [9]. Although mono-ubiquitination of
Smad3 does not appear to affect its phosphorylation or stability,
this mode of posttranslational modification inhibits Smad3 from
transactivating its target genes [9]. By contrast, USP15 can acti-
vate Smad3-mediated transactivation by deubiquitinating K48-
linked mono-ubiquitinations [41]. Here, we provide new evidence
supporting that BRCC3-catalyzed K63-specific deubiquitination
modification functions as a novel regulatory mechanism for
Smad3 activation involved in TGF-p1 signaling and cardiac
remodeling. That is, TGF-p1 treatment of adult mouse CFs
increased Smad3 Ser423/425 phosphorylation as well as K63-
linked ubiquitination. Overexpression of exogenous BRCC3, while
effectively deubiquitinating Smad3, inhibited TGF-p1-induced
Smad3 phosphorylation, nuclear translocation, and extracellular
matrix gene expression. However, when the BRCC3 enzyme loses
its ubiquitin-degrading activity (due to a mutation at the active
site), overexpression of BRCC3 is unable to inhibit the activation
of Smad3. Further, we showed that mutation of Smad3 at K333
not only effectively abolished TGF-p1-induced Smad3 K63-linked
polyubiquitination but also attenuated its Ser423/425 phosphoryla-
tion. More importantly, we showed that inhibition of Smad3 by
the specific inhibitor (E)-SIS3 effectively covered the inhibitory
action of BRCC3 on TGF-p1-induced CTGF and Periostin mRNA
expression. Mechanistically, the mutation of K333 of Smad3 fully
abolished the inhibitory effect of BRCC3 on TGF-l-induced
Smad3 binding to Smad4. These results suggest that both K63-
linked polyubiquitination at K333 and phosphorylation at
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Ser423/425 may be indispensable for the full activation and func-
tion of Smad3 in the heart. Ovarian tumor deubiquitinase-1
(OTUBI) is a cysteine protease that hydrolyzes the isopeptide
bonds between ubiquitin and its target or other ubiquitin molecules
[42]. It has been shown to interact with phosphorylated SMAD2/3
(p-Smad2/3) and prevent Smad2/3 polyubiquitylation formation
by binding to and inhibiting the E2 ubiquitin-conjugating enzyme
UBE2N (also known as UBC13), independent of its catalytic activ-
ity [43,44]. Recently, OTUBI1-mediated reduction of K63-linked
and K48-linked polyubiquitination of Smad3 together conferred
the transcription of several genes involved in vascular endothelial-
to-mesenchymal transition and remodeling in endothelial cells
[45], suggesting that K63-linked deubiquitination of Smad3 might
be regulated in a cell-type-specific and context-dependent manner.
Our previous co-IP followed by LC-MS/MS analysis addressed
an interaction between BRCC3 and Smad3 [23]. Given that there
is no evidence to support the existence of enzyme-activity-inde-
pendent deubiquitination effect of BRCC3 so far, the results indi-
cate that BRCC3 might act as a direct DUB for Smad3 to remove
its K63-linked polyubiquitination.

Functionally, our gain- and loss-of-function studies of BRCC3
in cardiomyocytes showed that increased myocardial expression
of BRCC3 in vivo was associated with alleviation of K63-linked
polyubiquitination and pathological cardiac remodeling and
improvement of cardiac dysfunction after AMI. After MI, Smad3
phosphorylation in the left ventricle was attenuated in Brec3-Tg
mice compared with that in WT controls. This attenuation of
Smad3 activity in Brcc3-Tg mice was consistent with reduced
collagen accumulation and extracellular matrix deposition.
Cardiomyocytes account for approximately 80% of the heart’s
volume and are the main cells that make up the heart. Similar to
previous studies [46,47], BRCC3 is almost not expressed in the
myocardial tissue of mice with cardiomyocyte-specific Brcc3
knockout. Myocardial Brec3 knockdown exacerbated MI-induced
cardiac hypertrophy and fibrosis. Although the main functional
cells of the fibrosis are CFs, our co-culture results provide good
support for these 2 cell-cell interactions as well as these in vivo
findings, which BRCC3 overexpression in cultured cardiomyo-
cytes effectively inhibited TGF-f1-induced Smad3 activation in
co-cultured CFs by an unknown BRCC3-driving paracrine
mechanism. As a functional K63-linked DUB, it is now clear to
us that Smad3 should not be the only target of BRCC3 in the
heart. Meanwhile, the functional comparative studies highlight
the possibility that the regulation of myocardial K63-linked
polyubiquitination by BRCC3 may be an alternative strategy to
prevent cardiac remodeling.

Basically, BRCC3 acts as the catalytic subunit for 2 multipro-
tein complexes: BRCA1-A and BRCC3 isopeptidase complex
(BRISC). In the BRCA1-A complex, ABRAXAS interacts with
the DNA repair protein RAP80 to provide a high-affinity binding
site that sequesters BRCAL1 at DSB sites in a yH2AX- and MDCl-
dependent manner [48]. BRCC3, via its DUB activity, promotes
BRCA1-A complex accumulation at DSB sites and enhances DSB
repair by limiting DNA end resection [16]. A previous study
showed that ischemic induction of BRCA1 in human adult and
fetal cardiac tissues contributes to protecting cardiomyocytes
against DNA damage and apoptosis as well as maintaining car-
diac function during ischemic or genotoxic stress [49]. Loss of
BRCA2 in cardiomyocytes could markedly increase apoptosis,
thus resulting in heart failure and death [50]. In the BRISC
complex, BRCC3, combined with SHMT?2 and KIAA0157, is
implicated in regulating interferon signaling and viral protein
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degradation [51]. As a DNA damage sensor, the Mrell complex,
composed of Mrel1, Rad50, and P95/NBS1, is required for ATM
kinase activation and orchestrates all stages of the DNA damage
response, including sensing the initial lesion, activating check-
point signaling, driving specific repair pathways, and structurally
bridging the participating DNA molecules together, and thus
plays an essential role in promoting DNA nonhomologous end-
joining repair and homology-directed repair [52]. Interestingly,
Smad3 has been shown to form a complex with BRCA1 in the
nucleus and suppress BRCA1-dependent DSB repair in human
breast epithelial cells in response to a DNA-damaging agent [53].
Consistent with this, here we demonstrated that BRCC3 over-
expression can increase the expression of the Mrell complex
and ATM phosphorylation in cells in response to sustained TGF-
B1 and H,0, challenge (mimicking a state of excessive TGF-p1
activation and oxidative stress in AMI), suggesting a beneficial
role of BRCC3 in promoting DNA damage repair response. In
cells with low proliferative potential, DNA damage and DSB
repair occur in stressed cardiomyocytes [54,55]. In our study,
AMI resulted in myocardial BRCC3 down-regulation, accom-
panied by an increase in DSB formation, as confirmed by the
induction of yH2AX and RAD51. These results indicate that DSB
repair was hindered under acute cardiac stress, which was due
at least in part to BRCC3 down-regulation. This thesis is sup-
ported by cardiac-specific Bree3 overexpression reducing yYH2AX
levels but increasing RAD51 levels after AMI. Conversely, Brcc3
knockdown promoted DSB and inhibited RAD51 levels. Hence,
elevated BRCC3 levels would contribute to decreased DSB for-
mation while enhancing DNA damage repair. Consistent with
our study, Shukla et al. [49] demonstrated that BRCA1 deficiency
in cardiomyocytes impaired DSB repair, activated p53-mediated
pro-apoptotic signaling, and increased cardiomyocyte apoptosis,
thus increasing mortality in response to ischemic or genotoxic
stress. Our data together with those from Shukla et al. demon-
strate that BRCC3 is involved in cardiac remodeling at least in
part by alleviating DNA damage under acute ischemic stress
conditions.

In summary, our findings provide new insights into the pre-
vention of cardiac remodeling and dysfunction under ischemic
conditions through targeted modulation of Smad3 K63-linked
polyubiquitination by BRCC3 to suppress ischemia-induced
excessive activation of TGF-f1-Smad3 signaling and subsequent
myocardial DNA damage, which may represent an alternative
approach and therapeutic strategy for AMI via pharmacological
intervention involving BRCC3. The next step for researchers
involves employing molecular simulation docking technology
to identify BRCC3-specific agonists, as well as utilizing protein
purification techniques to isolate the BRCC3 protein. These
efforts aim to facilitate the clinical application of BRCC3 in the
treatment of AMI.

Materials and Methods

Generation of cardiac-specific Brcc3-overexpressing

transgenic mice

Transgenic mice expressing the mouse Brec3 gene in cardiac
muscle were created by using the cardiac-specific promoter
a-myosin heavy chain (a-MHC), as we previously described
[56]. Briefly, a 5.4-kb fragment of the murine a-MHC gene pro-
moter and 876-kb mouse Brce3 complementary DNA (cDNA)
were subcloned into the PRPEX3D plasmid to obtain the
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expression clone PRP.EX3D-aMHC-Brcc3-IRES/EGFP by gate-
way technology. The plasmid was digested with NotI to generate
a 10,816-bp DNA fragment consisting of the a-MHC gene pro-
moter, Brce3 cDNA, and IRES/EGFP. The construct was micro-
injected into the pronuclei of single-cell fertilized C57BL/6]
embryos to generate Brcc3-Tg transgenic mice. Polymerase
chain reaction (PCR) analysis with genomic DNA isolated from
tail tips was used to identify offspring carrying the eGFP trans-
gene with the specific primer: forward, ACG TAA ACG GCC
ACA AGT TG; reverse, GAT CTT GAA GTT CAC CTT GAT
GC. Hearts from 8- to 12-week-old Brcc3-Tg mice were col-
lected to measure the mRNA and protein levels of myocardial
BRCC3. Age-matched littermates of male WT mice were used
as controls.

Generation of cardiac-specific Brcc3 gene

conditional knockout mice

Bree3"™ mice were generated by Cyagen Bioscience (Guangzhou,
China). Briefly (Fig. S1A), LoxP sites were cloned into the Brcc3
gene (GenBank accession no. NM_001166457.1; Ensembl
ENSMUSG00000031201) via Flp recombination flanking exon 5.
To engineer the targeting vector, homology arms and conditional
knockout (CKO) regions were generated by PCR with the BAC
clone RP23-360P8 from the C57BL/6] library. In the targeting vec-
tor, the Neo cassette was flanked by Frt sites, and the CKO region
was flanked by LoxP sites. After Flp-mediated recombination,
the CKO allele was obtained. To generate Brcc3™™™™ mice, the
Neo-deleted heterozygote mice (Brcc3"™*'™) were crossed with
Bree3"*~ mice. The offspring homozygote mice were confirmed
by PCR genotyping with specific primers for mBrcc3 forward,
TGA GGG AGT TAT CAA GTT TTG GGG, and mBrec3
reverse, TTT CAG TTC CAG GCC AGC TCT. Ablation of the
Brcc3 gene was achieved by crossbreedin%between Brec3™ ™ and
a-MHC-Cre*'”™ mice to generate Brcc3'™"™ x a-MHC-Cre*'~
mice. Cre-mediated excision of exon 5 resulted in a frameshift
mutation from exons 4 to 6, leading to an early translational stop
and subsequent Brce3 knockout. Brec3"™ 1 x a-MHC-Cre™'™ mice
were then crossed with Brcc3™/™™* mice to obtain conditional
Brec3™'™ mice (Bree3-KO) and WT littermate controls (Brec3'/
Cre") confirmed by PCR genotyping with the following primers:
Cre forward, 5'-GAA CGC ACT GAT TTC GAC CA-3'; Cre
reverse, 5'-GCT AAC CAG CGT TTT CGT TC-3'; mBrcc3 for-
ward, 5-ATT GAA CCC AGG TCC ACT GCA AG-3";and mBrec3
reverse, 5'-TTT CAG TTC CAG GCC AGC TCT-3' (Fig. S1B).
BRCC3 deletion in the heart was verified by Western blot analysis
with anti-BRCC3 antibody (Fig. S1C).

RNA-seq and in silico analysis
To investigate the differentially expressed genes potentially
related to BRCC3 during MI, we analyzed a GEO RNA-seq
dataset (GSE48060) containing data for patients with MI with
any recurrent events over an 18-month follow-up. The heatmap
was generated using the online tool Morpheus (https://software.
broadinstitute.org/morpheus). We analyzed the GEO RNA-seq
dataset (GSE153485) to compare the expression of BRCC3-
related differential genes in myocardial tissue 24 h after MI in
mice. One extremum was discarded in the MI group and the
sham group.

To compare the levels of Bree3 in different cell types in mouse
heart, single-nucleus RNA-seq data from GEO with accession
number GSE214611 were downloaded and analyzed using the
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“Seurat” package (version 5.3.1). A total of 56,002 nuclei from
mouse heart tissues (3 normal mice and 5 mice underwent
LAD ligation for 24 h) were included for analysis after a series
of standard quality procedures using the “NormalizeData’,
“FindVariableFeatures”, “ScaleData’, “RunPCA’, “FindNeighbors”,
“FindClusters”, and “RunUMAP” functions. Cells were clustered
based on marker genes. After extracting the normalized Brec3
gene levels using the Fetch function, cells that did not express
this gene were filtered out; the expression levels of Brcc3 were
compared between different clusters and cell types.

For RNA-seq and data analysis, neonatal rat cardiomyocytes
were transfected with AD-Brcc3 or AD-Null (100 multiplicity
of infection) for 72 h, and total RNA was extracted with TRIzol.
The RNA quality was measured with NanoDrop One Bioanalyzer
and high-quality RNA (RNA integrity number >8.0) was used.
RNA libraries were prepared by using the VAHTS Universal V8
RNA-seq Library Pre Kit (Illumina) following the manufacturer’s
protocols. The clustering of the index-code samples was per-
formed on a cBot Cluster Generation System with TruSeq PE
Cluster Kit v3-cBot-HS (Illumina) and sequenced on an Illumina
NovaSeq 6000 platform. The low-quality filtered sequences were
then filtered for ribosomal RNA using the sortmerna v4.3.4 tool.
The filtered sequence data were then compared to the reference
genome (Rattus norvegicus mRatBN7.2) using the STAR v2.7.10a
tool. Then, quality assessment was conducted using RSeQC
v4.0.0, QualiMap v2.2.2, featureCounts v2.0.1, and Preseq v3.1.1.
The results of RNA comparison were quantitatively analyzed
using the Salmon v1.9.0 tool. The transcript and its annotations
refer to the ENSEMBL 110 database. The quantitative results
of mRNA expression were obtained by quantitative analysis.
R-packet DESeq2 was used to screen gene counts obtained from
RNA-seq for differentially expressed genes between AD-Null
and AD-Brcc3 groups (log, fold change >1 or <—1; false discov-
ery rate <0.1). Enrichment analysis of differentially expressed
genes was performed using the online tool DAVID (https://
davidbioinformatics.nih.gov). The program was run with default
settings, with significant Gene Ontology terms and pathways
identified ranking by —log,,(false discovery rate) (obtained by
hypergeometric test) shown in Fig. 1C.

To analyze the BRCC3/Smad3 protein—protein interaction,
Smad3-BRCC3 docking was performed by using ZDOCK 3.0.2
on the ZDOCK server (http://zdock.umassmed.edu). The pre-
cise 3-dimensional protein structures of BRCC3 (Protein Data
Bank [PDB] ID: 6R8F) and SMAD3 (PDB ID: 5XOC) were
obtained from the PDB. Ten possible interaction solutions were
generated. The docked protein-protein complex was selected
based on the maximum number of intermolecular ionic and
hydrogen bonds established between BRCC3 and SMAD3.
According to the best predicted binding mode, BRCC3 could
bind to the SMAD3-MH2 domain very well.

Isolation and culture of adult mouse CFs and

neonatal mouse cardiomyocytes

CFs were isolated and cultured from C57BL/6 mice as described
previously [57]. Briefly, C57BL/6] mice were euthanized by cervi-
cal dislocation to preserve the physiological properties of the
cardiac cells. We did not use any anesthetic agent. Hearts were
excised, minced, and digested with collagenase type 4 (100 U/
ml) and trypsin (0.6 mg/ml) at 37 °C for 30 min. The digestion
was repeated 5 to 6 times. The cell supernatant was centrifuged
at 180xg for 10 min and resuspended in Dulbecco’s modified
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Eagle medium (DMEM) with 15% fetal bovine serum. Cells were
plated into laminin-coated 100-mm dishes (BD BioCoat, BD
Biosciences) and allowed to attach for 45 min before the first
medium change, which removed weakly adherent myocytes and
endothelial cells. Cultures were assessed for admixture of endo-
thelial cells, macrophages, and myofibroblasts by immunofluo-
rescence staining for CD31, F4/80, and a-smooth muscle actin,
respectively. More than 95% of cultured cells were negative for
these markers and had the typical appearance of fibroblasts.
Passage 1 CFs were used for the experiments. As previously
stated [58], C57BL/6] mice aged 1 to 3 d were euthanized by
cervical dislocation to preserve the physiological properties of
the cardiac cells and facilitate the extraction of cardiomyocytes.
We did not use any anesthetic agent. For neonatal cardiomyocyte
isolation, ventricles were digested with 0.1% trypsin and 80 U/
ml collagenase IT and centrifuged. Isolated cells were pre-plated
for 90 min to remove noncardiac cells. Cardiomyocytes were
resuspended in DMEM containing 100 mg/ml streptomycin and
penicillin and 10% fetal bovine serum and seeded into 35-mm
dishes. To inhibit noncardiomyocyte growth, 100 pmol/l 5-bromo-
2'-deoxyuridine was added. After incubation at 37 °C in humidi-
fied air with 5% (v/v) CO, for 24 h, cardiomyocytes were infected
with adenovirus vector for 3 d and then deprived of serum and
incubated for another 24 h before treatment.

Acute myocardial infarction

AMI was induced by permanent coronary artery ligation, as
described [59]. Adult (8 to 10 weeks old) male C57BL/6] mice
were anesthetized with ketamine (80 mg/kg, intraperitoneal)
and xylazine (5 mg/kg, intraperitoneal), fixed in the supine posi-
tion on a sterile operating table, and shaved, and the left chest
area was disinfected. Mouse incisors were fixed to facilitate
endotracheal intubation, and the mouse was connected to a
small animal ventilator. The mouse model of AMI was created
by ligating the LAD. A 1-cm incision was made along the axilla
to the xiphoid process of the sternum. The pectoralis major and
pectoralis minor were isolated by blunt separation, and the chest
cavity was exposed from the third intercostal space. The inter-
costal space was opened with a retractor to fully expose the
heart, and the pericardium was carefully removed. The LAD
was ligated with an 8-0 silk suture under the left auricle. The
success of the procedure was assessed by observing the pallor
of the anterior wall of the left ventricle and the elevation of ST
segments on the electrocardiogram. The thorax was closed, and
the skin was sutured. After the mouse resumed spontaneous
breathing, the ventilator was removed. The same procedure was
performed on the sham operation group except for LAD liga-
tion. All animal experiments and protocols were approved by
the Affiliated Hospital of Yangzhou University Ethics Committee
(No. 2017012-2017-02) and performed in accordance with
the guidelines from Directive 2010/63/EU of the European
Parliament. The mice were humanely euthanized by inhalation
of carbon dioxide, after which the heart tissue was harvested.
Animal care and surgical procedures adhered to the principles
of animal care outlined by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health [NIH] publication).

Echocardiography studies

Transthoracic echocardiography was performed using a Vevo
3100 machine with an MX550S transducer (Visual Sonics,
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Toronto, Canada) under isoflurane anesthesia (1% to 1.5% at
a flow rate of 1 1/min oxygen). LVEDD (mm) and LVESD were
measured to assess left ventricular systolic function. LVES (%)
and LVEF (%) were calculated as follows: FS = [(LVEDD —
LVESD)/LVEDD] x 100% and EF = [(LVEDD® — LVESD?)/
LVEDD’] x 100%. All data were acquired and analyzed by a
single echocardiographer blinded to the groups.

Immunohistochemical analysis

As previously described, left ventricular tissue samples were
fixed, embedded in paraffin, and sectioned into 5-pm slices for
staining [60]. Antigen retrieval was performed by boiling, and
then sections were placed in 3% H,O, at room temperature for
5 to 10 min to eliminate endogenous peroxidase activity. After
washing with phosphate-buftered saline (PBS), 10% normal
goat serum was incubated at room temperature for 1 h. The
primary antibody was added, and the mixture was incubated
at 4 °C overnight. The primary antibodies used in the study
were anti-collagen I (ab6308), anti-collagen III (ab7778), anti-
yH2AX (ab2893), and anti-53BP1 (ab175933, Abcam). For
immunohistochemical staining, the slices were washed 3 times
in PBS and incubated with a peroxidase-conjugated secondary
antibody for 1 h. The expression of the target protein was
measured using a DAB kit (Vector Biolabs, USA). For immu-
nofluorescence, slices were incubated with a fluorescence
isothiocyanate-conjugated secondary antibody. To examine nuclei,
we treated each tissue section with 4',6-diamidino-2-phenylindole
(DAPIL; Cat. D4592, Sigma-Aldrich). The sections were exam-
ined under a Nikon Ti-U inverted epifluorescence microscope
equipped with appropriate filters (Nikon) at 100X magnification.
Five randomly selected fields from each slide were measured by
an observer blinded to the groups, and mean values were used for
statistical analysis.

Masson’s trichrome staining

Paraffin-embedded tissue sections were used for Masson’s tri-
chrome staining with an SABC kit (Wuhan Boster Biological
Technology, Wuhan, China). Ten randomly selected fields per
section were used to calculate the proportion of positive stain-
ing to reflect the degree of cardiac fibrosis by light microscopy
with color threshold analysis using NIH Image].

TTC staining

The area of the MI was measured by 2,3,5-triphenyl tetrazolium
chloride (TTC) staining as described previously [61]. Freshly
harvested heart tissue was cut into 2-mm-thick slices from the
ligation site, placed in 1% TTC solution, incubated at 37 °C for
15 min, and then fixed overnight with 4% formaldehyde. Pictures
were taken with a digital camera and analyzed using Image].

Adenoviral vector generation

The mouse Brcc3 gene was amplified by PCR with pDEST-LTR-
N-Flag-HA-Brcc3 (Cat. 22540, Addgene, Cambridge, MA) as a
template and then cloned into the adenovirus shuttle vector
pDown-MCS-IRES/EGFP to create the recombinant plasmid
pDown-Brcc3-GST-IRES-EGFP. The expression cassette of
Bree3-GST-IRES-EGFP was transferred to pAV.Desld with LR
recombinant reaction to create the expression plasmid pAV.Ex1d-
CMV-Brec3-GST-IRES-EGFP, by Cyagen Bioscience (Guangzhou,
China). The positive clone was linearized and transfected into
293A cells for packaging, and the amplified adenovirus Brec3
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(AD-Brcc3) was identified. An adenovirus containing an empty
vector with an eGFP tag was the AD-Ctrl control. To ablate the
expression of endogenous BRCC3, the specific short hairpin RNA
(shRNA) targeting the mouse Brcc3 gene (AD-GFP-U6-mBrec3-
shRNA, Cat. shADV-254071) and scramble control shRNA
(AD-GFP-U6-shRNA, Cat. 1122) were purchased from Vector
Biolabs (Malvern, PA). Large-scale amounts of recombinant
adenovirus were amplified in HEK293 cells and purified. Viral
titers were determined by plaque assay on the HEK293 cell mono-
layer. Experiments were conducted at a virus amount of 100 mul-
tiplicity of infection. After 4 h of incubation, the medium was
removed, and cells were incubated in an appropriate medium for
72 h. Transfection efficiency was assessed under a fluorescence
microscope.

Plasmid construction and transfection

Expression constructs encoding the various human Smad3
domain-deletion mutant genes were prepared by PCR and
cloned into the pRP[Exp]-eGFP-CAG mammalian expression
vector. Their sequences were confirmed by DNA sequencing.
For overexpression of WT and mutant Smad3 in HEK293
cells, cells were grown in 100-mm dishes to ~70% confluence,
and DNA transfection was performed by lipofection. After
72 h of transfection, serum-starved cells were treated with
the vehicle or TGF-p1 (4 ng/ml) for 1 h and harvested.
Whole-cell lysates were used for co-IP analysis with an anti-
body against Myc or Smad3.

Co-IP and Western blot analysis

Total protein from heart tissues was extracted using radioim-
munoprecipitation assay lysis buffer (Beyotime, Beijing). Cells
were lysed in co-IP buffer (120 mM NaCl, 20 mM Tris, pH 7.5,
2 mM EDTA, 1% Triton X-100, 1 mM sodium vanadate, 10%
glycerol) containing 0.5 mM phenylmethylsulfonyl fluoride and
20 mg/ml aprotinin and then centrifuged at 12,000xg for
15 min at 4 °C. Protein concentration was determined using
the Bio-Rad protein assay (Bio-Rad, Richmond, CA). Following
cell lysis, 600 pg of total protein per sample was precleaned with
normal rat/mouse immunoglobulin G (IgG) and protein A/G-
plus beads (sc-2003, Santa Cruz Biotechnology) and then
immunoprecipitated with antibodies against anti-Smad3 (sc-
8332, Santa Cruz Biotechnology), anti-BRCC3 (ab108411),
anti-Ubké63 (ab179434, Abcam), and anti-Myc (M192-3, MBL,
Japan) at 4 °C overnight. The bound proteins on protein A/G-plus
beads were washed with co-IP buffer, centrifuged, eluted with
2x sample loading buffer, boiled at 95 °C for 5 min, and stored
at —80 °C until use. Equal amounts of proteins were loaded onto
7.5% or 12% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis gels and transferred to polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA). After blocking with 5% (w/v)
skim milk in Tris-buffered saline containing 0.1% (v/v) Tween
20 (TBST) for 1 h, membranes were incubated with various
primary antibodies diluted in 5% (w/v) skim milk in TBST at
4 °C overnight. The primary antibodies used in this study were
anti-p-Smad3 (#9520), anti-Smad3 (#9523), anti-BRCC3
(ab108411), anti-Smad2, anti-Ubké63 (ab179434), anti-yH2AX
(ab2893), and anti-Rad51 (ab133534, Abcam). Anti-o-tubulin (sc-
8035), anti-B-actin (sc-47778), anti-Myc, and anti-glyceraldehyde-
3-phosphate dehydrogenase (anti-GAPDH; sc-365062, Santa Cruz
Biotechnology) were used as loading controls. The mem-
branes were washed 3 times in TBST buffer and incubated with
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horseradish peroxidase-conjugated secondary antibody for 2 h.
Bands were visualized using the Pierce ECL Plus Western Blotting
Substrate Kit (Thermo, USA) and quantified using NIH Image].
Each co-IP experiment was repeated at least 3 times.

Real-time RT-PCR analysis

The levels of mRNA were determined by real-time reverse tran-
scription PCR (RT-PCR). The total RNA of heart tissue and
cultured cells was isolated by using TRIzol reagent (Invitrogen,
USA). Equal amounts of RNA (1 pg) were reverse-transcribed
by using the Reverse Aid First Strand ¢cDNA Synthesis Kit
(Thermo, USA). Real-time RT-PCR was performed using SYBR
Green reagent (Cat. 4367659, Applied Biosystems) on an ABI
PRISM 7500 sequence detection system (Applied Biosystems,
CA). The specific primers were as follows: Brec3: forward, 5'-TTG
GAG CAA AAC CAG CAG CAT-3'; reverse, 5-TCG CCATTT
ATC ACC TTC ATC G-3'; CTGF: forward, 5'-CGG TCC TTG
GGCTCG TCA-3';reverse, 5-GCA CTT GCC TGG ATG GGG-
3'; Periostin: forward, 5'-TGA GCT ACT GAA TGC CTT AC-3;
reverse, 5'-CAA TGA CAT GGA CGA CAC-3'; GADPH: for-
ward, 5-GTT GTC TCC TGC GAC TTC A-3'; reverse, 5'-GTG
GTC CAG GGT TTC TTA CT-3'; ANP: forward, 5'-GCT TCC
AGG CCA TAT TGG AG-3'; reverse, 5-GGG GGC ATG ACC
TCA TCT T-3; and -MHC: forward, 5'-ACT GTC AAC ACT
AAG AGG GTC A-3';reverse, 5-TTG GAT GAT TTG ATCTTC
CAG GG-3'. The cycle threshold (Ct) values of the target mRNA
were normalized to GADPH levels as the internal control. Samples
were compared by the relative (comparative) Ct method. Fold
induction or repression was measured relative to controls and cal-
culated after adjusting for GAPDH RNA (endogenous control).

Immunofluorescence analysis

Treated cells were washed with PBS, fixed with 4% formalde-
hyde, and permeabilized with 0.5% Triton X-100. The fixed cells
were blocked with 10% normal goat serum and then incubated
with anti-Smad3 or normal rabbit/mouse IgG antibody at 4 °C
overnight. Slides were incubated with a Texas Red-conjugated
anti-rabbit secondary antibody (1:100, Cat. No. TI-1000, Vector
Biolabs) and a fluorescein-conjugated anti-mouse secondary
antibody (1:100, Cat. No. FI-2000, Vector Biolabs) for 1 h at
room temperature. Nuclei were stained with DAPI (50 ng/ml)
in PBS for 15 min. Coverslips were washed, mounted with 90%
glycerol, and visualized by confocal laser microscopy (400x).
Images were randomly acquired from different fields.

Cell co-culture

Neonatal mouse cardiomyocytes were seeded onto the surface of
the insert membrane with a 0.4-pm pore size in the upper layer of
a 6-well plate. The lower part of the 6-well plate was seeded with
neonatal CFs. After 48 h of culture, the complete medium was
replaced and cardiomyocytes were infected with AD-Brcc3 or
AD-Ctrl control virus. At 48 h after virus infection, the medium
was aspirated and washed with PBS. Cultured cardiomyocytes
infected with adenovirus were placed together with the CFs in the
lower layer. A sufficient amount of complete medium was added,
and both types of cells were fully co-incubated through the pores
of the membrane. After 24 h of co-culture, the cells were stimulated
with 4 ng/ml TGF-1 or vehicle, and then the 2 types of cells were
harvested. The expression of p-Smad3 and BRCC3 in cardiomyo-
cytes and CFs was detected by Western blot analysis.
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Human atrial adnexal tissue collection

Human sample collection was approved by the Affiliated Hospital
of Yangzhou University Ethics Committee, and the study was con-
ducted following the principles of Good Clinical Practice and the
Declaration of Helsinki. Written consent was obtained from par-
ticipants or their guardians. We collected atrial appendage tissue
samples from 3 patients who had undergone heart valve replace-
ment and had been diagnosed with both heart failure and valvular
disease due to coronary heart disease, as well as from 3 control
patients with heart valve replacement who had been diagnosed
solely with valvular disease without concurrent heart failure.

Statistical analysis

Data are expressed as mean + standard error of the mean.
Analyses were performed using SPSS 26.0 for Windows (SPSS
Inc., Chicago, IL, USA). Heatmaps of gene expression were
generated using a web-based tool (https://software.broadinsti-
tute.org/morpheus/). The Shapiro-Wilk normality test was
used initially to assess the normality of the distribution of the
data. Comparisons between 2 groups involved the 2-tailed
independent Student ¢ test. Comparisons among more than 2
groups involved 1-way or 2-way analysis of variance with
Bonferroni correction for multiple pairwise comparisons. P <
0.05 was considered statistically significant.
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