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Abstract. BST-1 (bone marrow stromal cell antigen-1) is thought to be a key molecule involved in
regulating the functional activity of cells in various tissues and organs. BST-1 can catalyze the hydrolysis
of nicotinamide adenine dinucleotide (NAD") to produce cyclic ADP ribose (CADPR), which activates
the activity of intracellular Ca®* signaling. Currently, the role of BST-1 regulation of Ca?* signaling
pathway in pathological myocardial hypertrophy is unclear. We found elevated expression of BST-1
in cardiac hypertrophy tissues of spontaneously hypertensive rats in our vivo study, subsequently; the
mechanism of BST-1 action on myocardial hypertrophy was explored in vitro experiment. We used
aldosterone (ALD) to induce H9C2 cellular hypertrophy. cADPR levels and intracellular Ca** concen-
trations declined and calcium-regulated neurophosphatase (CaN) activity and protein expression were
decreased after BST-1 knockdown. And then activated T-cell nuclear factor (NFATc3) entry nucleus
was inhibited. All of the above resulted in that HOC2 cells size was reduced by rhodamine-phalloidin
staining. Thus, BST-1 may exacerbate cardiac hypertrophy by activating the Ca?*/CaN/NFATc3 pathway.
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Abbreviations: ALD, aldosterone; BST-1, bone marrow stromal cell antigen-1; cADPR, cyclic ADP
ribose; CaN, calcineurin; NAD?*, nicotinamide adenine dinucleotide; NFATc3, activated nuclear

factor of T cell; RAAS, renin-angiotensin-aldosterone system.

Introduction

Many cardiovascular diseases are characterized by cardiac hy-
pertrophy (Koitabashi and Kass 2011; Zeitz and Smyth 2020).
Increased cardiac contractility results from hypertrophy, which
is as formed as a benign, adaptive response to physiological and
pathological stress. The complex process that ultimately leads
to heart failure along with cardiac remodeling and dysfunction
is caused by chronic stimulation, which causes hypertrophy
to change into pathologic hypertrophy (Nakamura and Sad-
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oshima 2018; Oldfield et al. 2020). The pathogenesis of cardiac
hypertrophy, which includes elevated myocardial afterload,
renin-angiotensin-aldosterone system (RAAS) activation,
cardiomyocytes death, and increased sympathetic nerve ex-
citability, is currently not completely investigated (Tham et al.
2015; Oldfield et al. 2020; Takano et al. 2020). The synthesis
of renin, angiotensin, and aldosterone (ALD), which cause
myocardium hypertrophy, fibrosis, and cardiac remodeling,
are caused by the long-term activation of RAAS (Raman et al.
1995; Somanna et al. 2015). However, there are currently no
known medications that can successfully reverse the abnormal
cardiac hypertrophy and reduce the morbidity and mortality
associated with heart failure. Therefore, identifying novel
therapeutic targets may result from the discovery of novel
molecular mechanisms of cardiac hypertrophy.

© The Authors 2023. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-1788-6712

350

Yuan et al.

Myocardial hypertrophy development is substantially
related to Ca®*-induced signaling pathways (Frey et al. 2000;
Berridge et al. 2006) . When stimulated by the inward flow
of extracellular Ca®" or the release of intracellular calcium
pools, cADPR functions as a second messenger for intracel-
lular Ca®* activity, leading to a rise in cytoplasmic Ca>* con-
centration in cardiomyocytes (Lee et al. 1991; Higashida et
al. 1999). Ca®* binds to the regulatory subunit of calcineurin
(CaN), boosting the activity of CaN (Kakalis et al. 1995; Li et
al. 2011). The CaN/NFAT (activated nuclear factor of T cell)
pathway is then successfully turned on after that. NFAT has
an N-terminal regulatory domain, which is phosphorylated
in unstimulated cells, and CaN dephosphorylate NFAT into
the nucleus after the cell is stimulated. NFAT will move back
from the nucleus to the cytosol under the control of NFAT
kinase and stop the regulation of gene transcription when
the cytosolic Ca?* concentration declines (Li et al. 2011).

BST-1/CD157 (bone marrow stromal antigen-1), a glyco-
protein that is glycosylphosphatidylinositol (GPI)-anchored
and encoded by the members of the NAD" hydrolase/ ADP
cyclase gene family (Ortolan et al. 2002; Malavasi et al.
2008). It participates in a number of cellular processes, such
as humoral immunity and leukocyte trafficking, and carries
out some signal transduction as an extracellular enzyme
and signaling receptor (Ishihara et al. 2000; Morone et al.
2014). Jing Li et al. found that upregulating BST-1 on bone
marrow mesenchymal stem cells in spinal cord damaged
rats induced mitochondrial transferring from bone mar-
row mesenchymal stem cells to damaged cells by increasing
cADPR levels, thereby promoting neural regeneration and
apoptosis (Li et al. 2021). Additionally, it has been reported
that BST-1 has an activity of NAD" hydrolase since it can
convert the majority of NAD™ into cADPR (Hirata et al.
1994; Yamamoto-Katayama et al. 2002). However, few stud-
ies have examined role of BST-1 in the heart. Our studies
showed that BST-1 is existed in the heart and activated in
the hypertrophic myocardium of spontaneous hypertension
rats. Therefore, we hypothesize that BST-1 participates in the
process of cardiac hypertrophy formation via the Ca**/CaN/
NFAT signaling pathway.

Materials and Methods

Animals

All animal experiments were carried out in line with Guizhou
Medical University Institutional Animal Care and Use Com-
mittee (Guizhou, China). The Ethics Committee (CEUA)
No0.1900572 approved the experimental methodology, and
9-week-old male Wister rats (250-300 g) and SHR rats
(250-300 g) were bought from the Guizhou Medical Univer-
sity Animal Center. All rats were kept in housing with free

access to food, water, and an environment with controlled
temperature (23-24°C) and relative humidity (50-60%).
Regular measurements of the rat’s body weight were taken.
At 26 weeks, the rats were euthanized, and their blood and
hearts were collected for subsequent analyses.

Blood pressure measurement and echocardiography

Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were assessed on a regular basis in the tails of conscious
rats using a noninvasive computerized tailcuf system (Kent
Scientifc Corporation, CT, USA). Each rat was placed in
aheated tube (38°C) for 10-15 min, after which its body tem-
perature was monitored to increase. Each rat was measured
three times, and each set of rats was measured concurrently.
The value of this parameter for the animal was determined by
averaging these three values. Echocardiographic examinations
in various age groups were used to track the development of
myocardial hypertrophy. Transthoracic 2-dimensional (2D),
M-mode and Doppler echocardiographic studies were per-
formed with Mylab50 (Esaote, Italy) using a high-resolution
transducer (SL3116) with frequency of 22 MHz.

Cell culture and treatment

H9¢2(2-1) rat cardiomyocytes were obtained from ATCC
(American Type Culture Collection). H9¢2 cells were cul-
tured using Gibco high glycemic medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS). Cells were
grown in a humidified incubator containing 5% CO, at 37°C.
We used ALD (Sigma, USA) to induce the hypertrophy of
H9C2 based on earlier publications in the literature and our
preliminary studies.

Histopathological studies

Araffin-embedded fixed heart tissues were then cut into
5-pm-thick sections. Changes in myocardial structure were
assessed by hematoxylin-eosin (HE) staining (Solarbio,
China). The degree of fibrosis was evaluated using a Masson
staining kit (Solarbio, China). Micrographs were taken with
amicroscope (Olympus VS200, JPN). The percentage of col-
lagen stained area (blue) was calculated using a quantitative
digital image analysis system (Image] 1.47 software, NIH).

Cell viability assay

Cell viability was measured by CCK8 method (Tong Ren,
China). Briefly, HIC2 cells were treated with ALD at con-
centrations of 1077, 1075, 107, 107 and 10> mol/I for
48 h. After that,10 pl of CCK-8 solution was added to each
well and incubated at 37°C for 2 h; then, the OD (optical
density) value for each well was read at wavelength 450 nm
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with a microplate reader (Thermo, USA). The assay was
repeated 3 times. The cell viability was calculated as follows:
cell viability (%) = [OD (experiment) — OD (blank)] / [OD
(control) — OD (blank)] x 100.

RNA interference

siRNAs for BST-1 and negative control (siRNA-NC) were
ordered from Shanghai Biotech Co. (Shanghai, China), there
are three sequences of rat BST-1 targeting SIRNA. Synthesis
and selection of siRNA for BST-1: BST-1-SiRNA#1:(sense
5-UCAAGGUGGUGCUGGACAATT-3’ antisense 5’-UU-
GUCCAGCACCACCUUGATT-3’); BST-1-SiRNA#2:
(sense 5-GUGGAUGCCUAUUGGAAAATT-3, antisense
5-UUUUCCAAUAGGCAUCCACTT-3’); BST-1-SiRNA#3:
(sense 5-GGAAAAUGCCUCUGGACUUTT-3) antisense
5-AAGUCCAGAGGCAUUUUCCTT-3).

Transfections of the siRNAs were performed by using
LipofectamineTM 2000 (Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol. Briefly, HOC2 cells
were seeded in 6-well plates to obtain approximately 40-50%
confluence. 500 pl of mixture containing siRNA (100 nM for
each) and transfection reagents (6 ul for each) were added to
the cells for 6 h at 37°C and then replaced with fresh culture
medium. H9c2 cells were incubated at 37°C for 48 h. The
knockdown efficiency was confirmed by qRT-PCR and West-
ern blotting, and the sequence with the highest knockdown
efficiency was selected, and experiments were performed.

Rhodamine-phalloidin staining

To assess changes in HOC2 hypertrophy, cells were fixed with
4% paraformaldehyde, treated for 1 h at room temperature
in accordance with the instructions of the Rhodamine-
phalloidin staining kit (Beyotime, China), and then blocked
with an anti-fluorescence quencher containing DAPI (So-
larbio, China). A fluorescent microscope was used to find
immunofluorescence in the cells (Olympus VS200, JPN).

Immunofluorescence

Cell crawlers covering 6-well culture plates were covered in
HOC2 cells. Briefly, the cells were then sealed with 10% goat
serum at 37°C for 1 h after being placed in 4% paraformal-
dehyde, 0.1% TritonX 100 for 20 min, and 0.1% TritonX 100
for permeabilization. After that, the cells were incubated with
rabbit, anti-BST-1 and anti-NFATc3 primary antibody for an
overnight incubation at 4°C. Cells were then washed three
times with PBS, incubated with goat anti-rabbit Cy3-labled
antibody for 1 h at room temperature, and the slices were
sealed with DAPI-containing anti-fluorescence quenching
blocker. Under a fluorescent microscope, immunofluores-
cence analysis was carried out (Olympus VS200).

Ca?" fluorescence measurement

We bought Fluo3am from Solarbio (China). Cultured car-
diomyocytes H9C2 were treated for 20 min at 37°C in the
dark with a working solution of Fluo3am (5 uM) containing
0.03% Pluronic F-127. Then, HBSS containing 1% serum
was multiplied five times and incubated for 40 min at 37°C.
HEPES underwent three washings. Then, using a fluorescent
microscope (Olympus VS200) with an excitation wavelength
of 488 nm and an emission wavelength of 530 nm, the fluo-
rescence intensity of intracellular Ca** was captured.

Measurement of serum biomarker levels

According to the experimental protocols, myocardial tis-
sue and H9C2 cells samples were removed for examination
of lactate dehydrogenase (LDH) activity to determine the
severity of myocardial injury (Nanjing Jiancheng, China).

Western blotting

Protein lysates from cells and heart tissue were separated
using 10% sodium dodecyl sulfate-polyacrylamidegel elec-
trophoresis (SDS-PAGE) and then electrically transferred
to PVDF membranes (Millipore, USA). Each membrane
was first preincubated for 1 h in closure buffer (TBST with
5% skim milk) before being incubated with the appropriate
primary anti-body overnight at 4°C. The anti-BST-1 antibody
(Thermo Fisher Scientific, USA), the anti-CaN antibody
(PTMab, China), the anti-NFATc3 antibody (Proteintech,
China), the anti-Lamin B1 antibody (Proteintech, China), the
anti-p-actin antibody (Genetex, USA). The membranes were
then exposed by using a Tanon 5200 chemiluminescence
apparatus after being treated with a secondary antibody
(Neobioscience, China) for 1 h at room temperature. Using
Image] software (Image] 1.47 software, USA), the data were
evaluated and processed as relative optical density (ROD,
relative to B-actin).

Quantitative real-time RT-PCR (qRT-PCR)

Total RNA from HIC2 cells was extracted using the Trizol
technique (Sigma-Aldrich, USA). The YESEN kit reverse
transcribed cDNA. The SYBR Green Master Mix (YESEN,
China) and the iCyclerIQ equipment were used to per-
form qRT-PCR (BioRad, USA). qRT-PCR was performed
in an initial denaturation step at 95°C for an initial de-
naturation step of 2 min, and 40 cycles in 95°C/10 s and
60°C/30 s. The amount of endogenous control (p-actin)
was used to standardize the expression of the mRNA. The
primers targeting the genes were as follows: BST-1: for-
ward 5-GTACCACGCCTCACCTCCAGAG-3), reverse
5-CCTTGTCCAGCACCACCTTGAAG-3’; ANP: for-
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ward 5-GAGAGTGAGCCGAGACAGCAAAC-3’, reverse
5-GAAGAAGCCCTTGGTGATGGAGAAG-3’; BNP:
forward 5-CCAGTCTCCAGAACAATCCACGATG-3;,
reverse 5’-GCCTTGGTCCTTTGAGAGCTGTC-3’; Myh7:
forward 5-CACCAGCCTCATCAACCAGAAGAAG-3,
reverse 5-TCCTCTGCGTTCCTACACTCCTG-3’; B-actin:
forward 5-TGTCACCAACTGGGACGATA-3’, reverse
5-GGGGTGTTGAAGGTCTCAAA-3

Statistical analysis

All results are shown as means * standard deviation (SD)
and were analyzed using SPSS (SPSS 23.0) from at least three
independent experiments. Two-tailed unpaired Student’s
t-test was used for analyzing the comparison between the
two groups and one-way ANOVA was used for analyzing the
comparison among multiple groups. When p < 0.05, the data
were considered to be statistically significant.

Results

BST-1 expression was upregulated in spontaneously hyper-
tensive rats’ hypertrophic myocardium

In vivo experiments, we established a rat model of cardiac hy-
pertrophy by using spontaneously hypertensive rats (SHR),
and we assessed the cardiac function of the rats by using
echocardiography. The blood pressure of the rats increased
with increasing week age gradually, and maintained at SBP
of about 200 mmHg after reaching the age of 18 weeks (Fig.
1A). In comparison to Wistar rats (WT) group, the SHR at
an age of 26 weeks displayed a significant increase in inter-
ventricular septal thickness, a decrease in ejection fraction
(LVEF%), a decrease in shortening fraction (LVFS%), a de-
crease in left ventricular diastolic diameter (LVIDD), and an
increase in interventricular septal thickness (IVSD), as seen
in Figure 1B. Subsequently, we executed the rats and weighed
their hearts after lavage. In contrast to the WT group, the
SHR group heart weight/body weight (HW/BW) increased
(Fig. 1C), cardiomyocytes volume was increased and the
cell arrangement was disturbed by HE staining, the blue
collagen deposits were visible in the myocardial interstitium
by Masson staining (Fig. 1D), and collagen area% was in-
creased (Fig. 1E). The extent of myocardial damage was then
determined by measuring myocardial enzyme activity, and
as can be seen in Figure 1F, LDH enzyme activity - a sign of
myocardial damage - was elevated in the SHR group. These
had shown that the myocardium of SHR, which would be
used in subsequent experiments, had suffered pathological
hypertrophic changes. Next, our studies showed that SHR
heart tissues had higher levels of BST-1 mRNA and protein
in comparison to the WT group (Fig. 1G,H).

BST-1 expression was increased in H9C2 hypertrophic cells
with ALD treatment

We used ALD to induce HIC2 cellular hypertrophy in vitro
experiments to investigate the role of BST-1 in cardiac hyper-
trophy. ALD, a member of the RAAS, affects the apoptosis,
fibrosis, and myocardial hypertrophy of the heart. As a result,
the cell size was increased with ALD treatment. First, HOC2
cells were exposured to 1077,107%,107°,10"% and 10~ mol/I
concentration of ALD treatment for 48 h individually. Figure
2A displayed the outcomes of the cell viability assay by us-
ing CCK8 kit. The cell viability was more appropriate than
other conditions when H9c2 cells were treated with 10~
mol/l concentration of ALD, and this concentration was used
for following vitro experiments. BST-1 mRNA and protein
expression levels rose with ALD treatment (Fig. 2B,C).
These results were in agreement with the increase in BST-1
expression observed in hypertrophic SHR hearts. BST-1 is
a cell surface glycoprotein which is consist of a single amino
acid chain while the chain locates outside the cytomembrane
(Ferrero et al. 2017). The immunofluorescence observed that
the fluorescence intensity of BST-1 increased, and it was
expressed in the cytoplasm and nucleus in HOC2 with ALD
treatment (Fig. 2D).

Cardiac hypertrophy induced by aldosterone was inhibited
following BST-1 knockdown

By transfecting three sequences of BST-1-SiRNAs #1, #2,
and #3, we were able to knockdown BST-1. The efficiency
of transfection was confirmed by qRT-PCR and Western
blotting. BST-1-SiRNA#3 was knocked down the most ef-
fectively, as seen in Figure 3A and B, and following experi-
ments made advantage of this SiIRNA sequence. Next, we used
Rhodamine-phalloidin staining to assess the degree of HOC2
cellular hypertrophy. The surface area of H9C2 cells expanded
with ALD treatment, whereas the surface area of H9C2 cells
transfected with BST-1-SiRNA decreased (Fig. 3C). We used
qRT-PCR to measure the mRNA levels of the cardiac hyper-
trophy markers in four groups of cardiomyocytes, including
atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), and beta-myosin heavy chain(myh7) (Potter et al.
2004). As shown in Figure 3D, we observed that the mRNA
expression of ANP, BNP, and myh7 were decreased follow-
ing BST-1 knockdown in comparison to its negative control
group (ALD+Si-NC). In order to evaluate for cardiomyocyte
injury, we also measured LDH activity in the four groups
of cells. The results revealed that LDH activity was higher
in the ALD group than in the NC group; however, BST-1
knockdown suppressed it (Fig. 3E). These findings supported
a role for BST-1 in the pathological cardiac hypertrophy by
showing that BST-1 expression was markedly elevated in
hypertrophic heart tissues and cardiomyocytes.
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BST-1 activated Ca®* signaling by increasing the levels of is cCADPR, which plays an important role in Ca*" activity
cADPR and cardiac excitation-contraction coupling. We measured

cADPR levels and intracellular Ca®* concentration in vitro
It has been demonstrated that BST-1 displays NAD" hy-  experiments to explore whether that BST-1 impacted car-
drolase capability. One of the products of this hydrolysis  diac hypertrophy by hydrolyzing NAD™. As seen in Figure
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Figure 1. BST-1 expression
was upregulated in spontane-
ously hypertensive rats (SHR)
hypertrophic myocardium. A.
Systolic blood pressure (SBP)
and diastolic blood pressure
(DBP) in Wistar rats (WT) and
SHR groups. B. Echocardiogra-
phy of WT and SHR at 26 weeks
of the age. C. HW/BW (heart
weight/body weight). D. HE and
Masson staining of myocardial
cross-sections in WT and SHR
groups (scale bar = 50 pm). E.
Quantification of cardiac col-
lagen (%) from Masson stain-
ing. F. Lactate dehydrogenase
(LDH) enzyme activity of rat
myocardial tissues. G. qRT-PCR
to detect the mRNA levels of
BST-1 in WT and SHR groups.
H. The protein expression levels
of BST-1in WT and SHR groups
were determined by Western
blotting. * p < 0.05, ** p < 0.01
vs. WT group. n = 6 per group.
IVSD, interventricular septal
thickness at diastole; LVIDD,
left ventricular diastolic diam-
eter; LVEF%, ejection fraction;
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w, week.
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4A, cADPR levels in H9C2 rose with ALD treatment and
decreased by BST-1-SiRNA transfection. Fluo-3am fluores-
cence showed that Ca®* fluorescence intensity in HOC2 cells
increased with ALD treatment and decreased after BST-1
knockdown (Fig. 4B,C). According to the aforementioned
studies, CADPR and Ca®" were probably implicated in
cardiomyocyte hypertrophy, and the influence of BST-1 on
myocardial hypertrophy was achieved by raising the levels
of cADPR.

The effect of BST-1 on cardiac hypertrophy was dependent
on the CaN/NFATc3 pathway

The CaN/NFATc3 signaling pathway has been demonstrated
to be one important pathway regulated by Ca®" among those
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that have been linked to the development of myocardial
hypertrophy, according to a substantial amount of literature.
We wanted to confirm whether the CaN/NFATc3 signaling
pathway was the mechanism by which BST-1 affected myo-
cardial hypertrophy. We measured the enzymatic activity and
protein expression levels of CaN in vitro experiments. Figure
5A and B illustrated how ALD treatment increased CaN
enzymatic protein expression levels and activity in H9C2
cells, while BST-1-SiRNA transfection decreased CaN enzy-
matic protein expression levels and activity. The N-terminal
regulatory domain of NFAT regulates its nuclear input when
CaN is activated. This regulatory domain is phosphorylated
in unstimulated cells, which obscures the nuclear localiza-
tion sequence and causes the NFAT protein to be isolated
in the cytoplasm. The NFAT regulatory structural domain is
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Figure 2. BST-1 expression was
increased in H9c2 hypertrophic
NC  ALD cells with aldosterone (ALD) treat-
Merge ment. A. CCK8 detected the sur-

vival rate of H9c2 cells treated with
1077,107%,107°,10™* and 10 mol/l
concentration of ALD for 48 h.
**p<0.01 vs. 0mol/l ALD. B. BST-1
mRNA expression levels in the ALD
group in comparison to the NC
group by qRT-PCR. ** p < 0.01 vs.
NC. C. BST-1 protein expression lev-
els in in vitro tests in the ALD group
and NC group by Western blotting.
**p < 0.01 vs. NC. D. The expres-
sion of BST-1 (stained in red) was
determined using an immunofluo-
rescence assay. Nucleus was stained
with DAPI (in blue). Scale bar =
10 pm. All data were obtained from
three independent experiments. NC,
negative control. (See online version
for color figure.)
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Figure 3. Cardiac hypertrophy induced by aldosterone (ALD) was inhibited following BST-1 knockdown. A. BST-1 was knockdown
by using three siRNA sequences while being subjected to an ALD treatment, and qRT-PCR was used to measure BST-1 mRNA levels.
**p <0.01 vs. ALD+Si-NC. B. Western blotting was used to confirm the protein levels of BST-1. ** p < 0.01 vs. ALD+Si-NC. C. H9¢2
cytoskeleton was stained with Rhodamine-phalloidin staining. Cell surface area was represented in red fluorescence area, and nucleus
was shown with DAPT in blue. Scale bar = 20 um. D. ANP, BNP, and Myh7 mRNA expression levels in the four H9c2 groups by qRT-
PCR. **p < 0.01 vs. NC, * p < 0.01 vs. ALD+Si-NC. E. Lactate dehydrogenase (LDH) activity testing, which measures a cardiac enzyme
indicative of myocardial damage. ** p < 0.01 vs. NC, ** p < 0.01 vs. ALD+Si-NC. All data were obtained from three independent experi-
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dephosphorylated by CaN activation, which leads to a change
in the protein conformation and enables NFAT translocation
into the nucleus. NFATc3 was found to be in the cytoplasm in
the NC group, but with ALD treatment, it entered the nucleus;
this entry was then inhibited by transfection with BST-1-SiR-
NA (Fig. 5C). While this was going on, we isolated nuclear
proteins from four different groups of, and Western blotting
analysis showed that the expression of the protein NFATc3 in
the nucleus of H9C2 cells increased with ALD treatment and
decreased following BST-1 knockdown (Fig. 5D).

Discussion

An independent risk factor for an increased prevalence of
various cardiovascular illnesses and death is pathological

o
it
= 150- 2.0
£ ®
> o =
£ 3
E k]
3 &
[3+]
S s0- ©
)

Figure 4. BST-1 activated Ca®" signaling by increas-
ing cADPR levels. A. The levels of cADPR, a result of
NAD™ hydrolysis, in four groups of H9¢c2 cells. B., C.
Fluo-3am measurement of the Ca>* concentration in
four groups of H9¢2 cells. Fluorescently labeled Ca®*
was shown in green, and DAPI-stained nucleus was
shown in blue. Statistical quantitative analysis of the
Ca2" fluorescence intensity (B). Scale bar = 20 um. All
data were obtained from three independent experi-
ments. **p <0.01 vs. NC, ##p <0.01 vs. ALD+Si-NC.
For abbreviations, see Figure 3. (See online version
for color figure.)

cardiac hypertrophy. Pathological myocardial hypertrophy
can be brought on by a variety of mechanisms, including
elevated anterior and posterior stress on the myocardium,
activation of the sympathetic nervous system, and activation
of the RAAS system (Yamazaki et al. 1999; Finckenberg et
al. 2010; Samak et al. 2016; Nakamura et al. 2017). Chronic
hypertension results in a persistent buildup of pressure inside
the heart, which induces adaptive cardiac remodeling. This
pathological myocardial hypertrophy finally causes heart
failure (Johnson et al. 1996). The blood pressure of SHR
rise with age and finally maintain a systolic blood pressure
above 200 mmHg. SHR have a hereditary background of
hypertension that is similar with the evolution of primary
hypertensive illness in humans (Doris et al. 2017). We chose
SHR as an animal model of chronic pressure overload re-
sulting to myocardial hypertrophy because chronic cardiac
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pressure overload increases the production of cardiac struc-
tural proteins, increases left ventricular mass, thickens the
wall, and causes myocardial interstitial fibrosis (Holjak et al.
2022). Our echocardiogram showed that, when compared to
WT group, SHR at 26 weeks of age had considerably thicker
septal and posterior left ventricular walls and worse cardiac
function. In comparison to the WT group, the SHR group
HW/BW increased. Masson staining revealed blue collagen
deposits in the myocardium interstitium, whereas HE stain-
ing in the SHR group revealed perturbed myocardial cell

e[ ==

42kDa

CaN/B-actin

B-actin

QP LD
WS
N &

9]
X,
B

... 7(0
Z
a

%,

ALD

NFATc3

DAPI

Merge

-
3]
]

-
=)
1

NFATc3 116kDa

e
o
1

Lamin Bl 70kDa

i

NFATc3/Lamin B1

O LD
& ©
WS ¢

| 24

I
@
1

CaN Activity ( U/mg prot)
& 5 @
1 1 1

o
)
1

ALD+Si-NC

organization and increased cell volume. These showed SHR
to have pathologically hypertrophic myocardium alterations.
Increased ALD in the RAAS system intensifies catechola-
mine-induced cardiac injury and water-sodium retention.
Additionally, it binds to the mineralocorticoid receptor, mo-
tivates cardiac cells to express fibrosis genes, boosts collagen
production, and results in myocardial hypertrophy (Azibani
etal. 2013). As a result, we conducted vitro experiments in
this study to induce H9C2 cells hypertrophy by using ALD.
In Rhodamine-phalloidin staining, it showed that the volume
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Figure 5. The effect of BST-1 on
cardiac hypertrophy was depend-
ent on the CaN/NFATc3 pathway.
A. The proportions of H9c2 cells in
four groups expressing CaN protein
by Western blotting. B. The activity
of the CaN enzyme in four groups of
H9c2 cells. C. Immunofluorescence
detection of NFATc3 expression
in four groups of HOC2 cells. Red
fluorescently labeled with NFATc3,
nucleus stained with DAPI in blue.
Scale bar = 10 pm. D. The levels of
NFATc3 nuclear protein expression
in four groups of H9c2 cells by West-
ern blotting. The data were evaluated
and processed as relative optical den-
sity (relative to Lamin B1). **p < 0.01
vs. NC; # p < 0.01 vs. ALD+Si-NC.
All data were obtained from three
independent experiments. CaN, cal-
cium-regulated neurophosphatase;
NC, negative control; NFATc3, T-cell
nuclear factor.
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Figure 6. Diagrammatic illustration of BST-1 in cardiac hypertrophy.
Upon cell stimulation in H9C2 cells, BST-1 can hydrolyze NAD" to
produce cADPR. As an inducer of intracellular Ca®* signaling, cADPR
causes Ca”* to be released from the intracellular calcium pool into the
cytoplasm, further activating CaN. Then activated CaN dephosphoryl-
ates NFATc3 into the nucleus, and activates the transcription of genes
associated with cardiac hypertrophy. For abbreviations, see Figure 5.

of HI9C2 cells increased with ALD treatment in comparison
to NC group. Myocardial hypertrophy indicators ANP, BNP,
and myh7 mRNA expression increased. Additionally, LDH,
the cardiac enzyme that was a hallmark of myocardial dam-
age, displayed increased enzymatic activity. All of the above
demonstrated that H9C2 cells charactered hypertrophy.
Cardiac hypertrophy progress is as a result of Ca®*-
mediated signaling pathways, the more common one is the
CaN/NFAT signaling pathway (Zarain-Herzberg et al. 2011).
A family of calcium-regulated transcription factors known
as NFAT has a variety of functions in both development and
illness (Molkentin et al. 1998). Four NFATc isoforms, NFATcI,
NFATc2, NFATc3, and NFATc4 are present in ventricular car-
diomyocytes (van Rooij et al. 2002). Activation of the CaN/
NFATc3 pathway was promoted by the activation of transient
receptor potential vanilloid acid (TRPV3) channels, which
quickened the process of rat cardiac hypertrophy according to

Zhang et al. (2018). The unique characteristic of NFAT is that
Ca?" and CaN control it. The phosphorylated NFAT, which is
primarily located in the cell plasma at rest, is dephosphoryl-
ated by activated CaN and enters into nucleus. This causes
transcription of genes related to cardiac hypertrophy and
an increase in the production of cardiac fibroblast transfer
growth factor (TGF-p), as well as an increase in the protein
nucleic acid of cardiomyocytes. This results in an increase in
the production of cardiomyocytes protein nucleic acids and
larger cells, which causes abnormal cardiac hypertrophy to
form. After cardiomyocytes are stimulated, the cytoplasmic
Ca®" concentration rises due to the inward flow of extracel-
lular Ca®* or the release of intracellular calcium pools. Then
Ca?" binds to the appropriate binding site with CaN, thereby
activating the enzyme and triggering the CaN/NFAT cascade
(Rao et al. 2009). According to research by Benitah et al.,
persistent aldosterone stimulation resulted in myocardial
pathological remodeling by increasing calcium inward flow
in cardiomyocytes, which eventually leaded to cardiac hy-
pertrophy (Bénitah et al. 2001). This was further supported
in our vitro studies by using H9C2 cells, which displayed
increased intracellular Ca** concentrations and the activity
and protein expression levels of CaN, and NFATc3 activating
to enter into nucleus with ALD treatment.

In the current study, we first discovered BST-1 elevation
in SHR hypertrophic cardiac tissues. However, its functional
significance in the development of disease remains unclear.
The following in vitro experiments explored this mechanism
of BST-1. In ALD-induced HIC2 cells, it showed that BST-1
protein and mRNA levels were increased. This finding sug-
gested that BST-1 could produce intracellular messengers in
response to stimulate that catalyzed the synthesis of cADPR
from NAD™. Previous research demonstrated that after
isoproterenol stimulation of mouse cardiomyocytes in vitro
experiments, cCADPR levels increased and cardiomyocytes
displayed hypertrophic manifestations (Gul et al. 2016).
cADPR is an important cytoplasmic messenger for Ca**
actors. Our findings indicated that after ALD stimulation of
HIC2 cells, intracellular cADPR levels similarly exhibited
an increasing trend and Ca®* concentration rose, activating
the CaN/NFATc3 pathway to support cardiac hypertrophy.
Additionally, BST-1 knockdown in ALD-induced hypertro-
phy of HOC2 cells lowered intracellular cADPR and Ca**
levels, inhibited the CaN/NFATc3 pathway, and decreased
cardiomyocyte hypertrophy. It implied that inhibiting BST-1
through Ca®*/CaN/NFATc3 may reduce myocardial hyper-
trophy. The potential mechanisms by which stimulation of
BST-1 worsen cardiac hypertrophy are summarized in Figure
6. Notably, the amino acid chain of BST-1 is positioned on the
outside of the cytosolic membrane and is devoid of any trans-
membrane or intracytoplasmic structural domains since it is
a glycosylphosphatidylinositol (GPI)-anchored glycoprotein
(Ortolan et al. 2002). However, the BST-1 protein also located
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in the cytoplasm and nucleus in the ALD-induced cardiac
hypertrophy group, according to our immunofluorescence
results. Therefore, additional research into how BST-1
penetrates the cytoplasm and nucleus in response to ALD
activation is needed to explore. In our study, we found that
BST-1 may be a risk factor for cardiac hypertrophy. BST-1
is involved in the pathophysiological processes of various
diseases. Previous studies have shown that BST-1 binds to
serotonin transporter and integrin b and invokes multiple
circuits to control anxiety and depressionlike behaviors
(Higashida et al. 2017; Lopatina et al. 2017). The experiment
results of Gerasimenko et al. (2017) indicated that BST-1 KO
showed social deficits or avoidance behavior in middle-aged
male mice. BST-1 KO mice showed depression-like behavior
and responded well to antidepressant therapy. BST-1 seems
to be a new target for the treatment of cardiac hypertrophy,
but it may also affect other physiological and pathological
processes in the body during this process. Therefore, further
studies are needed to control the balance regulation of BST-1.

In conclusion, the present study has demonstrated that
BST-1 can be targeted as a potential treatment for cardiac
hypertrophy since it is a positive regulator of pathological
myocardial hypertrophy and can regulate myocardial hyper-
trophy via the Ca®*/CaN/NFATc3 pathway.
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