BIOENGINEERED
2021, VOL. 12, NO. 2, 9655-9667
https://doi.org/10.1080/21655979.2021.1977552

Taylor & Francis
Taylor &Francis Group
8 OPEN ACCESS W) Check for updates

RNA binding Motif protein-38 regulates myocardial hypertrophy in LXR-a-
dependent lipogenesis pathway

RESEARCH PAPER

Yao Li#, Yanhu Shi®, Yaoli He¢, Xiaoming Li¢, and Junlu Yang®

2Department of Cardiovascular Medicine, Baoji People’s Hospital, Baoji City, Shaanxi Province, China; "Department of Cardiology, Baoji
Chinese Medicine Hospital, Baoji City, Shaanxi Province, China; ‘Department of Geriatric Cardio-cerebrovascular Diseases, Baoji Central
Hospital, Baoji City, Shaanxi Province, China; YDepartment of Cardiovascular Medicine, Baoji Central Hospital, Baoji City, Shaanxi Province,
China; ¢Department of Cardiovascular Medicine, Baoji Chinese Medicine Hospital, Baoji City, Shaanxi Province, China

ABSTRACT

Myocardial hypertrophy is a pathological thickening of the myocardium, leading to various
ailments, such as myocardial infarction and heart failure. RBM38 is critical in modulating mRNA
translation for multiple protective activities such as p53 tumor repressor and p21 kinase cell cycle
inhibitors. Liver X receptors (LXR-a) agonists reduce cellular hypertrophy initiated by various
hypertrophic stimuli as lipopolysaccharides and Ang Il. This research investigates the possible
cooperation between RBM38 and LXR-a and mechanisms in modulating myocardial hypertrophy.
HI9C2 cells were treated with PE, TNF-a, and Angll to induce myocardial hypertrophy. RBM38 and
LXR- a were overexpressed or silenced in H9C2 cells, and hypertrophy markers (ANF and Myh7)
were determined with Western blot and RT-qPCR. Binding assays were done through RNA
immunoprecipitation. H&E and Rhodamine-labeled phalloidin staining assays were used to assess
the relative cell surface change. The results demonstrated RBM38 downregulation in in vitro
models of myocardial hypertrophy. Modulation of RBM38 expression also exerted inverse effects
on myocardial hypertrophy markers. Further observations also showed that LXR-a expression
regulates the myocardial hypertrophy markers in H9C2 cells and RBM38 binds with LXR-a
mRNA, consequently inhibiting LXR-a expression. Finally, overexpression of RBM38 rescues
Angiotensin ll-induced myocardial hypertrophy by regulating LXR-a dependent lipogenesis path-
way. In conclusion, RBM38 Overexpression rescues Angiotensin ll-induced myocardial hypertro-
phy by regulating LXR-a dependent lipogenesis pathway.
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1. Introduction

Myocardial hypertrophy is a pathological thicken-
ing of the myocardium, leading to a reduction of
the heart chamber. The disease is often caused by
stenosis of the heart valve or high blood pressure,
and it is independently a risk factor for various
cardiovascular ailments, such as myocardial infarc-
tion, heart failure, arrhythmia, and abrupt death
[1]. Heart failure and arrhythmia often lead to
fibrosis, which is an advanced pathological
demonstration of various diseases [2].

At the cellular level, myocardial hypertrophy is
characterized by cytoskeletal reorganization and
overgrown cardiomyocytes. The disease further
demonstrates elevated fetal-type gene expression
at the molecular level [3,4]. Mechanically, myocar-
dial hypertrophy is initially an adaptive heart

remodeling for rising cardiac load, encompassing
intense hemodynamic afterload due to hyperten-
sion5[5]. Working under an increased load to
counteract the effect, myocardial cell volume,
heart weight, left ventricle, and ventricular septum
thickness increase in size [6]. However, following
intense stress and prolonged work-load, hypertro-
phy can minimize ventricle function, heart failure,
and eventual death.

RNA-binding proteins (RBPs) are critical mod-
ulators of several cellular pathways. RBPs precisely
regulate numerous RNA functions such as stabi-
lity, activity, and biogenesis [7]. During the regu-
lation of post-transcriptional gene expression,
RBPs control various metabolic steps and non-
coding RNA translation [8]. MicroRNAs
(miRNAs) are small, non-coding RNAs that coop-
erate with RBPs in the regulation process.
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Examples of critical molecules in the RBP families
include muscleblind-like 1 (MBNL1 and MBNL2),
CUGBP, ELAV-like family 1 (CEFL1), RBM15,
RBM20, RBM24, and RBM38.

Of critical interest are RBM38 (RNPC1), which
has been confirmed to modulate the mRNA trans-
lation of tumor repressor p53, p21 kinase inhibitor
of the cell cycle, HuR RNA binding protein, p53
family member genes p73, and p63, pro-apoptotic
transcripts MIC-1 and MDM2 regulator of p53
[9]. Besides, RBM38 has been critical in regulating
endothelial cells’ response to vascular injuries
[10,11]. Studies have also elucidated RBM38 role
in cardiac remodeling [12]. However, the possible
pathway involved during cardiac remodeling is yet
to be studied. Lack of knowledge of the involved
mechanisms thus creates various challenges in the
target and treatment of myocardial hypertrophy.
Consequently, recognizing precise pleiotropic tar-
gets integrated through various organ systems may
shed light on efficacious therapeutic modalities in
reversing or curbing heart failure.

Liver X receptors (LXR) a and P are proteins of
nuclear receptor ligand-activated transcription fac-
tors superfamily. LXR induces transcription of
target genes via retinoid X receptor (RXR) hetero-
dimerization and interaction with LXR response
element (LXRE). LXRs, at the molecular level, acts
as ligand-activated transcription factors essential
for the regulation and coordination of cholesterol
homeostasis and inflammatory signaling. In myo-
cardial hypertrophic remodeling, LXR agonists
have proven to reduce cellular hypertrophy
initiated by various hypertrophic stimuli as lipo-
polysaccharides and Angiotensin II (Ang II) [13].
The possibility of targeting and integrating RBM38
and LXR-a as a therapeutic approach against car-
diac remodeling has never been investigated.
Herein, we provide evidence to support that
RBM38 is a potential modulator of myocardial
hypertrophy via the LXR-a-Dependent lipogenesis
pathway.

The study hypothesized that RNA Binding
Motif Protein-38 could regulate myocardial hyper-
trophy in the LXR-a-Dependent lipogenesis path-
way. The objective of this investigation was to
understand the role of RNA Binding Motif
Protein-38 in myocardial hypertrophy. The speci-
fic goals were to determine whether RBM38 is

downregulated in myocardial hypertrophy
in vitro, to understand the effects of Modulating
RBM38 expression on myocardial hypertrophy
markers, and to determine the effects of LXR-a
expression on myocardial hypertrophy markers in
HIC2 cells. Therefore, the overall final goal was to
investigate the LXRa/SREBP/ChREBP pathway
used by RBM38 in myocardial hypertrophy.

2. Materials and methods
2.1. Cell culture

The study was carried out using adherent H9C2
cell lines of rat embryonic cardiomyocytes. The
cells were grown in culture plates in Dulbecco’s
modified Eagle’s medium DMEM, supplemented
with 10% fetal bovine serum,100 U/ml penicillin,
and 100 pg/ml streptomycin. The growth and
maintenance condition was at 37°C, and 5% CO.,.
Cell splitting was done at the exponential phase
when 70-80% confluence had been achieved. The
cells were rinsed in PBS, digested with 0.25% tryp-
sin and EDTA solution, and centrifuged at
1000 rpm for 5 minutes. Cardiomyocytes were
subsequently inoculated into new culture plates.

2.2. PE, TNF-a, and Ang Il stimulation

H9C2 cells at a confluence of 70% were rinsed
with PBS Later, 2 ml DMEM supplemented with
10% FBS was added and then treated with
Phenylephrine (PE) (100 uM), Ang II (1 pM), or
TNF-a (50 U/ml) for 48 hrs under the tissue
culture conditions. The control groups were only
incubated in the complete DMEM. Cells were then
harvested by trypsinization and washed using
cold PBS.

2.3. Plasmid and siRNA transfection

HIC2 cells were seeded in 6-well plates for 24 hours
before transfection. The cells were then transfected
using RBM-OE, si-RBM38, LXR-a, or si-LXR-a. For
the RBM38- Overexpression (OE), the RBM38-OE
plasmid was constructed by cloning the full-length
coding sequence of RBM38 into the pcDNA3.1
plasmid (Invitrogen). The oligonucleotide sequences
used were purchased from Genepharma (Shanghai).



Transfection was done with Lipofectamine 2000™
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s guidelines [14].

2.4. Knockdown and over-expression

For the RBM38 and LXR-a gene knockdown
assays with siRNA transfections, Lipofectamine
RNAIMAX (Invitrogen) was used following the
manufacturer’s guidelines [15]. Transfection with
RBM38 siRNA, LXR-a siRNA, or nonspecific
siRNA (Stealth RNAi; Invitrogen) was done after
H9C2 cells had reached a confluence of 100%. The
medium was then changed to allow for cell differ-
entiation. For the over-expression assays, transfec-
tion was done a day before the H9C2 cells had
a 100% confluence to increase transfection effi-
ciency. Lipofectamine 2000 (Invitrogen) was used
for the transfection as per the manufacturer’s
guidelines. Growing H9C2 cells (70%-80% conflu-
ent) were transfected with pcDNA3.1-RBM38 or
the control plasmid and grown for one more day
to obtain 100% confluence. The cells were later
differentiated by the addition of new medium.
For the rescue assays, plasmid transfection was
carried out a day before siRNA transfection and
induction of differentiation.

2.5. RNA isolation and quantitative real-time
polymerase chain reaction (qRT-PCR)

Total cellular RNA was isolated from cultured HOC2
cells using Trizol (Takara, Beijing). Extracted RNA
was then reverse-transcribed to synthesize cDNA
using a PrimeScript II 1st Strand cDNA Synthesis
kit (TakaRa, Japan) according to the manufacturers’
guidelines. SYBR green was used as Master Mix. RT-
qPCR was then carried out using the SYBR Premix
Ex TaqTM II Kit (TakaRa) in a LightCycler480 SW
1.51 System from LightCycler480 II. B-actin was
used as the internal control for mRNA detection.
The relative expression levels of mRNA were calcu-
lated using the 27PPCT method [16]. The primer
sequences are shown in Table 1.

2.6. Protein extraction and Western blot

Total cellular protein was isolated from H9C2 cells
using a RIPA lysis buffer (50mM Tris-HCl pHS,
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Table 1. List of primers.

Gene Forward Primer Reverse Primer
B-actin  ACCATTGGCAATGAGCGGT GGTCTTTGCGGATGTCCAC
ANF TAGAAGATGAGGTCGTGCCC  CGCAGGCTCCGAGGGGCA
Mhy7 AGTGCAGGCGGAACAAGA GCCATCTCCTCTGTCAGGT
LXRa AATGCTGGGGAACGAGC CGGCATTTGCGAAGCCGAC
RBM38  TGAACTTTGACGGGAGGAGC  TGATGGGGTTCGGGTCTTTG

150 mM NaCl, 1% NP-40, 0.2% sodium deoxycho-
late, 0.1% SDS, ImMNa3V0O4, ImMPMSF) supple-
mented with protease inhibitor cocktail (Roche).
Sonication of the cells was then done on
a Bioruptor (TMUCD-200 (Diagenode) at a low
speed for 15 minutes. Cells were then centrifuged
at 4°C, 15,000 g for 20 minutes, and supernatants
were finally harvested. A Bradford assay was subse-
quently used for protein concentrations assessment.
For electrophoresis, the protein sample lysates
(40 pg) were next loaded on 10% (w/v) Tris-HCl
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gels, ran on a 100 V power,
and transferred to polyvinylidene fluoride (PVDF)
membrane (Millipore). To carry out Western blot
assays, the PVDF membrane was blocked in 5%
skimmed milk powder for 1 hr and then incubated
with RBM38 (sc-365,898; Santa Cruz), Myh7(sc-
53,090; Santa Cruz), ANF (sc-515,701; Santa Cruz),
LXR-a (sc-377,260; Santa Cruz), [P-actin rabbit
monoclonal antibodies (Cell signaling) at 4
C overnight. The usage of a housekeeper gene, -
actin, was ensured as an internal control. The
following day, the membranes were then washed
three times with phosphate-buffered saline-Tween
20 (PBS-T) and then further incubated with anti-
mouse or anti-rabbit peroxidase-conjugated second-
ary antibody (Cell Signaling Technology). The
bands, indicating Immunological complexes, were
finally visualized using Immobilon™ Western
Chemiluminescent HRP substrate (Millipore).
Three independent assays were performed and
data analyzed using Image] software and graph
pad prism. Protein expression was normalized to
levels of B-actin expression.

2.7. RNA immunoprecipitation (RIP)

RNA immunoprecipitation (RIP) assay RIP was
done [17]. Briefly, approximately 2 x 10”7 H9C2
cells were lysed with RNA immunoprecipitation
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lysis buffer (Millipore, USA) and then incubated
with 5 pg of rabbit polyclonal anti-RBM38 or non-
immunized rabbit IgG at 4°C overnight. The
RNA-protein immune-complexes were brought
down by protein A/G magnetic beads and finally
followed by RNA purification. The purified RNA
was subsequently subjected to RT-qPCR to mea-
sure the level of LXR-a.

2.8. Hematoxylin and Eosin (H&E) Staining

H&E staining was performed as previously
described4. Briefly, adhered HIC2 cells on microscope
slides were fixed on alcohol and hydrated by immer-
sion in water for 30 seconds. The slides were then
dipped into a jar containing Mayer’s hematoxylin
and agitated for 30 sec, and rinsed in water for
1 min. The slides were subsequently stained with 1%
eosin solution for 30 sec with agitation, dehydrated
with two changes of 95% alcohol, and two changes of
100% alcohol for 30 sec each. The alcohol was later
extracted with two changes of xylene. Finally, two
drops of glycerol mounting medium were added and
covered using a coverslip and observed under
a microscope.

2.9. Rhodamine-labeled phalloidin staining

Rhodamine-labeled phalloidin staining was done as
previously described [18]. Briefly, HOC2 cells fixation
and permeabilization were done using 4% parafor-
maldehyde and 0.5% Triton X-100, respectively.
Permebilized cells were then blocked for 30 min
using 5% BSA at room temperature. Cells were later
incubated overnight with a Myh7 (sc-53,090; Santa
Cruz), ANF (sc-515,701; Santa Cruz), LXR-a (sc-
377,260; Santa Cruz), and Ang II (MAI1-82,996;
ThermoFisher) antibodies (1:100) at 4°C. The
following day, cells’ washing was done thrice and
incubated in the dark at 37°C using fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit sec-
ondary antibody for 1 h. The cells were subsequently
washed in PBS, then incubated for 30 minutes with
0.5 pM rhodamine-labeled phalloidin and 10 minutes
with 0.5 uM DAPI Cells were finally examined and
photographed using Leica DMI3000B fluorescence
microscope (Wetzlar, Germany).

2.10. Statistical analysis

Data were represented as mean + SEM. All data
were statistically analyzed by a paired t-test and
one-way ANOVA, which was used to obtain sta-
tistical differences. P < 0.01 was regarded as statis-
tically significant results.

3. Results

3.1. RBM38 is downregulated in in-vitro models
of myocardial hypertrophy

Myocardial hypertrophy is a pathological thicken-
ing of the myocardium, leading to various ail-
ments, such as myocardial infarction and heart
failure. PE, TNF-a, and AnglIl are proteins that
may contribute to myocardial hypertrophy devel-
opment and maintenance in various ways, for
instance, directly via its trophic effects on the
cardiac and indirectly through the hemodynamic
effects. This work hypothesized that RBM38 is
a potential modulator of myocardial hypertrophy
via the LXR-a-Dependent lipogenesis pathway.
To assess the RMB38 expression in myocardial
hypertrophy in vitro, we treated H9C2 cells with
PE, TNF-a, and Ang II, respectively. The ANF and
myh7 proteins expressions were then determined
using western blot. Our observations indicated
significantly increased expressions of these pro-
teins in the PE, TNF-a, and AnglI treated cells
compared to the control group (Figure 1(a)). We
then assessed the mRNA expression of ANF and
Myh7 through RT-qPCR assays. As shown in
Figure 1(b), treatment of cells with PE, TNFa,
and Ang II significantly increased Myh7 mRNA
expression compared to the control group.
Similarly, assessment of ANF mRNA showed sig-
nificantly increased mRNA expressions in the treat-
ment of cells with PE, TNFa, and Ang II, compared to
the control group (Figure 1(c)). Further, H&E staining
and Rhodamine-labeled phalloidin staining assays
showed a significant relative cell surface area increase
in PE, TNF-a, and Ang II-treated cells compared to
the control cells (Figure 1(d,e)). Next, we analyzed the
RBM38 protein expression in control, PE-, TNF-q,
and the Ang II-treated group of cells through western
blot. As shown in Figure 1(f), the expression of
RBM38 was significantly downregulated following
the PE-, TNF-a and Ang II treatment as compared
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Figure 1. RBM38 is downregulated in in-vitro models of myocardial hypertrophy.

a-b: Assessment of Myocardial hypertrophy markers ANF and Myh7 expressions by western blot after stimulation of H9C2 cells with
PE, TNF-a, and Angll. (a). The Myh7 and ANF expressions were increased following PE, TNF-a, and Angll stimulation compared to the
controls.b: Increased relative Myh7 mRNA expression following HIC2 cells stimulation with PE, TNF-a, and Angll as confirmed by RT-
gPCR.c: Increased relative ANF mRNA expression following H9C2 cells stimulation with PE, TNF-a, and Angll as confirmed by RT-
gPCR.d: H&E staining and E: Rhodamine-labeled phalloidin staining assays showing increased relative cell surface area in PE, TNF-q,
and Ang ll-treated cells.f: Western blot representation of reduced RBM38 protein expression in control, PE-, TNF-a, and the Ang II-
treated cells compared to the control group.g: Rbm38 mRNA expression assessment showed reduced RBM38 mRNA levels in the PE,

TNF-g, and Ang Il treatment. (*p < 0.01)

to the control group. We finally determined the
RBM38 mRNA expression in the same treatment
groups, and in agreement with the western blot results,
RBM38 mRNA levels were significantly reduced in
both the PE, TNF-a and Ang II treatment, compared
to the untreated cells (Figure 1(g)). Taken together,
these observations confirm that RBM38 is downregu-
lated in myocardial hypertrophy in vitro.

3.2. Modulating RBM38 expression exerts
inverse effects on myocardial hypertrophy
markers

We then aimed at studying the impact of RMB38
modulation on myocardial hypertrophy markers.

We transfected H9C2 cells with RBM38 in the
pcDNA-3.1 plasmid. An empty plasmid without
RBM38 was used as a negative control. Following
a successful transfection, we analyzed for RBM38
expression in the study and control group using
western blot assay. As shown in Figure 2(a),
RMB38 expression was significantly increased in
the RBM38-OE group compared to the pcDNA3.1
group. RT-qPCR studies also showed significant
elevation of RBM38 mRNA (Figure 2(b)), ANF
mRNA (Figure 2(c)), and Myh7 mRNA (Figure 2
(d)) in the RBM38-OFE compared to the control
groups.
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We further analyzed the expression of myocardial
hypertrophy markers ANF and Myh7 in HOC2 cells
transfected with RBM38-OE plasmid through wes-
tern blot. Our findings demonstrated a significant
decrease of ANF and Myh7 proteins in the RBM-OE
than in the control cells (Figure 2(e)). Further, H&E
staining and Rhodamine-labeled phalloidin staining
assays showed a significantly reduced relative cell
surface area in RBM38-OE than in the pcDNA3.1
cells (figure 2(f,g)).

Later, the RBM38 protein in RBM38-OE cells
was silenced through small interfering RNA
(siRNA). The western blot assays result demon-
strated a significantly reduced RBM38 expression
in the si-RBM38 than in the si-NC group (2 H and
2I). Later, we carried out RT-qPCR assays that
showed a significantly reduced RBM38 mRNA
expression (2 J), but significantly increased ANF
and Myh7 mRNA expression expressions (Figure 2
(k)) in the si-RBM38 compared to the si-NC
groups. Western blot assays demonstrated signifi-
cantly increased ANF and Myh7 proteins expres-
sions in si-RBM38 cells compared to the si-NC
group (Figure 2(l)). Further, H&E staining and
Rhodamine-labeled phalloidin staining assays
showed a significant increase in the relative cell
surface area in si-RBM38 than in the si-NC cells
(Figure 2(m,n)). These observations all confirm
that regulation of RBM38 has inverse effects on
myocardial hypertrophy markers.

3.3. LXR-a expression regulates the myocardial
hypertrophy markers in H9C2 cells

To understand the role played by Liver X receptor-
a (LXR-a) in myocardial hypertrophy, we treated
HIC2 cells with PE, TNF-a, and Ang II. We then
used western blot assays to study the expression of
LXR-a. Compared to the control group, the wes-
tern blot results showed a significantly increased
LXR-a protein in the various treatments (Figure 3
(a)). The quantification of LXR-a confirmed
a significant increase in all the cells after the treat-
ments with PE, TNF-a, or Ang II compared to the
control group. Further RT-qPCR investigation also
confirmed a significantly elevated LXR-a mRNA
expression in the treated cells compared to the
control group. (Figure 3(b)). Next, we transfected
H9C2 cells with si-LXR-a and then lysed proteins

for western blot assays. Our findings demonstrated
a significant reduction of LXR-a protein expres-
sion in the si-LXR-a cells compared to the si-NC
group (Figure 3(c)). The quantification of the
LXR-a protein confirmed a significantly increased
expression in the si-LXR-a group. Further, the
LXR-a mRNA expression assessment through RT-
qPCR also indicated a significantly down-
regulated LXR-a mRNA expression (Figure 3(d))
but significantly increased ANF mRNA expression
(Figure 3(e)) and Myh7 mRNA expression
(Figure 3(f)) in Si-LXR-a cells as compared to
the si-NC groups.

We later determined the RBM38 protein level
in si-LXR- a cells through western blot, where
a significantly increased expression was reported
compared to the si-NC (3 G). Similarly, the
expressions of myocardial hypertrophy markers
ANF and Myh7 protein expression were signifi-
cantly increased in the Si-LXR-a as compared to
the Si-NC cells (Figure 3(h)). Further western
blot analysis of proteins demonstrated
a remarkable increment of SREBP, ChREBP,
and LXR- a, but a drop in the RBM38 protein
level in the si-LXR- a cells compared to the si-
NC (Figure 3(i)). Later, the cells were transfected
with LXRa-OE, LXRa-OE+si-NC, LXRa-OE+ si-
RBM38, and proteins expression was analyzed.
According to the outcomes, SREBP, ChREBP,
LXR- a, RBM38, ANF, and Myh7 levels were
significantly elevated in the LXR-a -OE, LXR-a-
OE+si-NC and LXRa-OE+ si-RBM38 cells com-
pared to the control group (Figure 3(j)). Further,
H&E staining (Figure 3(k)) and Rhodamine-
labeled phalloidin staining (Figure 3(l)) assays
showed a significant relative cell surface area
increase in si-LXR-a as compared to the si-NC.
Summarily, these observations demonstrated that
myocardial hypertrophy markers are regulated by
the expression of LXR-a in HIC2 cells

3.4. RBM38 binds with LXR-a mRNA to inhibit its
expression

Next, we examined the mechanism through which
LXR-a regulates myocardial hypertrophy. RNA
immunoprecipitation experiment followed by RT-
PCR and RT-qPCR were undertaken to determine
whether RBM38 could bind to LXR-a mRNA
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Figure 2. Modulating RBM38 expression exerts inverse effects on myocardial hypertrophy markers.

a: Western blot analysis showing the Relative protein expression of RBM38 in HIC2 cells transfected with RBM38 OE plasmid. b: RT-qPCR
analysis showing the relative mRNA expression of RBM38 in HIC2 cells transfected with RBM38 OE plasmid. c-d: Relative mRNA expression of
myocardial hypertrophy markers ANF and Myh7 in H9C2 cells transfected with RBM38 OE plasmid by RT-qPCR.e: Western blot analysis
showing significantly reduced expression of myocardial hypertrophy markers ANF and Myh7 in HIC2 cells transfected with Rbm38-OE.f-g:
Rhodamine-labeled phalloidin staining (f) and H&E staining (g) assays showed a significant reduction of the relative cell surface area in
RBM38-OE than in the pcDNA3.1 cells.h- i The western blot assay results demonstrated a significantly reduced RBM38 expression in the si-
RBM38 than in the si-NC group.j: RT-qPCR assays indicate a significantly reduced RBM38 mRNA expression, but significantly increased ANF
and Myh7 mRNA expression expressions (Figure 2k) in the si-RBM38 compared to the si-NC groups.l: Western blot assays indicating increased
ANF and Myh7 proteins expressions in si-RBM38 cells compared to si-NC group (Figure 2l).m-n: Rhodamine-labeled phalloidin staining (m)
and H&E staining (n) assays showing a significant increase of the relative cell surface area in si-RBM38 than in the si-NC cells. (*p < 0.01)



9662 (&) Y.LIETAL

=
a e b 2 45 *
*
: . x T
Contro PE TNF-a Ang ll = T s *
3 3 * % 3
& s
LXRa E =
< € 21
P &
Q
£ £
. 5 o
B-Actin 3 ¢
-2 5
s
0 T 0-
Control PE TNF-a Angll = Control PE TNF-a Angll
15
c c d e f
) ) g : LXRat ANF Myh7 o
si-NC  si-LXRa < 5" 5 s * Ao
. ] g * g N o
] s =3 o, _ —
- i 0.5
B-Actin i 2 2 g , B-Actin | — —
© k=]
0.0 . - &
N \}?\o <00 < 0 g ®
\ %, O o G 3
R o c,\\j‘ &N ;\'\7'3\ _é‘x\c ,,'vd&o > & ,é(lb ,é(léb
h ¢ o8 i j § SETEF
S i . $(, . \jg\o' S N %o il
& < N oV SREBP | woe s s
ANF g5 > ~  §s° *
22 <2 SREBP | Se— S— ChREBP | = = s e &
(.,_‘.LV’ B wn - —
Mvh7 EEd N ChREBP S = s LXRo | - -
y <Z: 3 >3 —-——— - e
oL %.f_: 1 RBM3S e = = RBM38 py
[3 (3
. G+ 0. =] ANF o o a—
B-Actin =2 82, LXRor | S—— oxds
g — D G e
= SNC si-LXRa &2 Si-NC si-LXRat s-actin [N \
B-Actin | S _———
o 20 ; 8
k 8 » si-NC si-LXRa £
= - - > ol el o i
a & 1.5 ® - » v Y7 2
g&’m oYy X, e ‘3 . 8
o % & K /s . o @
£ 05 . sl \a" S J‘ « = E
= | s . 7L g
S 00 ax ol b e T e &
’ si-NC  si-LXRa

si-NC  si-LXRa

Figure 3. LXRa expression regulates the myocardial hypertrophy markers in H9C2 cells.

a: Western blot results of LXR-a showing a significant increase after the treatments with PE, TNF-a, or Ang Il compared to the control
group.B: RT-gPCR results of elevated LXR-a mRNA expression in the treated cells compared to the control group.C: Western blot
results show a significant reduction of LXR-a protein expression in the si-LXR-a cells compared to the si-NC group.d-f: LXR-a mRNA
expression assessment through RT-qPCR demonstrating down-regulated LXR-a mRNA expression (Figure 3d), ANF mRNA expression
(Figure 3e), and Myh7 mRNA expression (figure 3f) in in Si-LXR-a cells as compared to the si-NC groups.g: Assessment of myocardial
hypertrophy markers ANF and Myh7 protein expression in both the Si-LXR-a and the Si-NC cells through western blot. Both the
expression of ANF and Myh7 proteins were increased in the Si-LXR-a as compared to the Si-NC cells.h: Similarly, the expressions of
myocardial hypertrophy markers ANF and Myh7 protein expression were significantly increased in the Si-LXR-a as compared to the
Si-NC cells (Figure 3h).i: Further western blot analysis of proteins demonstrated a remarkable increment of SREBP, ChREBP, and LXR-
a, but a drop in the RBM38 protein level in the si-LXR- a cells compared to the si-NC (Figure 3i).j: Western blot analysis of cells
transfected with LXRa-OE, LXR a -OE+ si-NC, LXR a -OE+ si-RBM38. SREBP, ChREBP, LXR- a, RBM38, ANF, and Myh7 levels were
significantly elevated in the LXR-a -OE, LXR-a-OE+si-NC and LXRa-OE+ si-RBM38 cells compared to the control group.k-I: Rhodamine-
labeled phalloidin staining (K) and H&E staining (L) indicating significant relative cell surface area increase in si-LXR-a as compared to
the si-NC. (*p < 0.01)

directly in H9C2 cells. It was noted that LXR-a  negative counterpart, we assessed for the relative
mRNA transcript was present in RBM38 but not LXR-a protein expression through western blot
in the control Immunoglobulin G immune- and observed a lack of band in the RBM38OE
complexes (Figure 4(a)). From the H9C2 cells  cells compared to the pcDNA3.1, which demon-
transfected with RBM38OE plasmid and its strated a visible protein band (Figure 4(b)).



Finally, we determined the relative mRNA expres-
sion of LXR-a in the cells transfected with
RBM38OE plasmid. The western blot results indi-
cated a significantly reduced LXR-a protein
expression in the RBM-OE compared to the
pcDNA3.1 group, as shown in Figure 4(c). The
RT-qPCR assessment also confirmed significantly
reduced mRNA expressions in the RBM38-OE
group compared to the pcDNA3.1 group
(Figure 4(d)). These observations demonstrate
that RBM38 binds with LXR-a mRNA to suppress
its expression.
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Figure 4. RBM38 binds with LXRa mRNA to inhibit its expression.
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3.5 Overexpression of RBM38 rescues
Angiotensin ll-induced myocardial hypertrophy
by regulating LXR-a dependent lipogenesis
pathway

Finally, we intended to understand the pathway uti-
lized by RBM38 in regulating myocardial hypertrophy
induced by Angiotensin II. An assessment of lipo-
genic transcription factor carbohydrate response ele-
ment-binding  protein (ChREBP) and sterol
regulatory element-binding proteins (SREBPs) was
done through western blot. Results indicated
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a: Protein-RNA immunoprecipitation assay to validate the binding of RBM38 with LXR-a. b: WB analysis showing the Relative protein
expression of LXRa in H9C2 cells transfected with RBM38 OE plasmid. c: Western blot analysis showing the relative mRNA expression
of LXR-a in H9C2 cells transfected with RBM38 OE plasmid. (*p < 0.01)a: Protein-RNA immunoprecipitation assay showing the
presence of LXR-a mRNA transcript in RBM38, but not in the control Immunoglobulin G immune-complexes.b: assessment of relative
LXR-a protein expression through western blot. No band was observed in the RBM38-OE cells compared to the pcDNA3.1,
demonstrating a visible protein band.c: Western blot assessment showing reduced LXR-a expression in the RBM38-OE transfected
cells. D: The RT-qPCR assessment showed reduced mRNA expressions in the RBM38-OE group compared to the pcDNA3.1 group.

(*p < 0.01)



9664 Y. LI ET AL.

significantly reduced levels of SREBPs, ChREBP,
RBM38, and LXR-a proteins in RBM38-OE com-
pared to the pcDNA3.1 group (Figure 5(a)). Further,
H&E staining and Rhodamine-labeled phalloidin
staining assays revealed a significant size reduction
in RBM38-OE+ Ang II compared to the Ang II
group, as demonstrated in Figure 5(b,c), respectively).
Further, cells were transfected with Angll,
pcDNA3.1+ Angll, or RBM38-OE + Ang IL
Assessment of SREBPs, ChREBP, LXR-a, RBM38,
ANF, and Myh?7 expressions was then done through
western blot. The findings indicated a significantly
increased LXR-a, SREBP, ChREBP, ANF, and Myh7
expression but reduced RBM38 in the Angll and
pcDNA3.1+ Angll group compared to the control
cells. However, LXR-a, SREBP, and ChREBP expres-
sions were suppressed in RBM38-OE+ Ang II com-
pared to the controls, as indicated in Figure 5(d).
Further analysis of myocardial hypertrophy ANF
and Myh7 mRNA markers through RT-qPCR
showed a significantly increased Myh7 mRNA
expression (Figure 5(e)) and ANF mRNA expression
(Figure 5(f)) in the Angll, pcDNA3.1+ Angll, and
RBM38-OE+Ang II compared to the control group.
Similarly, the cells were co-trasfected with PE,
pcDNA3.1+ PE, or RBM38-OE+PE, and proteins
expression was determined through western blot.
The findings indicated a significant increase in
SREBP, ChREBP, LXR-a, ANF, and myh7 expres-
sions in the PE and pcDNA3.1+ PE transfected cells,
which were all significantly down-regulated in the
RBM38-OE+PE group. Finally, the cells were trans-
fected with TNF- o, pcDNA3.1+ TNE- a, or RBM38-
OE+TNF- a, and proteins expression was analyzed
through western blot assays. According to the obser-
vations, SREBP, ChREBP, LXR-a, ANF, and myh7
expressions were significantly increased in the TNEF-
a and pcDNA3.1+ TNF- a transfected cells as com-
pared to the control group. However, in the
RBM38OE+TNE- a group, SREBP was significantly
reduced while the other proteins were increased com-
pared to the control. In summary, these observations
demonstrate that RBM38 Overexpression rescues
Angiotensin II-induced myocardial hypertrophy via
regulating LXR-a dependent lipogenesis pathway

4. Discussion

In the present study, the previously unrecog-
nized biological role of RBM38 in myocardial

hypertrophy is revealed. The main findings of
this study include the following; RBM38 is sup-
pressed in myocardial hypertrophy conditions
in vitro, and RBM38 expression modulation
exerts inverse effects on myocardial hypertro-
phy markers. Further, LXR-a expression regu-
lates the myocardial hypertrophy markers in
cardiomyocytes, RBM38 binds with LXR-a
mRNA to inhibit its expression, and overex-
pression of RBM38 rescues Angiotensin II-
induced myocardial hypertrophy by regulating
LXR-a dependent lipogenesis pathway.

Tumor necrosis factor- a (TNF- a), PE, and
Ang II have roles in inducing myocardial hyper-
trophy. PE induces myocardial hypertrophy by
downregulating Cain/Cabin or AKAP79 molecules
associated with calcineurin catalytic subunit [19].
Ang II initiates myocardial hypertrophy by regu-
lating pathways such as mitogen-activated protein
kinases (MAPK) and Reactive oxygen species
(ROS). TNF-a also induces myocardial hypertro-
phy through the initiation of ROS production [20].

RBM38 is a critical RBM24 homolog sharing
multiple targets with RBM24, such as regulating
p63 and p21 mRNA stability [9,21-23]. RBM38
occurs in various cells and tissues, even though
its exact expression pattern has never been eluci-
dated since it is enriched in the erythrocytes or the
skeletal and heart muscles [24]. Much research has
shown the various essential roles of RBM38. For
instance, it has been mentioned as a regulator of
Fgfr2 splicing in epithelial cells [25]; it regulates
RNA processes, including splicing, translation, sta-
bility, and the accessibility of microRNA to the
specific mRNA target [26].

RBM38 has also been identified as an essential
cell maturation regulator in the erythrocytes,
where it arbitrates alternative splicing of regulators
of blood cell maturation as Mef2d, EPB41, and
CYB5A [10]. Indeed, RBM38 deficiency in mice
has been associated with susceptibility to hemato-
poietic malfunctions, spontaneous tumors, and
accelerated aging [27].

Further, RBM38 has been linked with the p53
pathway and shown as a necessary protein for
proper p53 functioning [28]. Consequently, its
knock-out in mice has shown an elevation of p53
in various cells and tissues such as embryonic
fibroblasts, thymus, and spleen, which contributed
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Figure 5. Overexpression of RBM38 rescues Angiotensin ll-induced myocardial hypertrophy by regulating LXRa dependent
lipogenesis pathway.

a: WB analysis showing the Relative protein expression of LXRa dependent lipogenesis pathway in H9C2 cells transfected with
RBM38 OE plasmid.b-c: H&E staining (b) and Rhodamine-labeled phalloidin staining (c) assays show size reduction in RBM38-OE+
Ang Il compared to the Ang Il group.d: Western blot analysis showing the Relative protein expression of LXR-a dependent
lipogenesis pathway in H9C2 cells induced with Ang Il, pcDNA3.1+ Angll or RBM38-OE +Ang Il .E-F: Myocardial hypertrophy ANF
and Myh7 mRNA markers assessment through RT-qPCR showed an increasedMyh7 mRNA expression (e) and ANF mRNA expression
(f) in Ang II, pcDNA3.1+ Angll and RBM38-OE+Ang Il as compared to the control groups. (*p < 0.01)g. Western blot analysis showing
the Relative protein expression of LXR-a dependent lipogenesis pathway in H9C2 cells induced with PE, pcDNA3.1+ PE, RBM380E
+PE and the control.H. Western blot analysis showing the relative protein expression of LXR-a dependent lipogenesis pathway in
H9C2 cells induced with TNF-a, pcDNA3.1+ TNF-a, RBM380E+TNF-a and the control.
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to their enhanced penetrance to tumors [27].
RBM38 binds to various genes such as p53, p21,
GDF15, mdm2, HuR, and c-myc through their
3XUTR AU-rich elements [29]. RBM38 has also
been reported as a critical splice factor of the
cardiac, which plays a role in governing heart
sarcomerogenesis by regulating the alternative
protein isorforms expressions [12].

The role of LXR-a in myocardial hypertrophy
regulation has been widely identified. In vitro,
LXR agonists have been linked with reduced cel-
lular hypertrophy initiated by various hyper-
trophic stimuli such as phenylephrine and
endothelin-1°>[30]. On the other hand, LXR-a
knockdown in cardiomyocytes has been associated
with increased cellular growth [31]. A significant
increase of LXR-a protein has also been observed
in the pressure overloaded myocardium [13].
Indeed the findings of this study further empha-
size the importance of LXR-a in the modulation of
myocardial hypertrophy. In the present study,
increased LXR-a levels following induction of
cells with LXR-a agonists such as PE, Ang II, and
TNF-a was to regulate the development of myo-
cardial hypertrophy.

The liver plays a core function in glucose home-
ostasis. Glucose stimulates insulin release by the
pancreas and regulates ChREBP activity,
a transcription factor critical for the modulation of
lipogenesis [32]. Glucose additionally binds and
activates the liver X receptor (LXR) transcriptional
activity, induces LXR at the expected physiological
concentrations in the liver, and hastens LXR target
gene expression. LXR-a, thus, controls ChREBP and
sREBP1 genes, all specific for lipogenesis. LXR-a is
essential in the regulation of hypertrophic cardiac
remodeling. LXR-a agonists suppress cardiac hyper-
trophy induced by various stimuli, for instance,
lipopolysaccharides, PE, and Ang II [33].

In contrast, LXR-a knockdown leads to a raised
cardiomyocytes growth. A significant LXR-a ele-
vation is also reported in pressure overloaded
myocardium [34]. During myocardial hypertro-
phy, there is a shift of metabolism from fatty acid
oxidation (FAO) to the utilization of glucose [35].
The change is linked to increased glycolysis in
a hypertrophied heart. Mechanistically, the free
adenosine monophosphate (AMP) in cardiomyo-
cyte get heightened during a heart pressure

overload [36]. Consequently, signaling is trans-
duced through AMP-activated protein kinase,
whose outcome is fibrosis and cardiac dysfunc-
tions [37].

5. Conclusion

In connection with our results, RBM38 is down-
regulated in in vitro models of myocardial hyper-
trophy, and modulation of its expression exerts
inverse effects on myocardial hypertrophy markers.
Further, LXR-a expression regulates the myocardial
hypertrophy markers in H9C2 cells, and RBM38
binds with LXR-a mRNA, inhibiting LXR-a expres-
sion. Finally, the overexpression of RBM38 rescues
Angiotensin II-induced myocardial hypertrophy by
regulating LXR-a dependent lipogenesis pathway.
Collectively, results from the present investigation
shed light on an essential role of RNA Binding Motif
Protein-38 in regulating myocardial hypertrophy via
an LXR-a dependent lipogenesis pathway.
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