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BRCC36 regulates 3-catenin ubiquitination @
to alleviate vascular calcification in chronic
kidney disease
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Abstract

Background The prevalence of vascular calcification (VC) in chronic kidney disease (CKD) patients remains sub-
stantial, but currently, there are no effective pharmaceutical therapies available. BRCA1/BRCA2-containing complex
subunit 36 (BRCC36) has been implicated in osteoblast osteogenic conversion; however, its specific role in VC remains
to be fully elucidated. The aim of this study was to investigate the role and underlying mechanisms of BRCC36 in VC.

Methods The association between BRCC36 expression and VC was examined in radial arteries from patients

with CKD, high-adenine-induced CKD mice, and vascular smooth muscle cells (VSMCs). Western blotting, real-time
polymerase chain reaction, immunofluorescence, and immunohistochemistry were used to analyse gene expression.
Gain- and loss-of-function experiments were performed to comprehensively investigate the effects of BRCC36 on VC.
Coimmunoprecipitation and TOPFlash luciferase assays were utilized to further investigate the regulatory effects

of BRCC36 on the Wnt/B-catenin pathway.

Results BRCC36 expression was downregulated in human calcified radial arteries, calcified aortas from CKD mice,
and calcified VSMCs. VSMC-specific BRCC36 overexpression alleviated calcium deposition in the vasculature, whereas
BRCC36 depletion aggravated VC progression. Furthermore, BRCC36 inhibited the osteogenic differentiation of VSMCs
in vitro. Rescue experiments revealed that BRCC36 exerts the protective effects on VC partly by regulating the Wnt/[3-
catenin signalling pathway. Mechanistically, BRCC36 inhibited the Wnt/B-catenin pathway by decreasing the K63-
linked ubiquitination of 3-catenin. Additionally, pioglitazone attenuated VC partly through upregulating BRCC36
expression.

Conclusions Our research results emphasize the critical role of the BRCC36--catenin axis in VC, suggesting
that BRCC36 or 3-catenin may be promising therapeutic targets to prevent the progression of VC in CKD patients.
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Introduction

The incidence of vascular calcification (VC) in patients
with chronic kidney disease (CKD) is extremely high, and
its severity is closely related to the risk of cardiovascu-
lar disease (CVD) mortality and all-cause mortality [1].
Given that VC is an independent risk factor for adverse
cardiovascular events in CKD patients, the imperative
to develop effective pharmacological interventions to
prevent VC progression underscores the importance of
elucidating the pathogenesis of VC [2]. Currently, VC
is recognized as an active cell-mediated process similar
to osteogenesis, characterized by the ectopic deposition
of hydroxyapatite [3]. The pathogenesis mainly encom-
passes inflammatory states, abnormalities in calcium-
phosphate metabolism, the osteogenic differentiation of
vascular smooth muscle cells (VSMCs), and epigenetic
dysregulation [4—7]. Impeding the osteogenic differentia-
tion of VSMCs is a key scientific issue and a hot topic of
current research.

The Wnt/B-catenin signalling pathway plays a criti-
cal role in VC [8]. In our previous study, we reported
Wnt/B-catenin overactivation and enhanced B-catenin
nuclear cotranslocation during VC progression [9].
[B-catenin (CTNNBI) is a major mediator of the canoni-
cal Wnt/B-catenin signalling pathway and is composed

of a central region with 12 armadillo repeats, an amino
(N) terminus, and a carboxyl (C) terminus domain [10].
Although numerous studies have indicated that B-catenin
can be regulated by multiple posttranslational modi-
fications, including phosphorylation, ubiquitination,
acetylation, and S-nitrosylation, the importance of the
biological functions of B-catenin regulated by ubiquitina-
tion is becoming widely appreciated [11-14]. The core
event in the Wnt/p-catenin signalling pathway involves
the nuclear translocation and stabilization of B-catenin, a
process that is finely regulated by ubiquitination [15, 16].
There is a consensus that the activation of Wnt/B-catenin
signalling contributes to VC; however, there have been no
successful clinical trials of developed [B-catenin-targeted
drugs. Targeting the ubiquitin—proteasome system (UPS)
with clinical translational potential holds much promise
for therapeutic development and clinical applications.
BRCA1/BRCA2-containing complex subunit 36
(BRCC36), a deubiquitinating enzyme discovered in 2003,
belongs to the JAMM/MPN family and is encoded by
the BRCC36 gene [17]. BRCC36 regulates various physi-
ological processes, including DNA damage repair, cell
autophagy, nucleotide-binding oligomerization domain-
like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome activation, and signal transduction
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[18-21]. Cai et al. suggested a close relationship between
BRCC36 and p-catenin in osteoblasts [22]. Recent studies
by our research group have demonstrated that BRCC36
can inhibit the osteogenic differentiation of VSMCs by
affecting the phosphorylation level of B-catenin in vitro
[23]. BRCC36 is also known to modify the activity of its
target proteins via lysine (K) 63-dependent deubiquit-
ination [24]. However, how BRCC36 influences arterial
medial calcification in CKD mice and whether BRCC36
affects the ubiquitination level of B-catenin in VC are
currently unknown.

This study serves as an in-depth supplement to our
previous research [23]. We aimed to elucidate the pos-
sible role and underlying molecular mechanisms of
BRCC36 in VC and revealed that BRCC36 attenuated
VC in CKD mice and inhibited the osteogenic differen-
tiation of VSMCs in calcifying medium (CM). Moreover,
our mechanistic studies revealed that BRCC36 interacted
with and deubiquitinated p-catenin and inhibited Wnt/[3-
catenin signalling activity. Therefore, targeting BRCC36
or P-catenin appears to be an attractive therapeutic
approach to slow VC progression.

Materials and methods

Human samples

Human radial artery samples were collected from CKD
patients undergoing arterial venous fistula operations.
All procedures were conducted in accordance with the
Declaration of Helsinki and approved by the Human
Research Ethics Committee of the First Affiliated Hos-
pital of Nanjing Medical University (approval number:
2024-SR-251). Informed consent was obtained from all
participants before sample collection.

Murine models of CKD

The animal experiments in this study were approved by
the Institutional Animal Ethics Committee of Nanjing
Medical University (approval number: IACUC-2312015),
and all animal procedures complied with the Guide for
National Institutes of Health guidelines. Male C57BL/6]
mice aged 8 weeks (body weight=23-26 g) were pur-
chased from Nanjing Medical University and randomly
divided and housed in a special pathogen-free (SPF)
environment at constant temperature and humidity with
a 12-h light-dark cycle. VSMC-specific BRCC36-over-
expressing mice (AAV-BRCC36 OE) and VSMC-specific
BRCC36-knockout mice (AAV-shBRCC36) were gen-
erated via tail vein injection of a recombinant adeno-
associated virus driven by the smooth muscle protein
22-alpha (SM22«) promoter (Hanbio Biotechnology Co.,
Ltd., China). The CKD mouse VC model was established
by feeding mice a special chow containing high levels of
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adenine (0.2%) and phosphate (1.2%). Six percent casein
was added to the adenine diet to cover the taste and smell
of adenine. The control group was fed a standard pellet
chow diet (normal diet). After 12 weeks, all mice were
anaesthetized and euthanized, and their serum and aor-
tas were collected for further analysis.

Cell culture and transfection

Primary vascular smooth muscle cells (VSMCs) were
extracted from 8-week-old C57BL/6] mice using the tis-
sue explant method. Briefly, the mice were euthanized via
intraperitoneal sodium pentobarbital, and the aorta was
isolated. After the intima and adventitia were removed,
the aorta was finely chopped into 1 mm? pieces and cul-
tured in complete medium (DMEM/F12, Gibco, USA,
A4192002) supplemented with 10% fetal bovine serum
(FBS, Sciencell, USA, 0500), 100 U/ml penicillin and
100 mg/ml streptomycin (KeyGEN, China, KGL2303-
100), at 37 °C in 5% CO,. VSMCs at passages 3 to 8
were used for the experiments. To induce calcification,
VSMCs were maintained in calcifying medium (CM)
comprising DMEM/F12 supplemented with 10% FBS,
10 mmol/L of B-glycerophosphate, 50 pg/mL ascorbic
acid, and 0.1 umol/L of dexamethasone for 7 days, with
the medium changed every 2 days.

Adenovirus-mediated BRCC36 overexpression and
small interfering RNA (siRNA)-induced BRCC36 deple-
tion were used to investigate the function of BRCC36 in
VC. VSMCs were evenly seeded into 6-well plates and
incubated with adenovirus for 48 h to induce BRCC36
overexpression. siRNAs targeting BRCC36 were designed
and synthesized by Nanjing Zebrafish Biotech Co.,Ltd.
The relevant siRNAs are listed in Supplementary Table 1.
Briefly, VSMCs were seeded into 6-well plates one day
before transfection and were then transfected with siR-
NAs using Lipofectamine 8000 (Beyotime, China, C0533)
according to the manufacturer’s instructions.

Western blot

Proteins were extracted from mouse aortic tissues or
VSMCs using precooled radioimmunoprecipitation
(RIPA) lysis buffer (FDbio, China, f{d009) containing pro-
tease and phosphatase inhibitors (FDbio, China, fd1001).
The samples were then centrifuged at 12,000 rpm for
10 min at 4 °C. A bicinchoninic acid (BCA) protein
assay kit (KeyGEN, China, KGB2101-1000) was used to
quantify the protein concentrations in the lysates. Equal
amounts of protein were loaded onto sodium dode-
cyl polyacrylamide gels with different polyacrylamide
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concentrations, electrophoresed, and transferred to poly-
vinylidene fluoride membranes (PVDE, Millipore, USA,
03,010,040,001). After being blocked in 5% nonfat dry
milk (Beyotime, China, P0216) for at least 1 h, the mem-
branes were incubated with specific primary antibod-
ies at 4 °C overnight. The primary antibodies used in the
research are listed in Supplementary Table 2. The follow-
ing day, the membranes were washed with Tris-buffered
saline with 0.1% Tween-20 (TBST) at least three times
and incubated with the corresponding secondary anti-
body (FDbio, China, fd007) at room temperature for 1 h.
Bands were visualized by enhanced chemiluminescence
(ECL, FDbio, China, fd8020), and images were captured
with a ChemiDoc MP (BioRad, China). The western blot
bands were further analysed via Image] (NIH, USA).

RNA extraction, reverse transcription, and quantitative
real-time PCR

Total RNA from VSMCs was extracted using an RNA
isolation kit (Vazyme, China, RC112-01). The RNA was
reverse transcribed into ¢cDNA using the HiScript III
RT SuperMix (Vazyme, China, R323-01). Quantitative
reverse transcription—polymerase chain reaction (PCR)
was conducted using SYBR qPCR Master Mix (Vazyme,
China, Q711-02) on a real-time PCR system (Roche,
Switzerland) according to the manufacturer’s instruc-
tions. The relative gene expression data were normal-
ized to that of GAPDH and calculated using the 2-AACT
method. The primer sequences are shown in Supplemen-
tary Table 3.

Immunohistochemistry (IHC) staining

Mouse aortic tissue was isolated, fixed in 4% paraform-
aldehyde (PFA) overnight, embedded in paraffin, and
sectioned continuously at a thickness of 4 mm. After rou-
tine dewaxing and antigen retrieval, the deparaffinized
sections were washed with phosphate buffered solutions
(PBS, Biosharp, China, BL601A) three times. The sec-
tions were blocked with 10% goat serum (Solarbio Sci-
ence & Technology, China, SL038) to block nonspecific

(See figure on next page.)
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antigens and were then incubated with primary antibod-
ies (diluted according to manufacturers’ recommenda-
tions) at 4 °C overnight. The next day, the sections were
incubated with HRP-conjugated secondary antibodies
(MXB, China, KIT-5920) for 1 h at room temperature.
After being washed with PBS, the sections were stained
with diaminobenzidine (DAB) working solution, and
counterstained with haematoxylin (KeyGEN, China,
KGE1201-100) to visualize nuclei. Finally, images were
acquired under an optical microscope (Olympus, Japan).

Immunofluorescence (IF) staining

After sections were dewaxed or VSMCs were fixed with
4% PFA, the samples were permeabilized with 0.3% Tri-
ton X-100 in PBS for 20 min. After being blocked with
10% goat serum (Solarbio Science & Technology, China,
SL038), the samples were washed three times with PBS
and then incubated with primary antibodies overnight
at 4 °C. After rewarming for 15 min, the tissue sections
and cells were stained with fluorescently labelled sec-
ondary antibodies (Abways, China, AB0151). The nuclei
were counterstained with 4;6- diamidino-2-phenylindole
(DAPI, Beyotime, China, P0131). Images were captured
using a THUNDER DMi8 microscope (Germany).

Alizarin Red S staining and Von Kossa staining

For Alizarin Red S staining, artery tissue sections were
dewaxed and stained with 2% Alizarin Red S solution
(pH 4.2, Solarbio Science & Technology, China, G1452)
for 20 min at room temperature. After a quick rinse in
distilled water, the positively stained areas appeared
orange-red. The stained sections were dehydrated with
graded ethanol and sealed with neutral gum. For en face
Alizarin Red S staining of the whole aorta, mouse aortic
tissue was fixed in 95% ethanol for one day and stained
with 0.003% Alizarin Red S in 1% potassium for another
day; calcified areas were coloured red. After treatment,
VSMCs were washed with PBS for three times and fixed
in 4% PFA for 20 min. The fixed cells were then stained
with 2% Alizarin Red S solution for 20 min at room

Fig. 1 BRCC36 levels are decreased during vascular calcification. A Representative Masson staining, Alizarin Red S staining, chest CT, IHC staining
of RUNX2 and BRCC36 antibody in CKD patients without and with VC. Scale bar, 50 um. n=5 per group. B Representative IF staining of BRCC36
(red), a-SMA (green), and DAPI (blue) in CKD patients without and with VC. Scale bar, 100 um. n=5 per group. C Representative Masson staining

in control and CKD kidneys. D Serum creatinine (Cr), serum blood urea nitrogen (BUN), serum phosphorus (Pi), and serum calcium (Ca) levels.

n=6 per group. E Representative Von Kossa staining and IHC staining of BRCC36 antibody in control and CKD vessels. Scale bar, left two columns:
200 pm; right columns: 50 um. n=6 per group. F Protein expression of BRCC36 in calcified vessels of CKD mice was measured by western blotting.
n=6 per group. G Representative Alizarin Red S staining images in control and calcified VSMCs. H RT-PCR analysis of BRCC36 mRNA expression

in control and calcified VSMCs. n=3 per group. | Representative IF images and quantitative analysis of BRCC36 expression in control and calcified
VSMCs. J Protein level and quantitative analysis of BRCC36 in control and calcified VSMCs. n=3 per group. Statistical significance was assessed using

t-test. All values are presented as mean +SD. *P<0.05
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temperature in the dark. Images were captured, followed
by quick wash with distilled water. Positively stained cells
appeared orange-red.

For Von Kossa staining, deparaffinized artery tis-
sue sections or fixed cells were incubated with 5% silver
nitrate (Solarbio Science & Technology, China, G3282)
for 2 h under ultraviolet light, and then washed with dis-
tilled water. After being treated with 5% sodium sulfate
for 5 min, the sections were restained with neutral red
for another 5 min. The positively stained area appeared
brown or black, and images were acquired under a Nikon
ECLIPSE Ti-e inverted microscope (Japan).

TOP/FOPFlash assay

The effect of BRCC36 on the transcriptional activity of
[-catenin was assessed using the TOP/FOPFlash assay.
VSMCs were seeded into 6-well plates and were tran-
siently transfected with control adenovirus or BRCC36-
adenovirus, the TOPFlash reporter gene (Beyotime,
China, D2501) or the FOPFlash reporter gene (Beyotime,
China, D2503), and Renilla-Luc as an internal control
(GeneCopoeia, USA). Forty-eight hours posttransfec-
tion, VSMCs were harvested and assayed using a dual
luciferase assay system kit (GeneCopoeia, USA, LF004)
according to the manufacturer’s protocol. Firefly lucif-
erase expression levels were normalized against Renilla
luciferase activity.

Coimmunoprecipitation (Co-IP) assays

Protein—protein complexes were obtained from VSMCs
and human embryonic kidney 293 T (HEK293T) cells.
When the cells reached 80%-90% confluency, they were
washed with PBS and then lysed with an appropri-
ate amount of prechilled IP lysis buffer (Absin, China,
abs955). The supernatant was added to Sepharose beads
linked to negative control IgG antibody or IP antibody
following the manufacturer’s instructions. The bead-
antibody-antigen complex was rotated overnight at 4 °C
at 20 rpm. After centrifugation for 1 min at 12,000 rpm at
4 °C to remove the supernatant, the bead complexes were
resuspended in 500 pl of wash buffer; this wash process

(See figure on next page.)
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was repeated two more times. After the final wash, the
bead complexes were resuspended in 1xSDS loading
buffer (Beyotime, China, P0O015A) and then heated at
95 °C for 2—5 min. The collected samples were subjected
to western blot analysis.

Statistical analysis

Statistical analyses were carried out using Graph-
Pad Prism version 9.0 (GraphPad Software, USA). All
experiments were repeated with at least three inde-
pendent biological replicates. The data are presented as
means * standard deviations (SDs). The normality of the
data was checked via the Shapiro—Wilk normality test.
Statistical significance between two groups was assessed
using unpaired two-tailed Student’s t tests or the Mann—
Whitney U test. Differences among more than two
groups were compared using one-way ANOVA. P <0.05
was considered statistically significant.

Results

BRCC36 levels are decreased during vascular calcification
To investigate whether BRCC36 is involved in VC, we
first collected radial arteries from uraemic patients
undergoing arteriovenous fistula surgery. The degree
of calcium deposition was confirmed through Aliza-
rin Red S staining, runt-related transcription factor 2
(RUNX2) IHC staining, and chest CT imaging of patients
(Fig. 1A). Compared with those in radial arteries without
VC, increases in the collagen content in calcified tissues
were detected via Masson’s trichrome staining (Fig. 1A).
Moreover, the IHC results indicated that BRCC36 levels
were significantly lower in calcified vascular tissues than
in noncalcified tissues (Fig. 1A). The results were subse-
quently validated by IF staining of BRCC36 and alpha-
smooth muscle actin (a-SMA), which is a contractile
phenotype of VSMCs (Fig. 1B).

We then established a CKD mouse model of VC
using adenine combined with a high-phosphate diet.
The Masson staining, PAS staining, H&E staining, Von
Kossa staining, and western blot results demonstrated
increased renal fibrosis and significant calcium salt

Fig. 2 BRCC36 overexpression alleviates vascular calcification in mice. A The transfection efficiency of BRCC36 overexpression was verified

by western blotting. n=6 per group. B RUNX2, a-SMA and GAPDH immunoblotting in the vessel lysates of control and CKD of AAV-NC

and AAV-BRCC36 OE mice, n=6 per group. C Representative Von Kossa staining, Alizarin Red S staining, and IHC staining of RUNX2 images

in aortas among all groups. Scale bar, 200 um. n=6 per group. D Representative IF images of RUNX2 and a-SMA in aortas among all groups. Scale
bar, 100 um. E RUNX2, a-SMA and GAPDH immunoblotting in the vessels lysates of control and CKD of AAV-NC and AAV-shBRCC36 mice, n=6
per group. F Representative Von Kossa staining, Alizarin Red S staining, and IHC staining of RUNX2 antibody images in aortas among all groups.
Scale bar, 200 um. n=6 per group. G Statistical analysis of RUNX2 was performed. H Representative IF images of RUNX2 and a-SMA in aortas
among all groups. Scale bar, 100 um. I Representative Alizarin Red S staining images of the whole aortas. Scale bar, 5 mm. Statistical significance
was assessed using two tailed t-test (A) and 1-way ANOVA followed by Dunnett’s test (B, C, E, G). All values are presented as mean+SD. *P<0.05
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deposition in the model group (Fig. 1C and Fig. S1A, B).
The serum creatinine (Cr), blood urea nitrogen (BUN),
and phosphate (Pi) levels were significantly elevated in
the model group, confirming the successful establish-
ment of the CKD mouse model (Fig. 1D). Von Kossa
staining revealed prominent black calcium salt depos-
its in the vascular media and significant damage to the
arterial structure in the model group. The decrease in
BRCC36 expression was confirmed by IHC staining and
western blotting (Fig. 1E, F).

Additionally, to determine whether BRCC36 partici-
pates in the osteogenic differentiation of VSMCs, pri-
mary VSMCs were isolated and cultured (see Fig. S1C
for cell phenotyping) in CM. Alizarin Red S staining
confirmed that CM successfully induced VSMC calcifica-
tion (Fig. 1G). Over the course of osteogenic induction,
the mRNA and protein levels of BRCC36 were signifi-
cantly lower in calcified VSMCs than in control VSMCs
(cultured in growth medium (GM)) (Fig. 1H, J). IF
experiments also confirmed the decreased expression of
BRCC36 (Fig. 1I). Taken together, these findings suggest
that BRCC36 levels decrease during CKD-induced VC,
indicating a potential role of BRCC36 in the regulation of
this process.

BRCC36 alleviates vascular calcification in mice

Because of the decreased BRCC36 expression in calci-
fied radial arteries and vessel tissues from CKD mice, we
treated male C57BL/6] mice with adeno-associated virus
9 (AAV9) to overexpress or knockdown BRCC36 (Fig.
S2A). As anticipated, BRCC36 was successfully overex-
pressed or knocked down in mouse aortas, as confirmed
by western blot analysis (Fig. 2A, S2B). Following a
12-week period of high-adenine and high-phosphate diet
feeding, the overexpression of BRCC36 led to a decrease
in the expression of the osteogenic protein RUNX2 and
an increase in the expression of the contractile pro-
tein a-SMA in mouse aortas (Fig. 2B). Additionally,
Von Kossa staining and Alizarin Red S staining revealed
that the aortas of AdBRCC36 group mice presented
decreased levels of calcium deposition (Fig. 2C). IHC

(See figure on next page.)
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and IF staining demonstrated that RUNX2 expression
was significantly downregulated in the AABRCC36 group
(Fig. 2C, D). Conversely, BRCC36 knockdown greatly
exacerbated VC progression (Fig. 2E-H). The whole-
mount Alizarin Red S staining results for the full-length
aorta confirmed the aforementioned conclusion (Fig. 2I).
Overall, these results further suggested that BRCC36 can
alleviate VC in vivo.

BRCC36 regulates the osteogenic transdifferentiation

of VSMCs in vitro

According to data from in vivo experiments, BRCC36
likely plays a VC-protective role. Thus, we established a
BRCC36 gain-of-function VSMC model with adenovirus
Ad-BRCC36 or the small interfering RNA (si-BRCC36)
for immunoblotting, Alizarin Red S staining, and cal-
cium content assays. The overexpression and knockdown
efficiencies were assessed by immunoblotting (Fig. S3A,
B). BRCC36 overexpression counteracted the increase
in RUNX2, bone morphogenetic protein 2 (BMP2), and
calcium deposition and partially reversed the decrease in
a-SMA protein expression induced by CM (Fig. 3A-C).
Conversely, BRCC36 silencing had the opposite effects
(Fig. 3D-@). To further elucidate the role of BRCC36 in
VSMC osteoblastic differentiation, VSMCs cultured in
CM were treated with G5 (1 pM), a BRCC36 small mol-
ecule inhibitor. The efficacy of G5 was verified by west-
ern blot analysis (Fig. S3C). As shown in Fig. 3H-K, G5
exacerbated the calcium deposition induced by CM, and
immunoblotting revealed further increases in the expres-
sion of RUNX2 and further decreases in the expression
of a-SMA, indicating that the inhibitor G5 promoted
VSMC osteogenic transdifferentiation. These results
indicated that BRCC36 prevents the osteogenic differen-
tiation and calcium deposition of VSMCs.

BRCC36 inhibits VC via the Wnt/f-catenin signalling
pathway

The pro-calcification and pro-osteogenic effects of the
Wnt/B-catenin signalling pathway have been extensively

Fig. 3 BRCC36 regulates the osteogenic transdifferentiation of VSMCs in vitro. A Western blot analysis of RUNX2, BMP2, and a-SMA expression

in VSMCs. n=3 per group. B Photomicrographs of Alizarin Red S staining in VSMCs pretransfected with indicated treatment. C Calcium content

in VSMCs from all of the experimental cohorts. n=4 per group. D, E Western blot analysis of BMP2 and a-SMA expression in VSMCs. n=4

per group. F Calcium content in VSMCs from all of the experimental cohorts (n=4 per group). G Photomicrographs of Alizarin Red S staining

in VSMCs pretransfected with indicated treatment. H Western blot analysis of RUNX2 and a-SMA expression in VSMCs. n=4 per group. I Calcium
content in VSMCs from all of the experimental cohorts. n=4 per group. J Photomicrographs of Alizarin Red S staining in VSMCs pretreated

with indicated treatment. K Quantitative real-time PCR analysis of OCN, ALP, and SM22a expression in VSMCs, which were pretreated with G5.
Statistical significance was assessed using two tailed t-test (E) and 1-way ANOVA followed by Dunnett’s test (A, C, F, H, I, K). All values are presented

as mean=+SD. *P<0.05
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reported, and BRCC36 is closely associated with
[-catenin in the osteogenic differentiation of osteoblasts
[22, 23]. We first confirmed that P-catenin expression
was significantly increased in arteries from CKD patients
and that its nuclear localization was negatively correlated
with BRCC36 expression (Fig. 4A, B). To test whether the
Wnt/B-catenin signalling pathway mediated the effect of
BRCC36 in VC, CKD mice were treated with an inhibi-
tor of the Wnt/p-catenin signalling pathway, MSAB (Fig.
S4A). Western blot analysis revealed that MSAB reversed
BRCC36-knockdown-induced VSMC osteogenic trans-
differentiation (Fig. 4C, D). Von Kossa staining, Alizarin
Red S staining, RUNX2 IHC staining, and double immu-
nofluorescence staining also revealed that the promoting
effect of BRCC36 knockdown on calcium deposition was
attenuated by MSAB (Fig. 4E—QG). Furthermore, in recip-
rocal BRCC36 gain-of-function experiments, treatment
with SKL2001 (a specific agonist of the Wnt/fB-catenin
signalling pathway) reversed the protective effects of
BRCC36 overexpression (Fig. 4H, I). Conversely, treat-
ment with MSAB (a B-catenin selective inhibitor) attenu-
ated BRCC36 silencing-enhanced VC (Fig. 4], K). These
results further suggest that BRCC36 exerts protective
effects at least partially via the Wnt/B-catenin signalling
pathway.

BRCC36 suppresses B-catenin nuclear translocation

and transcriptional activity by inhibiting K63-linked
B-catenin polyubiquitination

To elucidate the molecular mechanisms by which
BRCC36 regulates the Wnt/B-catenin signalling path-
way, we consulted the STRING database and performed
protein—protein docking analysis to test whether there
was an interaction between BRCC36 and [-catenin. We
obtained a docking score of -296.4 and an interaction
surface area of 4264.52 between BRCC36 and [3-catenin,
suggesting a high likelihood of interaction between
these two proteins (Fig. 5A, B). Immunofluorescence
double staining further confirmed the colocalization of
BRCC36 and B-catenin in VSMCs (Fig. 5C). B-catenin

(See figure on next page.)
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IP with cell lysates from VSMCs was then performed to
confirm the interaction between endogenous BRCC36
and P-catenin proteins (Fig. 5D). HEK293T cells were
simultaneously treated with Flag-tagged BRCC36 and
His-tagged B-catenin. Co-IP analysis demonstrated that
exogenously overexpressed Flag-BRCC36 could bind to
His-p-catenin in HEK293T cells (Fig. 5D). To identify
the BRCC36-interacting domains of -catenin, f-catenin
deletion constructs were generated (Fig. 5E). -catenin
interacted with BRCC36 mainly through its N-terminal
domain (amino acids 1-664), as determined by Co-IP
assays (Fig. 5F).

Previous studies have reported that BRCC36 mainly
regulates the K63-dependent ubiquitination of its sub-
strate proteins [24]. Western blot analysis demonstrated
that CM obviously increased the K63-mediated poly-
ubiquitination of B-catenin and that BRCC36 overexpres-
sion suppressed this change (Fig. 5G). Cultured VSMCs
infected with Ad-BRCC36 presented decreased nuclear
translocation of -catenin (Fig. 5H). Moreover, f-catenin
reporter (TOPFlash) assays revealed that BRCC36
overexpression decreased [-catenin transcriptional
activity (Fig. 5I). BRCC36 overexpression reduced the
phosphorylation level of B-catenin at S675, a known site
that augments -catenin transcriptional activity (Fig. 5]).
Additionally, western blot and RT-PCR results dem-
onstrated that BRCC36 overexpression downregulated
the expression of the classic Wnt/B-catenin target genes
c-myc and cyclin D1 at both the protein and mRNA lev-
els (Fig. 5], K). These results suggest that BRCC36 might
inhibit the Wnt/p-catenin signalling pathway by regulat-
ing the level of K63-linked ubiquitination of -catenin.

Pioglitazone attenuates VC partly through upregulating
BRCC36 expression and downregulating -catenin
expression

Our preliminary work demonstrated that pioglitazone
(PIO) inhibits VSMC calcification by inhibiting the activ-
ity of the Wnt/B-catenin signalling pathway [9]. These
results demonstrated that BRCC36 also suppresses the

Fig. 4 BRCC36 inhibits VC via the Wnt/B-catenin signalling pathway. A Representative IHC staining of 3-catenin in CKD patients without and with
vascular calcification. Positive staining is shown in brown. Scale bar, 50 um. n=5 per group. B Correlation of BRCC36 positive staining (%)

with 3-catenin positive nuclei. Correlation was determined via the Pearson test (n=10). C, D Western blot analysis of RUNX2 and a-SMA protein
levels in aortic tissues. n=6 per group. E Representative Von Kossa staining, Alizarin Red S staining, and IHC staining of RUNX2 images in aortas
among all groups. Scale bar, 200 um. n=6 per group. F Representative IF staining of RUNX2 and a-SMA images in aortas among all groups.

Scale bar, 100 um. n=6 per group. G Representative Alizarin Red S staining images of the whole aortas. Scale bar, 5 mm. H Western blot analysis

of a-SMA protein levels in VSMCs. n=3 per group. | Photomicrographs of Alizarin Red S staining in VSMCs for different pretreatments. J Western
blot analysis of RUNX2 protein levels in VSMCs. n=4 per group. K Photomicrographs of Alizarin Red S staining in VSMCs for different pretreatments.
Statistical significance was assessed using two tailed t-test (A) and 1-way ANOVA followed by Dunnett’s test (D, E, F, H, J). All values are presented

as mean=+SD. *P<0.05
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activity of the Wnt/B-catenin signalling pathway. We
therefore surmise that PIO exerts its protective effect on
VC partly by upregulating BRCC36 and thereby modu-
lating the Wnt/B-catenin pathway. These experimental
hypotheses raised by our study were first tested by in vivo
studies (Fig. 6A). After 12 weeks of administration of
10 mg/kg/day PIO via oral gavage, the aortic calcium salt
deposition in CKD mice was indeed attenuated, as veri-
fied by Von Kossa and Alizarin Red S staining (Fig. 6B).
RUNX2 IHC and IF staining results also revealed that
PIO treatment decreased the expression of the osteogenic
differentiation marker RUNX2 in the aorta (Fig. 6C, D).
Consistent with our hypothesis, the IHC staining results
indicated that PIO significantly increased BRCC36
expression and decreased [(-catenin expression in the
aortas of CKD mice (Fig. 6E, F). Alizarin Red S staining
revealed that PIO inhibited mineralization in VSMCs
(Fig. 6G). Next, the affinity between PIO and the BRCC36
protein was analysed via molecular docking (Fig. 6H).
The results showed that PIO bound to BRCC36 through
visible hydrogen bonds. The Thr171 residue plays a key
role in the hydrogen bond interaction between PIO and
BRCC36. PIO and BRCC36 had a low binding energy of
— 5.6 kcal/mol, indicating good binding activity. These
results demonstrated that BRCC36 may be a key pro-
tein responsible for the anticalcification activity of PIO.
Further in vitro validation via western blot analysis con-
firmed that PIO upregulated BRCC36 expression and
downregulated [-catenin expression in VSMCs under
both GM and CM culture conditions (Fig. 6I-L).

Discussion

This is the first study to examine the role of BRCC36
in experimental VC in CKD rodents and VC in CKD
patients. As summarized in Fig. 7, the major findings
are as follows: (1) BRCC36 expression was decreased in
the radial arteries of patients with CKD, in aortic tissues
from CKD animal models, and in calcified VSMCs; (2)
VSMC-BRCC36-overexpressing mice were somewhat
protected against VC, and VSMC-BRCC36-knockdown

(See figure on next page.)
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mice presented aggravated VC; (3) BRCC36 suppressed
the Wnt/p-catenin pathway by decreasing the K63 ubiq-
uitination level of B-catenin in VSMCs; and (4) PIO
attenuated VC development partially by increasing
BRCC36 expression and decreasing -catenin expression.

VC is a highly regulated and complex process that
involves multiple mechanisms, including oxidative stress,
the release of calcifying matrix vesicles, inflammation,
mitochondrial dysfunction, cell senescence and apopto-
sis, epigenetic alterations, etc. [4, 7, 25—28]. Protein ubiq-
uitination and deubiquitination play indispensable roles
in VC development by regulating the signal transduction,
localization and degradation of substrate proteins [29].
Deubiquitinating enzymes (DUBs) are powerful regu-
lators of cell fate and are highly promising drug targets
in clinical practice [30]. The present study was built on
our previous work to elucidate the role of BRCC36 in
VC in vivo and in vitro [23]. First, our results indicated
that BRCC36 expression was downregulated in calcified
radial arteries and aortic tissues in vivo and in osteogenic
VSMCs. Our in vivo experiments confirmed that the
overexpression of BRCC36 reduced aortic calcification
in CKD mice; the opposite results were obtained after
BRCC36 knockdown. Our investigation also demon-
strated that BRCC36 overexpression reduced the expres-
sion of osteogenic markers, as well as mineralization, in
VSMCs cultured with CM. Conversely, BRCC36 silenc-
ing and inhibition exacerbated VC.

Previous studies have indicated that the osteogenic dif-
ferentiation of VSMCs appears to be initiated prior to
mineral deposition [31]. Although our study underscores
the pivotal role of BRCC36 in the pathogenesis of VC by
inhibiting the phenotypic transdifferentiation of VSMCs,
there could also be additional mechanisms that remain to
be explored. There is nearly a consensus that the apop-
tosis of VSMCs significantly increases during the VC
process and that the release of apoptotic bodies from
VSMCs, which act as nucleation sites for hydroxyapatite,
can initiate VC [32]. Liu et al. reported that BRCC36 inhi-
bition induced apoptosis in internal-tandem duplication

Fig. 5 BRCC36 suppresses 3-catenin nuclear translocation and transcriptional activity by inhibiting K63-linked -catenin polyubiquitination. A
Predicted BRCC36-(3-catenin interaction was done by STRING database. B Molecular docking assays of BRCC36 and B-catenin. C The co-localization
of BRCC36 and B3-catenin in VSMCs was detected by double-labeling immunofluorescence. Scale bar, 50 um. D BRCC36 interaction with 3-catenin
in VSMCs and exogenous interaction of BRCC36 and (3-catenin in HEK293T cells was detected by Co-IP. E A diagram showing the plasmid

construct containing different domains of B-catenin. F The exact domain of 3-catenin interacts with BRCC36 was determined by Co-IP. G The K63
ubiquitination alterations of B-catenin were detected by western blotting after BRCC36 overexpression. H Detection of 3-catenin localization

by nucleocytoplasmic separation experiments after BRCC36 overexpression. | The activity of the Wnt/B-catenin signaling pathway was detected

by TOP/FOPFlash assay. J VSMCs were transfected with Ad-vector or Ad-BRCC36. Western blot analysis of protein levels of B-catenin S675, c-myc,
cyclinD1, and B-actin. K RT-gPCR analysis of the mRNA levels of c-myc and cyclin D1, n=6 per group. Statistical significance was assessed using two

tailed t-test (H, 1, J, K). All values are presented as mean +SD. *P<0.05



Li et al. Journal of Translational Medicine (2024) 22:820

BCLIL SAPCD1

Page 130f 18

A SIE B 1 .
GTNNBI . CSNKIALL
5‘5" 4 Y 4
oers . CINNBL : ARHGAP10 &J\f)",ﬁf\‘:&’g\&,/@} et
BR/éBG \ & 4(\'* A ;J::’:@ “K‘:&"\;:‘\‘;""
” TAX1BP3 : /l\\ e Aﬂ"@’ii‘a-i@f{(’l)
P 4 771 3
cBY1 7 & B-catenin
&5 >
F8AL ,
c D
DAPI BRCC36 B-catenin  Merge VSMCs _r 203T IP
Input  19gG BRCC36 kDa Input IgG His kDa
srcc[ = =3 e[ ]
) -100 ) -100
- -——
©
X
N
RIS
> oF e R
2 < & kDa kDa
E F i G
-— -70 — - -100
— - -70
. ——
B-catenin 1-781| BN ' BC| B:His IB:Ub K63 -
B
B-catenin 665-781 \—C‘ 100
BRCC36| S s s | B-catenin| = ===. ===
Input Input
a-tubulin| se— e— c— 50 GAPDH| - s a—
H *kkk
o AdNC o AdBRCC36 o AdNC
AdNC AdBRCC36 kDa 80 ** o AdNC+wnt3a
-100 3 = 70+ o AJBRCC36
B-cateninEl 2 £ o 607 Pﬁ AJBRCC36+wnt3a
Cytoplasm -70 s, ®
s 5 S
oapon[ mememe-] s 73 - s 1
Nucleus 20 < =
Cytoplasm Nucleus
K
AdNC AdBRCC36  kDa _ o AdNC o AABRCC36
B-catenin o g -100 2 15- ol *
S675 e - § ﬂ k. - 20 : 20
_QCin| e—— S o —
B-actin -40 € 1ol < 15 <15 Q
c—mycl— B e |_50 c af x £ T
A — © 10 oo 510 I o
Bractin[ s —— - - — - |_,, 2 05 £ s v
cyclin D1|- ——— — ’—|_35 Cl>.> m © 05 _é:;_ 505 L
. ©
- < 0.0 T T T 0.0 T T 0.0 T T
B ac“"|—-- . -| 40 © 78 catenin S675 cmyc  cyclin D1 AdNC AdBRCC36 AdNC AJBRCC36

Fig. 5 (Seelegend on previous page.)



Li et al. Journal of Translational Medicine (2024) 22:820

domain (ITD)-positive cells [33]. However, another study
revealed that BRCC36 can alleviate pulmonary hyper-
tension (PH) by inhibiting apoptosis resistance, extracel-
lular matrix production, and phenotypic transformation
in pulmonary arterial smooth muscle cells [17]. This
discrepancy may be due to the different disease models
used. Ferroptosis, a form of nonapoptotic cell death, is
characterized by lipid peroxidation and excessive iron-
dependent reactive oxygen species (ROS) [34]. A growing
body of evidence indicates that ferroptosis contributes to
VC by disrupting normal cellular functions. For example,
Ye et al. reported that VSMC ferroptosis was triggered
under CKD conditions to promote VC by suppressing
the SLC7A11/GSH/GPX4 axis [35]. Furthermore, fer-
roptosis in VSMCs mediated by solute carrier family 39
member 14 (Slc39a14) and solute carrier family 39 mem-
ber 8 (Slc39a8) promoted VC, and deferoxamine (DFO),
an iron chelator, effectively alleviated VC [36]. Recent
research has suggested that BRCC36 inhibits ferroptosis
by stabilizing 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR) in a DUB-dependent manner [37].
Therefore, BRCC36 likely exerts its protective effects
through other VC-related signalling pathways. Prot-
eomics, transcriptomics, genomics, or metabolomics-
based approaches should be used to further explore the
underlying regulatory mechanisms of BRCC36 in VC.
The exploration of the usefulness of BRCC36 agonists in
impeding VC is highly important.

Numerous studies have demonstrated that the activa-
tion of the WNT/pB-catenin signalling pathway is impor-
tant for VC development [12]. Previous studies have
shown that BRCC36 can regulate the osteogenic dif-
ferentiation of osteoblasts through B-catenin signalling
[22]. Given that VC shares common regulatory mecha-
nisms with bone formation [38], we conformed that
[B-catenin nuclear expression was negatively correlated
with BRCC36 expression in clinical radial artery sam-
ples. In vivo experiments corroborated that the B-catenin
inhibitor MSAB reversed the pro-calcification effects
of BRCC36 knockdown. In vitro reversion experiments

(See figure on next page.)
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using B-catenin inhibitors and agonists in VSMCs sup-
ported our results.

Mechanistically, f-catenin may be a critical regulator of
the effects of BRCC36 on the osteogenic differentiation
of VSMCs. However, how does BRCC36 influence the
function of B-catenin? The function and activity of the
Wnt/B-catenin signalling pathway are tightly regulated
by ubiquitination [39]. Previous studies have shown that
unspliced XBP1 (uXBP1) weakens VC by promoting
K48 polyubiquitination and subsequent degradation of
B-catenin, further confirming that B-catenin ubiquitina-
tion affects VC progression [40]. To elucidate the mecha-
nism involved, we first identified the interaction between
BRCC36 and p-catenin through a STRING database
search and molecular docking, colocalization (immuno-
fluorescence double staining), and Co-IP assays. Addi-
tionally, by generating truncation constructs of 3-catenin,
we confirmed that B-catenin bound to BRCC36 via its
N-terminal domain. K63-dependent [-catenin ubiq-
uitination was increased under calcifying conditions,
an effect that was reduced by BRCC36 overexpression.
BRCC36 overexpression also reduced Wnt activity, as
determined by TopFlash/FopFlash analysis, and down-
regulated the expression of classic f-catenin target genes
(cyclin D1 and c-myc). Additionally, using nucleocyto-
plasmic separation experiments, we demonstrated that
BRCC36 blocked the nuclear translocation of B-catenin
and decreased the phosphorylation of P-catenin at
S675, subsequently resulting in a reduction in the tran-
scriptional activity of B-catenin. In summary, our study
indicated that BRCC36 exerts its anticalcification effect
partly through B-catenin signalling.

In the present study, our findings suggest that BRCC36
overexpression reduces the expression of cyclin D1, a
marker of cell proliferation. VSMC proliferation is a criti-
cal cellular event in the pathogenesis of diverse vascular
lesions and signifies an increase in collagen synthesis,
further resulting in luminal narrowing and artery stiffen-
ing [41]. Sclerostin has been reported to play a potential
inhibitory role in VC, accompanied by the suppression
of VSMC proliferation [32]. Glucagon-like peptide-1

Fig. 6 Pioglitazone attenuates VC partly through upregulating BRCC36 expression. A Schematic overview of process for exploring the role of PIO
influencing VC in vivo. B Representative Von Kossa staining and Alizarin Red S staining images in aortas among all groups. Scale bar, 200 pm. n=6
per group. C Representative IHC staining of RUNX2 images in aortas among all groups. Scale bar: upper panels: 200 um; lower panels: 50 pm. n=6
per group. D Representative IF images of RUNX2 and a-SMA in aortas among all groups. Scale bar, 100 um. E Representative IHC staining of BRCC36
images in aortas among all groups. Scale bar: upper panels: 200 um; lower panels: 50 um. n=6 per group. F Representative IHC staining of 3-catenin
images in aortas among all groups. Scale bar: upper panels: 200 um; lower panels: 50 um. n=6 per group. G Representative Alizarin Red S staining
in VSMCs pretransfected with indicated treatment. H Molecular docking of pioglitazone and BRCC36 was performed using AutoDock and visualized
using PyMOL. The yellow dashed lines indicate hydrogen bonds. I, J BRCC36 and (3-catenin immunoblotting in VSMCs cultured in growth medium
after PIO treatment. n=4 per group. K, L BRCC36, 3-catenin and a-SMA immunoblotting in VSMCs cultured in calcified medium after PIO treatment.

n=4 per group
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receptor agonists (GLP-1RAs) suppress atherosclerotic
progression by reducing calcium deposits, inhibiting
VSMC proliferation and decreasing the expression of
cyclin D1 [42]. Moreover, elevated cytosolic calcium lev-
els in pulmonary arterial smooth muscle cells (PASMCs)
are involved in cell proliferation [43]. However, whether
BRCC36 affects VSMC proliferation and whether VSMC
proliferation mediates the beneficial effects of BRCC36
in VC have not yet been elucidated. Further studies are
needed to explore these issues.

PIO has gained widespread attention for its versatile
beneficial effects on numerous cardiovascular diseases
[44]. Studies have demonstrated that PIO reverses pul-
monary hypertension and right heart failure by pre-
venting lipid accumulation and restoring mitochondrial
function [45].Among patients with stroke, those who
were treated with PIO had a reduced absolute risk of
myocardial infarction and total recurrent stroke com-
pared with those treated with placebo [46]. Our previ-
ous study revealed that PIO alleviated VC in a VSMC
model in vitro by inhibiting the Wnt/B-catenin signal-
ling [9]. Considering the critical role of BRCC36 in
[B-catenin function, we next explored the effect of PIO
on BRCC36 expression and found that PIO upregulated
BRCC36 expression both in vivo and in vitro. Shen H
et al. reported that PIO administration could amelio-
rate pulmonary hypertension caused by BRCC36 loss in
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Fig. 7 The schematic of BRCC36-mediated regulation of 3-catenin and VC development. BRCC36 alleviates vascular calcification by decreasing
the ubiquitination of 3-catenin and inhibiting its transcriptional activity. Pioglitazone attenuates VC partly by upregulating BRCC36 expression.
Rectification of the BRCC36-3-catenin axis may ameliorate VC in CKD

Sugen5416/hypoxic mice [17]. Our data preliminarily
revealed that PIO upregulated BRCC36 expression in the
aortic tissues of CKD mice and VSMCs and further elu-
cidated some of the mechanisms by which pioglitazone
affects VC; however, our results did not further confirm
that BRCC36 was a direct target of PIO via pull-down
assays and proteomic microarrays. It will therefore be
necessary to conduct more follow-up experiments to
supplement and improve our conclusions.

Our study has the following limitations. First, we
should perform in vivo experiments using VSMC-spe-
cific BRCC36-knockdown and BRCC36-knockin trans-
genic mice to ensure accuracy. Second, the high adenine
and high phosphorus-induced CKD model is relatively
limited, and another CKD mouse model should be estab-
lished using the 5/6 nephrectomy technique to validate
the above results. Third, we demonstrated the interac-
tion between BRCC36 and -catenin by endogenous and
exogenous Co-IP experiments, a semiendogenous Co-IP
experiment is needed to further confirm our conclu-
sions. Fourth, although we conclude that BRCC36 allevi-
ates VC by decreasing K63 ubiquitination of B-catenin,
the precise ubiquitination sites on p-catenin targeted by
BRCC36 are still unknown. Identification of the ubiquit-
ination sites on [-catenin via mass spectrometry analysis
and systematic lysine mutation is imperative. Investigat-
ing the mechanisms underlying BRCC36 dysregulation in
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the development/progression of VC would also be highly
interesting.

Conclusions

In summary, our study revealed an association between
decreased BRCC36 expression and overactivation of the
Wnt/B-catenin signalling pathway during VC progres-
sion. We found that BRCC36-mediated deubiquitination
suppressed the Wnt/B-catenin signalling pathway. These
findings identify BRCC36 and B-catenin as potential tar-
gets for the prevention of VC.
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