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Upregulation of SPI1 during myocardial infarction
aggravates cardiac tissue injury and disease
progression through activation of the TLR4/NFkB axis
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Abstract: Objective: Spleen focus forming virus proviral integration oncogene (SPI1) belongs to the ETS family of
transcription factors participating in an array of cellular processes such as inflammation and cell apoptosis. This
research focused on the role of SPI1 in the myocardial infarction (Ml). Methods: A murine model of Ml was estab-
lished. HL-1 cells were exposed to hypoxic treatment to simulate an Ml-like condition. Tissue injury, inflammatory
infiltration, and fibrosis in the cardiac tissues, and the apoptosis and the production of inflammation-related factors
in cells were examined. Expression of SPI1 was determined. The downstream targets of SPI1 were identified by bio-
informatics tools and luciferase assays. Artificial up- or downregulation of SPI1 and toll like receptor 4 (TLR4) were
induced to examine their involvements in Ml progression. Results: SPI1 was expressed at high levels in the cardiac
tissues of MI mice and in hypoxia-induced HL-1 cells. SPI1 downregulation reduced apoptosis and the production
of inflammatory cytokines in the hypoxia-induced HL-1 cells. SPI1 bound to TLR4 promoter to induce transcriptional
activation. TLR4 induced NFkB phosphorylation and blocked the protective role of SPI1 silencing in cells. In vivo,
SPI1 inhibition restored the cardiac function and ameliorated MI-induced inflammation and fibrosis in mice. The
protective role of SPI1 inhibition in mice was blocked by TLR4 activation. Aberrant upregulation of SPI1 was caused
by the reduced DNA methylation during MI. Conclusion: This study demonstrated that upregulation of SPI1, caused
by reduced DNA methylation, augmented development of myocardial infarction by activating the TLR4/NFkB axis.

Keywords: Myocardial infarction, DNA methylation, Spi-1 proto-oncogene, toll like receptor 4, nuclear factor kappa
B

Introduction

Myocardial infarction (Ml) is a heart attack
caused by the formation of plaque or buildup of
fatty materials in the arterial interior walls. It
leads to a reduction of blood flow to the heart
and a consequent cardiac injury because of a
lack of oxygen supply [1]. The major presenta-
tions of Ml are chest pain, sweating, abnormal
heart beat, shortness of breath, nausea, anxi-
ety, and fatigue [2]. Although the evolving
understanding of MI pathogenesis and the
new treatment strategies, including immediate
reperfusion and guideline-directed medical
therapies, have significantly improved survival
rates of patients, there remain major challeng-
es in Ml management. Patients with cardiogen-

ic shock have an over 40% mortality within 30
days [3]. During MI, buildup left ventricular
mass and progressive myocardial thickening
are major characteristics of cardiac remodeling
which leads to cardiac hypertrophy, fibrosis,
and apoptosis [4]. Cardiomyocyte apoptosis in
the ischemia area enlarges the infarct size
and induces an inflammatory response and the
subsequent cardiac injury and remodeling [5].
Developing more effective strategies to prevent
cardiomyocyte loss may help improve the sur-
vival of patients.

Spleen focus forming virus proviral integration
oncogene (SPI1, also termed PU.1) belongs to
the ETS family of transcription factors that par-
ticipate in cellular processes, such as prolifera-
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tion, transformation, and immune cell develop-
ment [6]. SPI1 is closely correlated to myeloid
cell development, function, and hematopoiesis
[6, 7]. SPI1 has been identified as one of the
key factors involved in the development of
post-MI heart failure, which was correlated
with inflammation, immune activity, and cell
apoptosis [8]. The exact function of SPI1 in Ml
development is not that clear. The bioinformat-
ics analyses in this study predicted toll like
receptor 4 (TLR4) as a potential target of SPI1.
TLR4 is a member of the TLRs that play critical
roles in mediating tissue injury and inflamma-
tion in response to inflammatory stimuli [9].
The TLRs are pattern recognition receptors fre-
quently implicated in cardiovascular diseases
[10]. TLR4 is a class of innate immune recep-
tors recognizing a multitude of ligands. Its acti-
vation upon myocardial ischemia/reperfusion
may lead to nuclear translocation and phos-
phorylation of nuclear factor kappa B (NFkB)
[11, 12]. Activation of the TLR4/NFkB has been
associated with cardiac inflammation and myo-
cardial apoptosis in mice with acute Ml [13].
Whether SPI1 regulates the TLR4/NFkB axis to
mediate cardiac tissues attracted our inter-
ests. This research was carried out to validate
the expression profiling of SPI1 and its role in
the development of MI.

Materials and methods
Animal model

Seventy male specific-pathogen-free (SPF)
grade C57BL/6J mice (8 weeks old, 21.09 *
1.12 g) were procured from Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China).
All mice were maintained in SPF-grade animal
rooms with constant temperature (22°C-25°C)
and humidity (60%-65%). The animals were pro-
vided with water and fed freely. The research
was ratified by the Animal Ethics Committee
of Dongying Hospital of Traditional Chinese
Medicine (Approval No. #20201109). All animal
experiments were adhered to the Guide for the
Care and Use of Laboratory Animals (NIH,
Bethesda, Maryland, USA). Significant efforts
were made to reduce the suffering of animals.

After acclimation for one week, the mice were
randomly assigned into five groups: sham
group (n = 10), MI group (n = 15; model mice
with MI), AAV-NC group (n = 15; AAC refers to
adeno-associated virus and NC to negative
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control; mice were injected with AAV-NC prior
to Ml induction), AAV-siRNA-SPI1 group (n = 15;
siRNA refers to small interfering RNA; mice
were injected with AAV-siRNA-SPI1 prior to Ml
induction), and AAV-siRNA-SPI1 + AAV-TLR4
group (n = 15; mice were injected with AAV-
SiRNA-SPI1 and AAV-TLR4 prior to MI induc-
tion).

The SPl1-suppressive AAV-siRNA-SPI1, the
TLR4-overexpressing AAV-TLR4, and the AAV-
NC were acquired from GenePharma Co., Ltd.
(Shanghai, China). The serotype of AAV is AAV-
9 with good affinity for the heart, and the AAV
contained the cardiomyocyte-specific promoter
cardiac troponin-T. The virus titer was 10° TU/
mL. The AAVs were injected into the mouse
myocardial tissues using an insulin syringe at 5
different sites one week prior to Ml induction.
After successful injection, the color of injection
sites changed from red to white. Each type of
AAV was injected at 5 sites at equal distance
intervals. The injection dose was 10 uL per site.

The mice were starved overnight before Mi
induction. The mice were anaesthetized with
50 mg/kg pentobarbital sodium (intraperi-
toneal injection [i.p.]). The chest was exposed,
and the left anterior descending (LAD) artery (2
mm below the left atrial junction) was ligated
using a 7-0 suture to induce Ml in mice. Sham-
operated mice only had the chest opened. A
minimum of 10 successfully modeled mice
were maintained in each group. The end point
of the experiment was the 14" day after Ml
induction [14].

Examination of the cardiac function

On the 14™ day after Ml induction, the cardiac
function of the mice was examined using a
Vevo 2100 System (VisualSonics, Toronto,
Canada) for animal echocardiography. The left
ventricular end-diastolic diameter (LVEDD) and
left ventricular end-systolic diameter (LVESD)
in at least three consecutive cardiac cycles
were examined. The ejection fraction (EF) and
fractional shortening (FS) were calculated to
evaluate the systolic function of the heart. The
calculation formulas were as follows: EF (%) =
[(LVEDD® - LVESD®)/LVEDD?®] x 100; FS (%) =
[(LVEDD - LVESD)/LVEDD] x 100. After the car-
diac function detection, the mice were sacri-
ficed with of 150 mg/kg barbiturate (i.p.). The
serum and cardiac tissues were collected.
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Histochemical staining

The cardiac tissues from five mice in each
group were collected. The tissues were equally
cut into six sections in parallel with the coro-
nary sulcus and ligation lines. The sections
were incubated in 2% TTC (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) at 37°C
for 15 min and then fixed in 4% paraformalde-
hyde (PFA) for 24 h before observation. The
infarct size (white) and non-infarct size (red)
were analyzed by Image-Pro Plus v6.0. The MI
rate was calculated as follows: rate = infarct
size/total area x 100%.

The heart tissues from the remaining five mice
in each group were harvested and fixed in 4%
PFA. Dehydrated tissues were embedded in
paraffin and prepared as 4-um sections. The
sections were dewaxed, rehydrated, and then
subjected to hematoxylin and eosin (H&E)
staining (G1120, Solarbio Science & Techno-
logy Co., Ltd., Beijing, China) and Masson’s tri-
chrome staining (G1340, Solarbio) in accor-
dance to the manufacturer’'s instructions.
Immunohistochemical (IHC) staining of the tis-
sue sections was performed using the specific
primary antibodies to c-caspase-3 (1:400,
#9661, Cell Signaling Technologies (CST),
Beverly, MA, USA), SPI1 (1:2,500, ab227835,
Abcam Inc., Cambridge, MA, USA), TLR4 (1:20,
ab13867, Abcam), and p-NFkB p65 (Ser536)
(1:1200, AF2006, Affinity Biosciences, Cincin-
nati, OH, USA) at 4°C for 16 h. This was follow-
ed by reaction with goat anti-rabbit IgG (H&L)
(HRP) (1:1,000, ab6721, Abcam) at 37°C for 2
h. The color was developed by DAB. Hematoxy-
lin was used for counterstaining of nuclei. The
staining was observed under a microscope
(Carl Zeiss, Oberkochen, Germany). The patho-
logical change evaluated by H&E staining was
scored from two aspects: the degree of cardio-
myocyte hypertrophy (0~3) and the degree of
inflammatory infiltration (0~3). The final score
was the sum of the above two (0~6). The fibrot-
ic area evaluated by Masson’s trichrome stain-
ing and the IHC-positive rate of related genes
were analyzed by Image-Pro Plus v6.0.

Cell culture and transfection

Immortalized mouse HL-1 cardiomyocytes (CL-
0605) were acquired from Procell Life Science
& Technology Co., Ltd. (Wuhan, Hubei, China).
The HL-1 cells were maintained in minimum
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essential medium (PM150410, Procell) con-
taining 10% FBS and 1% penicillin/streptomy-
cin at 37°C with 5% CO,,.

SiRNA of SPI1 (si-SPI1; guide: 5-UUGGUAU-
AGCUCUGAAUCGUA-3’; passenger: 5-CGAUU-
CAGAGCUAUACCAACG-3’), DNA overexpressing
vector of TLR4 (oe-TLR4), and the NC were pro-
cured from GenePharma and transfected into
the cells adhering to the protocol of a Lipo-
fectamine 2000 kit (Thermo Fisher Scientific
Inc., Waltham, MA, USA). On one day prior to
transfection, cells (1 x 10°%) were cultured into
24-well plates until reaching a 70-90% cell
confluence. After that, 0.6 ug siRNA (1 ug DNA)
and Lipofectamine 2000 was diluted in a
serum-free medium. The two dilutions were
mixed at a ratio of 1:1 and incubated at 22-
25°C for 5 min. The mixture was loaded into
cells, and the culture medium was refreshed
after 6 h of incubation. After 48 h, the cells
were harvested. The transfection efficiency
was observed under microscopy (si-SPI1: 81%;
si-NC: 78%; oe-NC: 85%; oe-TLR4: 82%). The
cells were then harvested for future usage.

A DNA methyltransferase (DNMT) inhibitor 5-
Aza-2'-Deoxycytidine (5-Azadc) was procured
from Sigma-Aldrich. The HL-1 cells were treat-
ed with 2 uM 5-Azadc and dissolved in DMSO
(Sigma-Aldrich) for 48 h to inhibit the DNA
methylation level in cells. Cells treated with an
equal volume of DMSO were set as controls.
The HL-1 cells were exposed to a hypoxic condi-
tion in vitro to mimic cell injury in the infarcted
border zone in permanent coronary occlusion-
induced Ml in vivo [14, 15]. Cells subjected to
hypoxic exposure were cultured in a hypoxic
condition (1% O,) for different time durations
(12, 24, 36, and 48 h). Cells cultured in a nor-
moxic condition (21% O,) were set as controls.

Enzyme-linked immunosorbent assay (ELISA)

The production of interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a) in mouse serum and
the cell culture supernatants were examined
using an IL-6 ELISA kit (ab222503, Abcam) and
a TNF-ot ELISA kit (ab208348, Abcam) following
the manufacturer’s instruction manual.

Reverse transcription-quantitative polymerase
chain reaction (RT-gPCR)

Total RNA from the cells or cardiac tissues was
isolated using the TRIzol Reagent (Thermo
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Table 1. Primers used for RT-qPCR
Primers Sequence (5’-3)

SPI1 F: GAGGTGTCTGATGGAGAAGCTG
R: ACCCACCAGATGCTGTCCTTCA
TLR4 F: AGCTTCTCCAATTTTTCAGAACTTC

R: TGAGAGGTGGTGTAAGCCATGC
GAPDH F: CATCACTGCCACCCAGAAGACTG
R: ATGCCAGTGAGCTTCCCGTTCAG

Note: RT-qgPCR, reverse transcription-quantitative poly-
merase chain reaction; SPI1, Spleen focus forming virus
proviral integration oncogene; TLR4, toll like receptor 4;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Fisher Scientific). High-quality RNA was quanti-
fied using ultraviolet analysis. Reverse tran-
scription of RNA to cDNA was performed using
a gDNA-eraser-attached PrimeScript™ RT kit
(Takara Holdings Inc., Kyoto, Japan). The qPCR
was conducted using the TB Green® Premix Ex
Tag™ (Takara) on a Lightcycler? 480 real-time
PCR System (Roche Ltd., Basel, Switzerland).
The primer information is listed in Table 1.
GAPDH was used as the endogenous control
for mRNA. The gene expression was evaluated
by the 222°T method.

Western blot analysis

Total protein from tissues or cells were isolated
using the RIPA lysis buffer (Beyotime Biotech-
nology Co., Ltd., Shanghai, China). After a pro-
tein concentration examination by a bicincho-
ninic acid assay kit (Beyotime), an equal am-
ount of protein sample (30 ug) was subjected
to SDS-PAGE and loaded onto polyvinylidene
fluoride membranes (Millipore Corp., Billerica,
MA, USA). The membranes were blocked and
hybridized with primary antibodies at 4°C for
16 h and then with HRP-labeled secondary
antibody at 25°C for 1 h. The blot bands were
developed using the electrochemilumines-
cence reagent (Beyotime). The signals were
analyzed using the Image Lab™ software (NIH).
The antibodies are listed in Table 2. GAPDH
was used as the endogenous control.

Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL)

A one-step TUNEL kit (Beyotime) was used to
examine apoptosis of cardiomyocytes. The
cells were fixed and then penetrated in 0.3%
Triton X-100-supplemented phosphate-buffer-
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ed saline (PBS). The cells were stained using
the TUNEL reagent (50 uL). The cells with posi-
tive staining in the nuclei were apoptotic cells.
The positive cells in six random fields of views
were counted under a fluorescence micro-
scope (Zeiss). The apoptosis rate was calculat-
ed as follows: rate = TUNEL-positive cells/total
cells x 100%.

Chromatin immunoprecipitation (ChIP)-qPCR

Approximately 2 x 107 cells were loaded in
15-mL tubes, fixed for 10 min, and then termi-
nated by 2 mL 250 mmol/L glycine. The sam-
ple was lysed and centrifuged to collect the
precipitates. The precipitates were resuspend-
ed in the buffer [1% SDS, 10 mmol/L EDTA (pH
8.0), and 50 nmol/L Tris (pH 8.0)] and subject-
ed to ultrasonic treatment. The sample was
centrifuged to discard the debris. The superna-
tant was diluted five times and reacted with
the ChlP-specific antibodies anti-SPI1 (1:20,
ab227835, Abcam), anti-DNMT1 (1:50, #MA5-
16169, Thermo Fisher Scientific), anti-
DNMT3a (1:50, #49768, CST), anti-DNMT3b
(1:50, #48488, CST), and IgG (1:50, abl7-
2730, Abcam) at 4°C overnight. On the next
day, protein G beads (Thermo Fisher Scientific)
were added for 4 h of incubation. The magne-
tic beads were washed in lysis/washing buffer
and in cold Tris-EDTA buffer (Thermo Fisher
Scientific). The DNA-protein complexes were
de-crosslinked, and the DNA molecules were
purified and quantified using qPCR.

For tissues, the mouse cardiac tissues were
cut into 1-mm? blocks, which were loaded into
50-mL tubes, added with 10 mL PBS, fixed with
formaldehyde (final concentration of 1%), and
treated with glycine to terminate cross-linking.
The samples were then centrifuged at 100 g at
4°C for 5 min to discard the supernatant. The
precipitates were lysed in lysis/washing buffer.
After three repetitions of centrifugation at 100
g at 4°C for 5 min, the precipitates were col-
lected. The DNA sample was collected for
gPCR as previously described. The sequence
information of the ChIP primer is listed as fol-
lows: TLR4 promoter: forward primer: 5-ACTG-
TGCTCTGGGAGACTTG-3’; reverse primer: 5-
CTGGAGGAACAGCAAGAGGA-3’; SPI1 promoter:
forward primer: 5-ACGGACAGACAAGTGGCTAA-
3’; and reverse primer: 5’-AAACCTTCCTCGCA-
CGTTTC-3..

Am J Transl Res 2022;14(4):2709-2727
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Table 2. Antibodies for western blot analysis

CA, USA). Differences were com-

pared by the unpaired t test (two

Antibodies Dilution  Item. No. Manufacture b N

SPI1 1:1,000 ab227835 Abcam groups), or by one- or two-way
) ) analysis of variance (ANOVA) fol-

TLR4 1:1,000 #14358 Cell signaling technology lowed by Tukey's multiple test

p-NFkB p65 (Ser468) 1:1,000 #3039  Cell signaling technology (over two groups). P < 0.05 was

NFkB p65 1:1,000 #8242  Cell signaling technology set to the threshold value for sig-

GAPDH 1:10,000 ab181602 Abcam nificant difference.

186G H&L (HRP) 1:10,000 ab6721 Abcam

Results

Note: SPI1, Spleen focus forming virus proviral integration oncogene; TLR4, toll
like receptor 4; NFkB, nuclear factor kappa B; GAPDH, glyceraldehyde-3-phos-

phate dehydrogenase; IgG, immunoglobulin G; HRP, horseradish peroxidase.

Luciferase assay

The putative binding site between TLR4 pro-
moter and SPI1 was predicted using Jas-
par (http://jaspar.genereg.net/). The wild-type
(WT) TLR4 promoter sequence containing the
binding site with SPI1, or the mutant-type (MT)
TLR4 promoter sequence was inserted into the
pGL3-Basic (Promega, Madison, WI, USA) to
construct luciferase reporter vector, named
Promoter-WT and Promoter-MT, respectively.
The Promoter was co-transfected with si-NC or
si-SPI1 into HL-1 cells by Lipofectamine 2000.
The luciferase activity in cells was examined
48 h later adhering to the protocol of the dual
luciferase reporter assay kit (Promega).

Quantitative methylation specific PCR (qMSP)

DNA from tissue sections was extracted and
isolated by an lon AmpliSeq™ Direct FFPE DNA
Kit (Thermo Fisher Scientific). DNA from cells
was extracted using a Cell genomic DNA Ex-
traction Kit (Bio-Lab Technologies, Beijing,
China). The DNA purity and concentration were
detected using a NanoPhotometer spectropho-
tometer and Qubit2.0 Fluorometer. An EZ DNA
Methylation-Gold kit™ (Zymo Research Corp.,
Orange, CA, USA) was used for bisulphite treat-
ment. The product was subjected to Sanger
sequencing to examine its specificity for gMSP.
The methylation level of SPI1 was examined
using qPCR. The SPl1-specific primers for
gMSP were as follows: MF: 5-GTTGGTAGTAA-
GAAATTATCGGGG-3', MR: 5-TAACCTTAACTATC-
ACGAAACTCG-3’; UF: 5-GTTGGTAGTAAGAAAT-
TATTGGGG-3’, and UR: 5-ACCTTAACTATCACAA-
AACTCACTC-3..

Statistical analysis

All data were presented as the mean * stan-
dard deviation (SD). Data analyzed was per-
formed by the Prism 8.02 (GraphPad, La Jolla,
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SPI1 expression was increased
in cardiac tissues of model mice

A murine model of Ml was induced by LAD
artery ligation, and the sham-operated mice
only had the chest opened. The cardiac func-
tion of the mice was examined (Figure 1A). It
was found that both the LVEDD and LVESF of
mice were elevated. The left ventricular EF and
FS were reduced after Ml induction. Ml led to
significant cardiac dysfunction in mice. The
TTC staining results indicated significant in-
farction in model mice (Figure 1B). H&E stain-
ing suggested that compared to the sham-
operated mice, the model mice showed signifi-
cant cardiomyocyte hypertrophy, inflammatory
infiltration, and increased pathological scores
in the infarcted border zone (Figure 1C).
Masson’s trichrome staining results showed
that the mouse with MI demonstrated signifi-
cantfibrosis in the infarcted border zone (Figure
1D). IHC staining was conducted to examine
the level of the apoptosis-related marker c-
caspase 3 in the myocardial tissues. It was
observed that the c-caspase 3 level was
noticeably increased in the infarcted border
zone in the myocardium of Ml mice (Figure 1E).
The ELISA results indicated that the IL-6 and
TNF-a contents were significantly elevated in
the serum of model mice (Figure 1F). RT-qPCR
and western blot assays showed that SPI1 lev-
els were increased in the infarcted border zone
in the myocardium of the mice with Ml (Figure
1G, 1H). Similar trends were observed by the
IHC staining that the positive staining of SPI1
was significantly enhanced in the border zone
in the myocardium of MI mice (Figure 1l).

SPI1 siRNA reduced hypoxia-induced damage
in cardiomyocytes

The HL-1 cells were exposed to a hypoxic condi-
tion in vitro to mimic cell injury in the infarcted
border zone in permanent coronary occlusion-
induced Ml in vivo. Cells cultured in normoxic
condition were set as controls. It was observed

Am J Transl Res 2022;14(4):2709-2727
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Figure 1. SPI1 expression was increased in cardiac tissues of model mice. (A) Cardiac function of mice after Ml
induction or sham operation (n = 10); (B) Ml in mice after LAD artery ligation determined by TTC staining (n = 5);
(C) Pathological changes in the infarcted border zone in mouse cardiac tissues after Ml induction examined by H&E
staining (n = 5); (D) Collagen deposition in the infarcted border zone determined by Masson’s trichrome staining
(n =5); (E) c-caspase-3 expression in the infarcted border zone in mouse cardiac tissues examined by IHC staining
(n = 5); (F) Production of IL-:6 and TNF-& in mouse serum examined using ELISA kits (n = 10); (G, H) mRNA (G) and
protein (H) levels of SPI1 in the infarcted border zone in mouse cardiac tissues examined by RT-gPCR and western
blot analysis (n = 10); (I) SPI1 expression in the infarcted border zone in mouse cardiac tissues examined by IHC
staining (n = 5). All data are presented as mean + SD. Differences were analyzed by the unpaired t test (A-E, G-I) or
two-way ANOVA (F). *P < 0.05 vs. the sham group.
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Figure 2. SPI1 siRNA reduced hypoxia-induced damage in cardiomyocytes. (A, B) mRNA (A) and protein (B) levels of
SPI1 in HL-1 cells after different time of hypoxic treatment determined by RT-gPCR and western blot analysis; (C)
Apoptosis rate in HL-1 cells after hypoxic treatment examined by TUNEL assay; (D) mRNA and protein levels of SPI1
in HL-1 cells after si-SPI1 transfection quantified by RT-gPCR and western blot analysis; (E) Apoptosis rate in HL-1
cells after SPI1 silencing determined by TUNEL assay; (F) Production of IL.-6 and TNF-« in the supernatant of SPI1
cells examined using ELISA kits. All data are presented as mean + SD. For cellular experiments, repetition = 3. Dif-
ferences were analyzed by the unpaired t test (C-E), one-way ANOVA (A and B) or two-way ANOVA (F). *P < 0.05 vs.
the control group; #P < 0.05 vs. the si-NC group.

that the SPI1 levels in HL-1 cells were incre- TUNEL assay suggested that the hypoxic treat-
mentally increased with the prolongation of ment promoted the apoptosis rate of HL-1 cells
hypoxia treatment. The peak value was reach- (Figure 2C).

ed at the 24" h (Figure 2A, 2B). Hypoxic treat-

ment for 24 h was selected as the treating HL-1 cells were transfected with si-SPI1 or si-
scheme for the subsequent experiments. The NC, followed by hypoxic treatment. Successful
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downregulation of SPI1 in cells was detected
by RT-gPCR and western blot analysis (Figure
2D). The TUNEL assay showed that the cell
apoptosis was reduced upon SPI1 inhibition
(Figure 2E). The production of inflammatory
cytokines in the cell supernatant was exam-
ined. Pre-transfection of si-SPI1 significantly
blocked the release of IL-6 and TNF-a in the
hypoxia-induced HL-1 cells (Figure 2F).

TLR4 was a potential downstream target of
SPI1

We explored the potential downstream tar-
gets of SPI1 in cardiomyocytes using the hTF-
target system (http://bioinfo.life.hust.edu.cn/
hTFtarget/#!/). The top 100 candidate targets
were collected for pathway enrichment analy-
ses (Figure 3A). Genes enriched in the inflam-
mation- and apoptosis-related pathways were
screened for further analysis (Figure 3B). TLR4
was identified to be intersected (Figure 3C).

The expression of TLR4 in the model mice was
examined. In the infarcted border zone in myo-
cardium, the TLR4 levels were significantly ele-
vated after Ml induction (Figure 3D, 3E). In
vitro, the TLR4 expression in HL-1 cells was
increased after hypoxic treatment. The upregu-
lation of TLR4 in hypoxia-treated cells was
blocked by pre-transfection of si-SPI1 in cells
(Figure 3F, 3G).

SPI1 bound to the TLR4 promoter for transcrip-
tional activation

The information of TLR4 was obtained from the
hTFtarget system (Figure 4A). According to the
ChIP-seq using the Cistrome Data Browser
(http://cistrome.org/db/#/), there was a signifi-
cant binding peak between SPI1 and TLR4 pro-
moter in the mouse genome (Figure 4B). The
candidate binding sites were predicted using
the Jaspar system. The site with the highest
predictive score (Figure 4C) was used for a
ChIP-gPCR assay. An abundance of TLR4 pro-
moter sequences was enriched by anti-SPI1
compared to IgG (Figure 4D). The dual-lucifer-
ase reporter assay suggested that downregula-
tion of SPI1 significantly suppressed the tran-
scriptional activity of TLR4 Promoter-WT but
did not influence the transcriptional activity of
the TLR4 Promoter-MT in HL-1 cells (Figure 4E).
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Overexpression of TLR4 activated the NFkB
signaling pathway and blocked the protective
roles of SPI1 siRNA

TLR4 has been reported to mediate NFkB
phosphorylation to augment myocardial injury
in MI [16]. To validate this, the TLR4 overex-
pressing vector oe-TLR4 and the control vector
oe-NC were administrated into HL-1 cells after
si-SPI1 transfection. The SPI1 and TLR4 levels
and the NFkB activity in cells were determined
by western blot analysis (Figure 5A). It was
found that the SPI1 and TLR4 levels and the
NFkB phosphorylation in cells were significant-
ly reduced by si-SPI1. The oe-TLR4 did not af-
fect the level of SPI1, but it restored the TLR4
protein level and the phosphorylation of NFkB
suppressed by si-SPI1.

The apoptosis and inflammation in cells were
examined. The TUNEL assay suggested that
overexpression of TLR4 enhanced the apopto-
sis of HL-1 cells suppressed by si-SPI1 (Figure
5B). The ELISA results suggested that the IL-6
and TNF-« levels in the cell supernatant was
increased by oe-TLR4 (Figure 5C).

Another group of HL-1 cells were transfected
with oe-TLR4 only, followed by hypoxic expo-
sure. It was found that the TLR4 treatment sig-
nificantly aggravated the phosphorylation of
NFkB in cells (Figure 5D) and increased cell
apoptosis (Figure 5E) and the production of
inflammatory cytokines (Figure 5F).

Silencing of SPI1 inhibited the TLR4/NFkB axis
and reduced injury in mice with M|

The correlation between SPI1 and the TLR4/
NFKB axis was validated in vivo. AAV-siRNA-
SPI1 and AAV-TLR4 and the corresponding
controls were injected into the cardiac tissues
of mice one week before MI induction. The
LVEDD and LVESD of mice were reduced. The
left ventricular EF and FS were increased in
mice pre-injected with AAV-siRNA-SPI1 relative
to those pre-injected with AAV-NC. The cardiac
function of mice was reduced after more
administration of AAV-TLR4 (Figure 6A). The
IHC staining showed that the SPI1, TLR4, p-
NFkB, and c-caspase 3 levels in the infarcted
border zone in the myocardium of mice were

Am J Transl Res 2022;14(4):2709-2727
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Figure 5. Overexpression of TLR4 activated the NFkB signaling pathway and blocked the protective roles of SPI1
siRNA. (A) SPI1 and TLR4 protein levels and the NFkB phosphorylation in HL-1 cells after si-SPI1 and oe-TLR4
transfection and hypoxia exposure determined using western blot analysis; (B) Apoptosis of HL-1 cells examined by
the TUNEL assay; (C) Secretion of IL-6 and TNF-« in cells examined using ELISA kits; (D) Protein level of TLR4 and
phosphorylation of NFkB in HL-1 cells after oe-TLR4 transfection and hypoxia exposure determined using western
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reduced by AAV-siRNA-SPI1 but rescued by
AAV-TLR4 (Figure 6B). The TTC staining sug-
gested that the myocardial injury in the cardiac
tissues of mice was reduced by the pre-injec-

2720

tion of AAV-siRNA-SPI1 but aggravated by the
pre-injection of AAV-TLR4 in mice (Figure 6C).
The H&E staining suggested that the inflam-
matory infiltration and cardiomyocyte hypertro-
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Figure 6. Silencing of SPI1 inhibited the TLR4/NFkB axis and reduced injury in mice with MI. (A) Cardiac function of mice after AAV administration and Ml induction
(n = 10); (B) Levels of SPI1, TLR4, p-NFkB, and c-caspase 3 in infarcted border zone in mouse cardiac tissues examined by IHC staining (n = 5); (C) Myocardial injury
in mice determined by TTC staining (n = 5); (D) Pathological changes in mouse cardiac tissues examined by H&E staining (n = 5); (E) Collagen deposition in mouse
cardiac tissues determined by Masson’s trichrome staining (n = 5); (F) Secretion of pro-IL-6 and TNF-a in mouse serum examined using ELISA kits (n = 10). All data

are presented as mean * SD. Differences were analyzed by one-way (A, C, and E) or two-way (B and F) ANOVA. *P < 0.05 vs. the AAV-NC group; #P < 0.05 vs. the
AAV-siRNA-SPI1 group.

A Scale

10 kb } { mm10
chr2: 91,095,000 | 91,100,000] 91,105,000 | 91,110,000| 91,115,000 | 91,120,000|
GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default)
Spi1 m— 1 Mybpc3 b-—————HH-
Mybpc3 b
Mybpc3 -k
RefSeq genes from NCBI
RefSeq Curated L 1 ] — - ——R—H
Mouse ESTs That Have Been Spliced
Spliced ESTs L i t i —. -
ENCODE Candidate Cis-Regulatory Elements (cCREsL))combined from all cell types
E0702124/prom E0702129/enhD E0702132/enh EQ0702135/enhD E0702138/enhD [ E0702140/prom [l E0702144/enhD
E0702125/enhP 1l E0702130/enhD E0702134/enhD E0702137/enhD E0702141/enhP Il
EQ0702126/enhP | E0702142/enhP
E0702143/enhP Il
B
2722

Am J Transl Res 2022;14(4):2709-2727



SPI1-mediated TLR4 augments cardiac injury in Ml

C 154 D 15+
Scale + § mm10
chr2: | 91,006,000 91,097,000 91098000 91,099,000 91,100,000/ 91,101,000/ 91,102,000/ 91,103,000 91,104,000 91,105,000/ 91,106,000 91,107,000 91,108,000 91,109,000 91,110,000 91,111,000 91,112,000/ 91,113,000 91,114,000 c c
0.15366 _ MYC-DNMT1 WT ESC [CHIP-SEQ] g 6 g 5
22107 = 22107
‘ g * g2
0 i I | E = ﬁ = #
" GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default) = = >0 0.5 >0 0.54
RefSeq Curatec - ' RefSeq genes from NCBI i . s ,"3 g E’_)
Spliced-ESTe - " Mouse ESTs That Have Been Spliced, uf i ge gs
E0702124/prom mm E0702129/enhD Slobhsaidnhb ENCODE Candidate Cis-Regulatory Elementg8€%§E§Q‘ﬁ?m8med from gl{l} f/:{e}%tmefrm[) 00 0.0
E0702125/enhP L83 134/ennD : T T - T T
E0702126/enhP’ sham Ml Control Hypoxia
Scale 5 kbt | mm10
chr2: | 91,100,000 91,105,040 91,110,000| F G
0.65843 _ DNMT3A2_CHIPSEQ SET2D-KO 5 1.5 sham 3 1.59 Control
5, M 3 5 Hypoxia
=9 )
$01.04 T T T 39404 T T T
€ E gE™
52 * * S g
Ec u T E- # #
(oo o . T
0 0 % 0.51 * 0% 0.5 #
GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default) "_8 5 & °
Spi m— i | pans | e &
RefSeq genes from NCBI 0.0 T T T 0.0 T T I
RefSeq Curatec - i ] i DNMT1 DNMT3a DNMT3b DNMT1 DNMT3a DNMT3b
Mouse ESTs That Have Been Spliced
Spliced ESTF= B } } —
Single Cell RNA-Seq Gene Expression from Tabula Muris H 1.57 | S 44
ENCODE Candidate Cis-Regulatory Elements (cCREs) combined from all cell types c B &
E0702124/prom [l E0702129/enhD E0702132/enhD E0702135/enhD S5 2 I
E0702125/enhP E0702130/enhD E0702134/enhD T35 1o :% 34
E0702126/enhP ZE" 3=
gs 2 2+
Scale 5 kb} | mm10 E - Zw
chr2: | 91,100,000| 91,105,000| 91,110,000| 2 5 0.5 & [S
0.48828 _ DNMT3B1_CHIPSEQ SET2D-KO 52 2 14
4 k]
[}
0.0- x o
{ DMSO 5-Azadc DMSO 5-Azadc
J c  0.8q
0 3 &
GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default) 0 06
Spi1 m— } -4 s
RefSeq genes from NCBI SPI 0=
RefSeq Curatec - it [— —— M 31 kDa £ 204
- . Mouse ESTs That Have Been Spliced ‘ - ) S 5
Spliced ESTs ] 1 I i | s
Single Cell RNA-Seq Gene Expression from Tabula Muris GAPDH “ ” | 37 kDa o 0.2
ENCODE Candidate Cis-Regulatory Elements (cCCREs) combined from all cell types DMSO 5-Azad £
E0702124/prom ll E0702129/enhD EQ0702132/enhD E0702135/enhD -Azadc o
EQ702125/enhP E0702130/enhD E0702134/enhD x 0.0
E0702126/enhP DMSO 5-Azadc

Figure 7. High expression of SPI1 in Ml was attributed to low level of DNA methylation. (A) Location of SPI1 promoter in mouse genome; (B) CpG island on the SPI1
promoter; (C, D) DNA methylation level of SPI1 in mouse cardiac tissues (C) and in HL-1 cells (D) examined by qMSP; (E) Binding peaks between DNMTs with SPI1
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phy in the infarcted border zone was sup-
pressed by the downregulation of SPI1, but this
suppression was blocked after TLR4 overex-
pression (Figure 6D). The Masson’s trichrome
staining revealed that downregulation of SPI1
reduced the overall infarct size in the myocar-
dium and the myocardial fibrosis in the border
zone. The protective function of SPI1 inhibition
against fibrosis was blocked again by TLR4
overexpression (Figure 6E). The ELISA results
indicated that the IL-6 and TNF-a levels in
mouse serum were reduced by SPI1 silencing
but increased by TLR4 restoration (Figure 6F).
These results indicated that silencing of SPI1
inactivated the TLR4/NFkB axis and reduced
injury in mice with MI.

High expression of SPI1 in MI was attributed to
low level of DNA methylation

The transcriptional activity of SPI1 has been
associated with the DNA methylation level [17,
18]. To examine this, we obtained the promo-
ter sequence of SPI1 from the UCSC system
(https://genome.ucsc.edu/index.html) (Figure
7A). The CpG island on the SPI1 promoter was
analyzed using Methprimer2 (http://www.uro-
gene.org/methprimer2/tester-invitation.html)
(Figure 7B). The qMSP results suggested that
the DNA methylation in the CpG island on the
SPI1 promoter was significantly reduced in
mice with Ml and in hypoxia-treated HL-1 cells
(Figure 7C, 7D). The ChlP-seq analysis suggest-
ed that several DNMTs including DNMT1,
DNMT3a, and DNMT3b have binding peaks
with the SPI1 promoter (Figure 7E). The ChIP-
gPCR assay showed that the abundance of the
DNMTs in the CpG island on the SPI1 promoter
was reduced in mice with Ml and in hypoxia-
treated HL-1 cells (Figure 7F, 7G). The HL-1
cells were treated with a DNMT-specific inhibi-
tor 5-Azadc. The qMSP results indicated that
the DNA methylation of SPI1 was significantly
reduced after by 5-Azadc (Figure 7H). The SPI1
levels in cells was upregulated after 5-Azadc
treatment (Figure 71, 7J).

Discussion

The ischemic heart disease following Mi
remains a health issue that leads to disability
and mortality worldwide [19]. An immediate in-
hospital therapy is of primary importance for
Ml treatment [1]. Secondary reperfusion injury
may occur after the operation and thromboly-
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sis, which contributes to more irreversible car-
diomyocyte death [20]. Myocardial apoptosis,
inflammation, and fibrosis are key events dur-
ing MI. Identifying key molecules involved in
these events may help develop novel strate-
gies for Ml management. This study confirmed
that reduced DNA methylation-induced upregu-
lation of SPI1 augmented cardiac injury during
MI by activating the TLR4/NFkB axis.

SPI1 has been implicated in the development
of post-MI heart failure and correlated with in-
flammation, immune activity, and cell apopto-
sis [8]. To probe the function of SPI1 in MI, we
examined the SPI1 expression in Ml models.
SPI1 was significantly upregulated in model
mice and in hypoxia-induced HL-1 cells. In a
recent publication by Gang et al., SPI1 mRNA
was upregulated and correlated with the tran-
scription activation of interleukin (IL)-9 and
Th9 cell activation in patients with acute MI
[24]. SPI1 expression has been upregulated in
hypoxic endothelium by RUNX family transcrip-
tion factor 1 and CEBP« [22]. SPI1 has been
identified as a transcriptional factor upregulat-
ed in a murine model with cerebral isch-
emia-reperfusion injury, and it combined with
CEBP« to promote the activity of monocyte-
specific promoter and affect NFKB activity [23,
24], indicating its potential role in inflamma-
tory responses. We found siRNA silencing of
SPI1 significantly reduced hypoxia-induced
apoptosis, release of IL-6 and TNF-a, and the
levels of fibrosis-related a-SMA and COL1A1 in
cells. SPI1 inhibition restored cardiac function
and alleviated myocardial inflammation and
fibrosis in mouse cardiac tissues. The pro-in-
flammatory role of SPI1 has been observed in
asthmatic airway inflammation [25] and in
microglial-induced inflammation in secondary
spinal cord injury [26]. SPI1 has been reported
as a critical regulator of the pro-fibrotic gene
expression program whose activation induces
fibrosis-associated genes and pro-fibrotic fibro-
blasts [27]. We found that SPI1 upregulation
played potent pro-apoptotic, pro-fibrotic, and
pro-inflammatory, and roles in cardiac tissues
and cells during MI.

With the aid of advanced bioinformatic tools
and analytic methods, TLR4 was identified
as a downstream target of SPI1. The binding
of SPI1 with TLR4 promoter was validated by
ChlIP-gqPCR and luciferase reporter assays. We
identified increased expression of TLR4 in the
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Figure 8. Diagram presentation for the molecules of action. During MI, the DNA methylation of SPI1 is significantly
reduced, which leads to SPI1 transcriptional activation. SPI1 binds to the TLR4 promoter and promotes TLR4 tran-
scription, which augments inflammatory responses and myocardial fibrosis by inducing NFkB phosphorylation.

tissues of model mice with Ml and in hypoxia-
treated cardiomyocytes. TLR4 activates a vari-
ety of transcriptional factors including NFkB,
which is a master regulator of inflammation
and is responsible for the production of the
pro-inflammatory cytokines [10, 28]. The
TLR4/NFkB activation has been frequently
involved in the pathogenesis of Ml and induc-
ed tissue injury and inflammation [29, 30].
Inhibition of the TLR4/NFkB has been demon-
strated as a promising target for the anti-apop-
totic and anti-inflammatory managements for
MI [13, 31-33]. In this study, we found that
silencing of SPI1 decreased the TLR4 expres-
sion and NFkB phosphorylation in the hypoxia-
treated HL-1 cells and the tissues of model
mice. Artificial overexpression of TLR4 restored
NFKB phosphorylation and rescued the produc-
tion of inflammatory and fibrosis-related fac-
tors, indicating that the TLR4/NFkB activation
was responsible for the aggravating roles of
SPI1 in MI.

The transcriptional activity of SPI1 has been
associated with the level of DNA methylation, a
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classic manner of epigenetic regulation [17,
18]. DNA methylation suppresses gene tran-
scription by recruiting proteins responsible for
gene repression or blocking the binding of
transcription factor(s) to DNA [34]. We exam-
ined the DNA methylation level of SPI1 in the
animal and cell models. We confirmed signifi-
cant binding peaks between the SPI1 promoter
and DNMTs. The DNA methylation level in the
CpG island on the SPI1 promoter was signifi-
cantly reduced in mice with Ml and in hypoxia-
exposed HL-1 cells, which led to elevated
expression of SPI1.

This work demonstrates that during the dis-
ease course of MI, the DNA methylation of
SPI1 is significantly reduced, which leads to
SPI1 transcriptional activation. Upregulated
SPI1 binds to the TLR4 promoter and activates
the TLR4/NFkB axis, which aggravates myocar-
dial apoptosis, inflammation, and fibrosis in
cardiac tissues (Figure 8). Although mecha-
nism for the aberrant DNA methylation of SPI1
promoter remains unelucidated in the study,
this work may provide new understanding in
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the management of Ml that SPI1 may serve as
a biomarker or treating target for the treatment
of MI. To avoid unnecessary animal death and
because of time and funding limitations, we
detected parameters such as the cardiac
function, inflammation, and cell apoptosis at
the same time point for the in vivo experiments
(the 14*" day after MI induction). It might be
more appropriate to analyze these parameters
at different time points to obtain more repre-
sentative and integrate results. We would like
to include more animal samples to validate the
SPI1/TLR4/NFkB axis in Ml in the near future.
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