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Deletion of Microfibrillar-Associated Protein
4 Attenuates Left Ventricular Remodeling
and Dysfunction in Heart Failure
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BACKGROUND: Cardiac remodeling predisposes individuals to heart failure if the burden is not solved, and heart failure is a
growing cause of morbidity and mortality worldwide. The cardiac extracellular matrix not only provides structural support, but
also is a core aspect of the myocardial response to various biomechanical stresses and heart failure. MFAP4 (microfibrillar-
associated protein 4) is an integrin ligand located in the extracellular matrix, whose biological functions in the heart remain
poorly understood. In the current study we aimed to test the role of MFAP4 in cardiac remodeling.

METHODS AND RESULTS: MFAP4-deficient (MFAP4~-) and wild-type mice were subjected to aortic banding surgery and isopro-
terenol to establish models of cardiac remodeling. We also evaluated the functional effects of MFAP4 on cardiac hypertrophy,
fibrosis, and cardiac electrical remodeling. The expression of MFAP4 was increased in the animal cardiac remodeling models
induced by pressure overload and isoproterenol. After challenge of 8 weeks of aortic banding or 2 weeks of intraperitoneal
isoproterenol, MFAP4~~ mice exhibited lower levels of cardiac fibrosis and fewer ventricular arrhythmias than wild-type mice.
However, there was no significant effect on cardiomyocyte hypertrophy. In addition, there was no significant difference in
cardiac fibrosis severity, hypertrophy, or ventricular arrhythmia incidence between wild-type-sham and knockout-sham mice.

CONCLUSIONS: These findings are the first to demonstrate that MFAP4 deficiency inhibits cardiac fibrosis and ventricular ar-
rhythmias after challenge with 8 weeks of aortic banding or 2 weeks of intraperitoneal isoproterenol but does not significantly
affect the hypertrophy response. In addition, MFAP4 deficiency had no significant effect on cardiac fibrosis, hypertrophy, or
ventricular arrhythmia in the sham group in this study.
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and interstitial fibrosis, various types of ventricular and

of different types of cardiovascular diseases, and

is a growing public health problem associated with
high hospitalization and mortality.!"~* Cardiac remodel-
ing is an adaptive cellular response to various kinds
of biomechanical stresses or hemodynamic overload,
that involves a series of structural and functional alter-
ations, including increase in the size and/or thickness
of cardiomyocytes and the left ventricle, perivascular

H eart failure (HF) is the common ultimate outcome

atrial arrhythmias and so on.>® Cardiac remodeling
predisposes a patient to HF if the burden is not solved,
and can be divided into structural remodeling and
electrical remodeling. Structural remodeling includes
cardiac fibrosis and cardiac hypertrophy, and electri-
cal remodeling mainly includes ventricular arrhythmias
(VA) and atrial arrhythmias.” Considerable progress
has been made in understanding the pathogenesis of
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CLINICAL PERSPECTIVE
What Is New?

For the first time we have defined the expres-
sion of MFAP4 (microfibrillar-associated protein
4) was increased in the animal cardiac remod-
eling models induced by pressure overload and
isoproterenol.

e MFAP4 deficiency inhibits cardiac fibrosis and
ventricular arrhythmias after challenge with
8 weeks of aortic banding or 2 weeks of intra-
peritoneal isoproterenol but does not signifi-
cantly affect the hypertrophy response.

What Are the Clinical Implications?

e MFAP4 may act as a novel therapeutic target for
the upstream prevention of cardiac remodeling
and heart failure.

Nonstandard Abbreviations and Acronyms

AB aortic banding

Ad-shMFAP4  pDKD-CMV-eGFP-U6-shRNA-
MFAPA4

Ad-shRNA pDKD-CMV-eGFP-UB-shRNA
PCL pacing cycle length
MFAP4 microfibrillar-associated protein 4

VA ventricular arrhythmias

Ad-MFAP4 Adenovirus vector pAdeno-
EF1A(S)-mNeonGreen-CMVMfap4-
3FLAG

HF and treating HF, but there are few options for effica-
cious treatment of end-stage HF.2

HF is often accompanied by progressive perivas-
cular and interstitial fibrosis, which reduces myocar-
dial compliance and function and is an independent
predictor of overall mortality.2 Cardiac fibrosis is char-
acterized by exacerbated accumulation of extracellular
matrix (ECM) components in the perivascular and in-
terstitial regions of the myocardium. The cardiac ECM
serves many functions: it not only provides support to
cardiac myocytes, but also acts as a signal transducer
for cell-cell and cell-ECM interactions, facilitating force
transmission and so on.%1°

MFAP4 (microfibrillar-associated protein 4) is a 36-
kDa ECM glycoprotein of the fibrinogen-related pro-
tein superfamily that is widely expressed in elastin-rich
tissues, such as the lungs and heart."'? It has an
N-terminal arginine-glycine-aspartic acid integrin-bind-
ing sequence.”® MFAP4 is also often referred to as
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MAGP36 (36-kDa microfibril-associated glycoprotein)
in other species.™

MFAP4 is closely associated with remodeling-related
diseases, including liver fibrosis, atherosclerosis, arte-
rial injury stimulated remodeling, and asthma.'?13.15-17
However, there have been no related studies to clarify
the role of MFAP4 in cardiac remodeling. In our pre-
vious research, we downloaded 4 microarray profile
data sets from the Gene Expression Omnibus data-
base with a bioinformatics method and screened the
differentially expressed genes implicated in cardiac
remodeling. Twenty-four differentially expressed genes
were screened, of which MFAP4 exhibited the greatest
fold difference.'®

To study the role of MFAP4 in cardiac remodeling,
we generated MFAP4-deficient (MFAP4~") mice and
investigated the potential role of MFAP4 in cardiac fi-
brosis, hypertrophy, and VA..

METHODS

Data, Materials, and Code Disclosure
Statement

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Reagents

The following main antibodies were obtained
from Abcam (Cambridge, UK): inducible MFAP4
(#ab 808319), transforming growth factor-B (TGF-
B, #ab64715), a-smooth muscle actin (a-SMA,
#ab5694), Connexin 43 (Cx43, #ab11370); The anti-
bodies against GAPDH (#2118), focal adhesion kinase
(FAK, #3285), P-FAK (#3283), phosphorylated-Smad2
(P-Smad2, #3108s), P-Smad3 #8769), total-Smad2
(T-Smad2, #3103s), T-Smad3 # 9513s), total—ex-
tracellular regulated protein kinase 1/2 (T-ERK1/2,
#4695), P-ERK1/2 (#4370P), T-AKT (46914#), P-AKT
(40604#), T-PI3K (#4257), P-PIBK (#4228S), T-MEK1/2
(#9122s), P-MEK1/2 (#9154s) were purchased from
Cell Signaling Technology (Danvers, MA, USA); The
antibodies against ANP (atrial natriuretic peptide) (#
sc-20158), 3-MHC (3-myosin heavy chain) (sc-53090),
Col2a1 (collagen type Il alpha 1) (sc-8781) were ob-
tained from Santa Cruz Inc. (TX, USA). The secondary
antibody for immunofluorescence staining was pur-
chased from LI-COR Biosciences (Lincoln, USA); The
BCA protein assay kit was purchased from Thermo
Scientific (23227, MIT, USA); TRIzol and 6-Diamidino-
2-phenylindole (DAPI; S36939) were purchased from
Invitrogen (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Transcriptor First Strand cDNA Synthesis
kit (No. 04896866001) and LightCycler 480 SYBR
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Green | Master mix (No. 04707516001) were pur-
chased from Roche Diagnostics (Basel, Switzerland).
TGF-B, isoproterenol, pentobarbital sodium were
obtained from Sigma-Aldrich (St. Louis, MO,
United States). Adenovirus vector pAdeno-EF1A(S)-
mNeonGreen-CMVMfap4-3FLAG (Ad-MFAP4),
pAdeno-EF1A(S)-NeonGreen-CMV-MCS-3FLAG,
pDKD-CMV-eGFP-UB-shRNA (Ad-shRNA), pDKD-
CMV-eGFP-U6-shRNA-MFAP4  (Ad-shMFAP4) were
obtained from Obio Technology (Shanghai, China).

Mice

All animal studies adhered to the Guidelines for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (Publication, revised
2011) and the guidelines of the Animal Care and Use
Committee of Renmin Hospital of Wuhan University."®
MFAP4-deficient (knockout, KO) mice originally ob-
tained from Cyagen Biosciences Inc (Guangzhou,
China); Wild-type C57/B6 mice (8 weeks old; 23-27 g)
were purchased from the Institute of Laboratory Animal
Science at the Chinese Academy of Medical Sciences
(Beijing, China). All mice were housed and maintained
in a specific pathogen-free barrier environment in a
12-hour light-dark cycle, and observed daily to ensure
free access to water and food. Randomization and
blinding was used for animal grouping in all experi-
ments to ensure the reliability of the data.

Aortic Banding Models

After 7 days of adaptive feeding, mice were subjected
to aortic banding (AB) surgery to generate pressure
overload-induced cardiac remodeling, as previously
described.?® Briefly, the mice were anesthetized with
3% pentobarbital sodium (by intraperitoneal injection
[IP]) and the thoracic aorta was then identified. Under a
microscope, a 27G blunt needle was placed next to the
aortic segment and tightly tied to it with 7-0 silk thread.
After ligation, the blunt needle was pulled out, result-
ing in =70% contraction. Sham-operated mice were
subjected to a similar procedure without constriction
of the aorta. Eight weeks after surgery, the mice were
euthanized by an overdose of sodium pentobarbital
(200 mg/kg, IP).

Neurohormonal Stimulation Models

Cardiac remodeling was also induced by repetitive IP
of 50 mg/kg per day isoproterenol for 14 days. Control
mice were treated in parallel with saline solution.

Echocardiography and Hemodynamic
Evaluation

After anesthetization with 1.5% isoflurane, echocar-
diography was performed to evaluate the structure
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and function of the left ventricle with a MyLab 30CV
ultrasound system (Esaote SpA, Genoa, ltaly)
equipped with a 10-MHz phased array transducer
as previously described.® The left ventricular (LV) end
systolic diameter, LV end diastolic diameter, and pos-
terior wall thickness were recorded. Based on these
data, the ejection fraction and fractional shortening
were calculated.

Invasive hemodynamic monitoring was performed
with an aria pressure-volume conductance system
(MPVS-300 Signal Conditioner, Millar Instruments,
Houston, TX, USA). Briefly, mice were anesthetized
by 2% isoflurane inhalation, and a 1.4-French cathe-
ter transducer (SPR-839; Millar Instruments, Houston,
TX, USA) was inserted into the LV via the right carotid
artery. All data were recorded and analyzed via pres-
sure—volume analysis data analysis software (Millar,
Houston, TX, United States).

Histological Analysis and
Immunohistochemical Staining

The hearts were washed in 10% potassium chloride
solution to ensure that they were stopped in diastole
and fixed with 4% paraformaldehyde for >24 hours.
The hearts were then embedded in paraffin and cut
transversely into 5-pm slices to visualize the left and
right ventricles. Several heart sections of the heart
were stained with 0.1% Picrosirius red for evalua-
tion of collagen deposition and with hematoxylin and
eosin and wheat germ agglutinin for evaluation of
cross-sectional areas (CSAs). The images were then
visualized by light microscopy (ECLIPSE 80i; Nikon,
Japan). The data were analyzed with Image-Pro Plus
6.0 software (Bethesda, MD, USA). We took the av-
erage of all photos of each heart (10 photos of each
heart) and then conducted statistical analysis be-
tween groups.

Immunohistochemical staining was used to eval-
uate the expression levels of a-SMA and MFAP4,
After rehydration, the sections were heated using
the pressure cooker method for antigen retrieval and
then incubated anti-MFAP4 (1:50) and anti-a-SMA
(1:100) antibodies overnight at 4°C. Subsequently,
the sections were incubated with goat anti-rabbit
EnVisionTM+/horseradish peroxidase reagent and
stained using a 3,3N-diaminobenzidine tertrahydro-
chloride detection kit.

Cell Culture

Neonatal rat cardiac fibroblasts (CFs) and neonatal rat
cardiomyocytes were obtained from Sprague-Dawley
rats born within 3 days of each other according to the
previous literature.>?"?> Depending on the experiment,
CFs and cardiomyocytes were seeded in culture dishes,
6-well plates, or 24-well plates. The cardiomyocytes
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were cultured in DMEM/F12 (Gibco, C11995) contain-
ing 15% fetal bovine serum (FBS, Gibco, 10099) and
CF medium containing 10% FBS at 37°C in a humidi-
fied incubator with 5% CO,. Bromodeoxyuridine (BrdU,
100 pmol/L) was used to prevent CF growth in cardio-
myocyte cultures. After they were cultured to 70%—-80%
confluency and deprived of serum for 16 hours to syn-
chronize, the CFs and cardiomyocytes were assigned
randomly to groups, and different kinds of adenoviruses
or reagents were added depending on the experiment.

Immunofluorescence Staining

CFs were analyzed for cardiac a-SMA expression by im-
munofluorescence to assess the transformation of CFs
into myofibroblasts. The cells on the glass coverslips
were washed 3 times with PBS (for 5 minutes each),
fixed with 4% paraformaldehyde (10 minutes), permea-
bilized in 0.2% Triton X-100 in PBS (10 minutes), and
blocked with 10% goat serum for 60 minutes at room
temperature before being stained with an anti-a-SMA
antibody at a dilution of 1:100 with 1% goat serum
overnight at 4°C. The cells were washed 5 times with
PBS and then incubated with an Alexa Fluor 568-con-
jugated goat anti-rabbit immunoglobulin G (Invitrogen,
USA) secondary antibody for 1 hour at 37°C. Finally,

MFAP4 on Cardiac Remodeling

the coverslips were washed 5 times and then mounted
onto glass slides with DAPI. Immunofluorescence im-
ages were obtained with a fluorescence microscope
(Olympus DX51, Japan).

Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction
For reverse transcription-polymerase chain reaction,
total RNA was extracted from pulverized LV myocar-
dium tissue using TRIzol. The purity and concentration
of the extracted total RNA were spectrophotometri-
cally estimated with an ultraviolet spectrophotometer
(NanoDrop2000; Thermo Fisher Scientific). The RNA
(2 pg/sample) was then reverse-transcribed into cDNA
with an Advantage RT-for-PCR Kit. Reverse transcrip-
tion-polymerase chain reaction amplifications and
analyses were performed with LightCycler 480 SYBR
Green 1 Master Mix. All of the primer information is
provided in Table. The mRNA levels of each gene
were analyzed with the 2-22¢t method and normalized
against GAPDH gene expression.

Western Blot

For western blotting, heart samples or cultured cells
were lysed in RIPA assay lysis buffer, and the total

Table. The Primers Sequences for RT-PCR

Targets Species Forward Reverse

GAPDH Mice TCATCAACGGGAAGCCCATC CTCGTGGTTCACACCCATCA
MFAP4 Mice GCAACCCCTGGACTGTGATG TTGTCATGTCGCAGAAGACGG
ANP Mice ACCTGCTAGACCACCTGGAG CCTTGGCTGTTATCTTCGGTACCGG
BNP Mice GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC
a-MHC Mice GTCCAAGTTCCGCAAGGT AGGGTCTGCTGGAGAGGTTA
B-MHC Mice CCGAGTCCCAGGTCAACAA CTTCACGGGCACCCTTGGA
Fibronectin Mice CCG GTG GCT GTC AGT CAG A CCG TTC CCA CTG CTG ATT TATC
CTGF Mice TGT GTG ATG AGC CCA AGG AC AGT TGG CTC GCATCATAG TTG
TGF-B Mice GGTGGTATACTGAGACACCTTG CCCAAGGAAAGGTAGGTGATAG
Collagenta Mice AGGCTTCAGTGGTTTGGATG CACCAACAGCACCATCGTTA
Collagen Il Mice AAGGCTGCAAGATGGATGCT GTGCTTACGTGGGACAGTCA
aSMA Mice GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
GAPDH Rat GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT
MFAP4 Rat AGATTCAACGGCTCAGTGAGT TGCTTCAGTGTCAGGAGGTG
ANP Rat AAAGCAAACTGAGGGCTCTGCTCG TTCGGTACCGGAAGCTGTTGCA
BNP Rat CAGCAGCTTCTGCATCGTGGAT TTCCTTAATCTGTCGCCGCTGG
B-MHC Rat TCTGGACAGCTCCCCATTCT CAAGGCTAACCTGGAGAAGATG
aSMA Rat CATCCGACCTTGCTAACGGA GTCCAGAGCGACATAGCACA
Fibronectin Rat GGATCCCCTCCCAGAGAAGT GGGTGTGGAAGGGTAACCAG
Collagenta Rat GAGAGAGCATGACCGATGGATT TGGACATTAGGCGCAGGAA
Collagen Il Rat AAGGGCAGGGAACAACTGAT GTGAAGCAGGGTGAGAAGAAAC

ANP indicates atrial natriuretic peptide; BNP, B-type natriuretic peptide; CTGF, connective tissue growth factor; MFAP4, microfibrillar-associated protein 4;
RT-PCR, reverse transcriptase polymerase chain reaction; TGF-3, transforming growth factor-3; a-MHC, a-myosin heavy chain; aSMA, alpha-smooth muscle
actin; and 3-MHC, B-myosin heavy polypeptide.
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protein concentration was assessed using a BCA
Protein Assay Kit (23227, Thermo Scientific, MIT, USA).
The total protein concentration in all samples was nor-
malized before western blot analysis was performed.
Protein lysates (50 pg) were subjected to 8% to 12%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene difluoride
membranes (IPFLO0010, EMD Millipore, Billerica, MA,
USA). After blocking with 5% non-fat milk (in Tris-
buffered saline with 0.1% Tween 20) for 1 hour at room
temperature, the membranes were incubated with pri-
mary antibodies overnight at 4°C. The next day, after
washing 3 times with Tris-buffered saline with 0.1%
Tween 20, the blots were incubated with a 1:1000 dilu-
tion of anti-mouse or anti-rabbit immunoglobulin G for
1 hour at room temperature while protected from light.
After washing 3 times with Tris-buffered saline with
0.1% Tween 20, the membranes were subsequently in-
cubated with enhanced chemiluminescence reagents
(170-5061, BioRad, Hercules, CA, USA) and then visu-
alized using Bio-Rad ChemiDoc XRS+ according to
the manufacturer’s instructions. For quantification, the
protein expression levels were normalized to GAPDH
levels.

Electrocardiography Analysis

Mice were lightly anesthetized with 1.5% isoflurane.
After the mice were calm and stable, the concentration
of isoflurane was maintained at 0.8% to 1%. According
to the instructions, the subcutaneous leads were con-
nected, and ECG recordings were obtained on limb
lead II. Lead Il was analyzed for heart rate (HR; RR in-
terval) and PR, QRS, and QTc were analyzed off-line
by LabChart 7 Pro (ADInstruments, Sydney, Australia).
ECG waveforms averaged over 4 consecutive beats
were used for the analyses.?®

Preparation of Langendorff-Perfused
Hearts

After anticoagulation with heparin sodium (100 U, IP),
the mice were anesthetized with pentobarbital sodium
(60 mg/kg, IP). Then, thoracotomy was performed
and the heart was quickly isolated and transferred to
ice-cold (4°C) 100% O, oxygenated cold Tyrode so-
lution (mmol/L: NaCl 130, KCI 5.4, CaCl, 1.8, MgCl,
1,Na,HPO, 0.3, HEPES 10, glucose 10, pH adjusted to
7.4 with NaOH). Excess tissue such as tracheal, peri-
cardial, and esophageal tissue was removed to expose
the ascending aorta under a microscope, a small sec-
tion of aorta was identified and then rapidly cannulated
with a tailor-made 21-gauge cannula that had been
prefilled with cold Tyrode buffer. The aorta was se-
cured onto the cannula with a micro-aneurysm clip and
the isolated heart was then fixed to the Langendorff-
perfusion system (AD Instruments, Australia). The
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heart was perfused with 100% O, saturated Tyrode
solution through the aorta by a peristaltic pump (AD
Instruments, Australia). The perfusion temperature
was maintained at 37°C, the perfusion pressure was
maintained at 80 to 100 mm Hg and the perfusion rate
was 2 to 3 mL. Five minutes usually passed from the
removal of the heart to the resumption of beating of the
isolated heart. ECG electrodes were placed in the pos-
terior wall of the right atrium and the apex of the heart
to simulate normal electrocardiography, and the read-
ings stabilized by 10 minutes. Heart specimens with
obvious arrhythmia or irreversible myocardial ischemia
after reperfusion for 10 minutes were excluded.

Monophasic Action Potential Recording
and Electrical Stimulation Protocol

The epicardial monophasic action potential (MAP) of
the adventitia of the LV anterior free wall was recorded
with a self-made MAP electrode. The MAP electrode
was composed of 2 Teflon-coated Ag-AgCl electrodes
(99.99% purity) with diameters of 0.25 mm that were
twisted together and electroplated to eliminate direct
current offset. A pair of platinum stimulation electrodes
was placed on the basal surface of the right ventricle
and delivered regular pacing stimulation (pulse width
1 ms, voltage 3 mV). Epicardial bipolar electrograms
were recorded with an AgCl Teflon-coated bipolar
electrode with a diameter of 0.25 mm and coated
with Teflon. All electrical signals were amplified by the
ECG amplifier module with filtering between 0.3 Hz
and 1 kHz. The MAP waveforms were analyzed with
LabChart 7 Pro software (AD Instruments).

S1-S1 pacing was used to determine the alternating
threshold of the 90% action potential duration (APD)
(APD90) and APD. The pacing cycle length (PCL)
ranged from 150 to 30 ms, with successive 10 ms de-
creases. The pacing at each PCL last for 30 seconds,
and was then interrupted for at least 30 seconds to
eliminate the pacing memory effect. The APDQO0 at a
PCL of 150 ms was defined as the average 90% re-
polarization time for 6 to 8 successive MAPs. APD al-
ternans (ALT) was determined by 2 consecutive beats
whose APD9O0 differed by >5% over 10 beats. The ALT
threshold was defined as the maximal PCL (PCLmax)
that induced ALT. VAs were induced by burst pacing
(2 ms pulses at 50 Hz, 2 seconds burst duration) re-
peated 20 times at an interval of 2 seconds.

Statistical Analysis

The data are presented as mean+SEM and were ana-
lyzed by GraphPad Prism 5.0 software (GraphPad
Software, San Diego, CA, USA) and SPSS 24.0. The
Kolmogorov-Smirnov test was used to validate the nor-
mal distribution of the data (n>4). Multiple groups were
tested by 1-way ANOVA followed by Tukey posthoc
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test, whereas differences between 2 groups were
evaluated using unpaired Student t-tests. Categorical
data are presented as percentages and were tested
using the Fisher exact test. A value of P<0.05 was con-
sidered to indicate statistical significance.

RESULTS

MFAP4 Expression in a Pressure
Overload-Induced Cardiac Remodeling
Model

We found that MFAP4 levels were slightly increased
at 1 week but significantly upregulated at 2, 4, 6, and
8 weeks after AB (Figure 1A and 1B, 2 weeks: 1.592
times; 4 weeks: 1.921 times; 6 weeks: 2.108 times;

8 weeks: 2.471 times; P<0.05). In addition, immuno-
histochemical staining showed that the expression of
MFAP4 at 8 weeks after AB was significantly higher
than that in the sham group, (Figure 1C). Together,
these findings indicate that MFAP4 is indeed expressed
in hearts and that its protein levels are compensa-
torily increased during the development of cardiac
remodeling.

MFAP4 Ablation Improves Cardiac
Function

To confirm the role of MFAP4 in cardiac remodeling,
we reproduced and identified homozygous MFAP4
knockout (KO) mice (Figure S1). We performed AB
surgery or sham surgery in MFAP4-KO mice and their

AB

Sham  3d 7d  14d 28d 42d 56d

29KD | e — — ————

KD | e e o > o e— w—

Perivascular

Interstitium

MFAP4

GAPDH

w

[N

Relative protein expression
MFAP4 /GAPDH

Figure 1. MFAP4 is overexpressed in response to pressure overload.

A and B, Representative western blot of MFAP4 (microfibrillar-associated protein 4) in heart tissues after
aortic banding at the indicated time points (3, 7, 14, 28, 42, and 56 days) (n=5). C, Immunohistochemical
detection of MFAP4 expression in the sham group and the 8-week aortic banding group. Scale bar: 50 pm
(n=3). AB indicates aortic banding; AB 8W, 8-week aortic banding group; and MFAP4, microfibrillar-
associated protein 4. *P<0.05 compared with Sham group.
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wild-type (WT) littermates and evaluated the effects
of MFAP4 on cardiac function. After 8 weeks, echo-
cardiographic analysis was performed to assess the
function of the left ventricle. There were no significant
changes in sham group (WT-sham versus KO-sham,
P>0.05). However, pressure overload induced sig-
nificantly better cardiac systolic function in KO mice
compared with WT mice (WT-AB VS KO-AB, P<0.05),
as measured by ejection fraction and fractional short-
ening (Figure 2A through 2C). However, MFAP4-KO
and AB surgery had no effect on heart rate (HR,
Figure 2D, P>0.05).

Pressure-volume loop analysis further illustrated the
improvements in LV hemodynamic dysfunction in
MFAP4-KO mice, as measured by parameters that re-
flect systolic function (assessed by +dP/dt), diastolic
function (assessed by +dP/dt), and cardiac output
(Figure 2E through 2H). These results suggest that
MFAP4 deficiency could improve cardiac function after
AB surgery.

Effect of MFAP4 on Cardiac Hypertrophy
Induced by Pressure Overload

As shown in Figure 3, pressure-overloaded WT mice
showed significantly greater heart weight (HW)/body
weight and HW/tibia length ratios and cardiomyo-
cyte CSAs than WT-sham mice (HW/body weight,
8.680+0.361 versus 4.383+0.090; HW/tibia length,
13.72+0.573 versus 6.982+0.086, CSA, 502.0+21.81
versus 203.5+7.818, P<0.05). However, no significant
differences were observed between the KO-AB and
WT-AB groups (P>0.05). Moreover, the mRNA ex-
pression levels of several hypertrophic markers, in-
cluding ANP, BNP (Brain natriuretic peptide), a-MHC
(a-myosin heavy chain), and B-MHC (3-myosin heavy
chain), were not different between the KO-AB and
WT-AB groups (P>0.05). Western blotting was used
to detect the protein levels of ANP and 3-MHC, and
the results were consistent with the above results
(P>0.05).

Effect of MFAP4 on Cardiac Fibrosis
Induced by Pressure Overload

Increased cardiac fibrosis was observed in WT mice
in response to AB operation (10.74+0.879% ver-
sus 2.598+0.243%, P<0.05), but was markedly lim-
ited in MFAP4-KO mouse hearts (Figure 4A and 4B,
8.271+£0.758% versus 10.74+0.879%, P<0.05). The
mRNA levels of the fibrotic markers a-SMA, collagen la
(Col1q), collagen 1l (Col3), connective tissue growth fac-
tor, fibronectin, TGF-3, and the protein levels of a-SMA,
Col3, P-Smad2/ T-Smad2, P-Smad3/ T-Smad3 were
measured (Figure 4C through 4M); these molecules
are known mediators of fibrosis. Decreased expres-
sion levels of connective tissue growth factor, TGF-J3,
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Colla, Col3, fibronectin, a-SMA, P-Smad2/T-Smad2,
P-Smad3/T-Smad3 were detected in the AB-induced
KO mice than that of in the AB-induced WT mice
(Figure 4C through 4M, Compared with WT-sham, the
multiples increased by 3.054 times, 3.836 times, 5.046
times, 9.272 times, 4.072 times, 2.149 times, 2.004
times, 1.716 times, 2.009 times, respectively, P<0.05).
All these data indicate that deletion of MFAP4 blocks
pathological cardiac fibrosis induced by chronic pres-
sure overload.

MFAP4 Deficiency Significantly Inhibits
FAK and Downstream Signaling

We found that pressure overload—induced FAK ac-
tivation was strongly downregulated in MFAP4-KO
mice after 8 weeks of AB (Figure 5A and 5B, P<0.05).
Consistent with the observed increase in FAK activ-
ity, pressure overload caused decreases the levels
of phosphorylated PI3K, AKT, MEK1/2, and ERK1/2
(Figure 5A, 5C through 5F, P<0.05). Therefore, our
study demonstrates that the FAK and its downstream
signaling molecules forma critical pathway by which
MFAP4 influences cardiac fibrosis induced by pressure
overload.

Effect of MFAP4 on Hypertrophy and
Dysfunctional Responses Induced by
Isoproterenol

We found that IP of isoproterenol significantly in-
creased the expression of the MFAP4 gene in the
myocardium, but MFAP4 expression in MFAP4-KO
mice was almost negligible (Figure 6A, P<0.05). Two
weeks post-commencement of isoproterenol injec-
tion, the mice exhibited obviously worse cardiac
function (P<0.05). The changes in ejection fraction
and fractional shortening in mice challenged with iso-
proterenol were significantly reversed by MFAP4 de-
ficiency (Figure 6B and 6C, P<0.05). To explore the
effect of MFAP4 deletion on isoproterenol-mediated
cardiac hypertrophy, we measured HW/body weight
and HW/tibia length ratios, CSAs, and the levels of
hypertrophic markers. As shown in Figure 6, WT-
isoproterenol mice showed significantly higher HW/
body weight, HW/tibia length ratios, and CSAs
than WT-Control mice (P<0.05). However, no sig-
nificant differences were observed between the KO-
isoproterenol and WT-isoproterenol groups (P>0.05).
Moreover, the mRNA expression levels of several hy-
pertrophic markers (ANP, BNP, a-MHC, and 3-MHC)
and the protein expression levels of ANP and 3-MHC
were also not different between the KO-isoproterenol
and WT-isoproterenol groups (P>0.05). The results
were consistent with those obtained for the pressure
overload induced cardiac hypertrophy model.
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Figure 2. MFAP4 deficiency alleviates cardiac dysfunction after pressure overload.

A, Representative echocardiographic images for each group. B through D, Statistical results for the ejection fraction, left ventricular
fractional shortening, and heart rate (n=15 for the wild-type-sham and knockout-sham groups; n=12 for the wild-type-aortic banding
[AB] and knockout-AB groups). E, Representative pressure-volume loop images for each group. F through H, Statistical results for the
cardiac output, maximal rate of pressure development (dP/dtmax), and maximal rate of pressure decay (dP/dtmin) (n=12 for the WT-
sham and knockout-sham groups n=11 for the WT-AB and knockout-AB groups). AB indicates aortic banding; CO, cardiac output; dp/
dtmax, maximal rate of left ventricle pressure development; dp/dtmin, minimal rate of left ventricle pressure development; EF, ejection
fraction; FS, fractional shortening; and HR, heart rate. *P<0.05 represents the comparison between WT-AB and KO-AB group.
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Figure 3. MFAP4 deficiency does not improve aortic banding-induced cardiac hypertrophy.

A and B, heart weight/body weight and heart weight/tibia length ratios of wild-type (WT) and MFAP4-knockout mice (KO) after sham
or aortic banding (AB) operation (n=15 for the WT-sham and KO-sham groups; n=16 for the WT-AB and KO-AB groups). C through F,
The effects of AB on the mRNA expression of ANP, BNP, a-MHC, and 3-MHC were determined by reverse transcription-polymerase
chain reaction analysis (n=6). G and H, Representative hematoxylin and eosin-stained heart sections of WT or MFAP4-KO mice
after sham or AB operation. G, 10x (scale bar: 400 pum), (H) 400x (scale bar: 50 um). n=6. |, Representative wheat germ agglutinin-
fluorescein isothiocyanate isomer staining of sham and AB mice at 8 weeks post-surgery, Scale bar: 50 um. J, Quantification of
the CSA in each group (n=6). K through M, Representative blots and quantitative results for ANP and 3-MHC protein expression in
myocardium in each group (n=6). AB indicates aortic banding; AB 8W, 8-week aortic banding group; ANP indicates atrial natriuretic
peptide; BNP, B-type natriuretic peptide; HW/BW, heart weight/body weight; HW/TL, heart weight/tibia length; KO, knockout mice;
NS, no statistically difference; WGA, wheat germ agglutinin; and 3-MHC, 3-myosin heavy polypeptide. *P<0.05 compared with the
corresponding sham group.

Effect of MFAP4 on Cardiac Fibrosis isoproterenol-induced KO and WT hearts compared
Induced by Isoproterenol with the controls after 2 weeks (P<0.05). However,

it should be noted that considerably decreased car-
As shown in Figure 7, we found markedly increased my- diac collagen volumes and fibrosis markers were also
ocardial collagen volumes and fibrosis markers in the present in the KO mice (P<0.05). The results were
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Figure 4. MFAP4 deficiency attenuates aortic banding-induced cardiac fibrosis.

A, Representative image of the heart with Picrosirius staining. scale bar: 50 pm. B, Quantification of the total collagen volume in the
indicated group (n=6). C through H, PCR analysis of fibrotic markers (ASMA, collagen la, collagen Ill, CTGF, fibronectin, TGF-[3) (n=6).
I through M, Representative blots and quantitative results for aSMA, collagen Ill and P-Smad2/T-Smad2, and P-Smad3/T-Smad3
protein expression in the myocardium in each group (n=6). AB indicates aortic banding; Col1a, collagen Ia; Col3, collagen type 3;
CTGF, connective tissue growth factor; KO, knockout mice; MFAP4, microfibrillar-associated protein 4; PSR, Picrosirius red; TGF-f3,
transforming growth factor-3; WT, wild-type; and aSMA, alpha-smooth muscle actin. *P<0.05 compared with the corresponding wild-

type-aortic banding group.
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Figure 5. MFAP4 deficiency significantly inhibits FAK and downstream signaling.

A through F, Representative blots and quantitative results for P-FAK/T-FAK, P-PI3K/T-PI3K, P-AKT/T-AKT, P-MEK1/2/ T-MEK1/2,
P-ERK1/2/T-ERK1/2 protein expression in the myocardium in each group (n=6). *P<0.05 compared with the corresponding WT-AB
group. AB indicates aortic banding; ERK, extracellular signal regulated kinase; FAK, focal adhesion kinase; KO, knockout mice; MEK,
mitogen-activated protein kinase (MAPK)/ERK kinase; PI3K, phosphatidylinositol 3 kinase; and WT, wild-type.

consistent with those obtained for the pressure over-
load induced cardiac fibrosis model.

Expression of MFAP4 in Cardiomyocytes
and CFs

To elucidate the expression of MFAP4 in cardiomyo-
cytes and CFs, we extracted cardiomyocytes and CFs
from neonatal rats and detected the basal MFAP4
expression in these 2 kinds of cells by polymerase
chain reaction. We found that the basal expression
of MFAP4 in CFs was >40 times that in cardiomyo-
cytes. MFAP4, as an ECM protein, may be produced
mainly by CFs (Figure 8A). In addition, we also stimu-
lated these 2 kinds of cells with angiotensin Il (Ang
), phenylephrine, and TGF-3 and measured the

J Am Heart Assoc. 2020;9:e015307. DOI: 10.1161/JAHA.119.015307

expression of MFAP4 and markers of hypertrophy and
fibrosis. We found that Ang Il and TGF-[3 increased
the expression of a-SMA, Col3, and MFAP4 in CFs
(P<0.05), while phenylephrine only slightly increased
the expression of MFAP4 (P<0.05). Among the factors,
TGF-[ increased MFAP4 expression most significantly
in CFs (2.895 times, P<0.001). In cardiomyocytes, Ang
Il, phenylephrine, and TGF-$3 increased the expres-
sion of ANP and B-MHC (P<0.05), but only Ang Il and
TGF-[ increased the expression of MFAP4 (Figure 8B
and 8C, P<0.05). Given the basal expression of
MFAP4, we believe that the expression of MFAP4 in
CFs is much higher than that in cardiomyocytes, and
that its expression significantly increases upon stimu-
lation with TGF-p3.
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MFAP4 Silencing Prevents the Accumulation ~ compared its effects with those of a control adeno-

of Collagen in CFs Stimulated by TGF-[3 virus (Ad-shRNA) by observing the expression of
fibrosis markers in CFs. Ad-shMFAP4-treated CFs

Next, we used adenoviral shRNA (Figure S2), to si- cultured with TGF-B1 exhibited significantly less fi-
lence the MFAP4 gene (Ad-shMFAP4) in CFs and brosis than Ad-shRNA-treated CFs cultured with
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Figure 6. MFAP4 deficiency does not improve isoproterenol-induced cardiac hypertrophy.

A, Polymerase chain reaction analysis of MFAP4 mRNA expression in the myocardium in each group (n=6). B and C, Statistical results
for the ejection fraction and fractional shortening in the indicated group (n=10 for the WT-Control and knockout mice (KO)-Control
groups; n=13 for the WT-isoproterenol group; n=12 for the KO-isoproterenol group). D and E, HW/BW and HW/tibia length ratios of
WT and MFAP4-KO mice after vehicle (control) or isoproterenol IP injection (n=12 for the WT-Control and KO-Con groups; n=23 for
the WT-isoproterenol group; n=13 for the KO-isoproterenol group). F through I, The effects of isoproterenol on the mRNA expression
of ANP, BNP, a-MHC, and 3-MHC were determined by reverse transcription-polymerase chain reaction analysis (n=6). J through L,
Hematoxylin and eosin staining and wheat germ agglutinin-fluorescein isothiocyanate isomer staining of the control or isoproterenol
mice. J, 10x (scale bar: 400 pm), (K) 400x (scale bar: 50 uym). M, Quantification of the cross-sectional areas in each group (n=6). N
through P, Representative blots and quantitative results for ANP and 3-MHC protein expression in the myocardium in each group (n=6).
ANP indicates atrial natriuretic peptide; HW/BW, heart weight/body weight; HW/TL, heart weight/tibia length; KO, knockout mice; NS,
no statistically difference; WGA, wheat germ agglutinin; WT, wild-type; and 3-MHC, 3-myosin heavy polypeptide. *P<0.05 compared
with the corresponding control group.

TGF-B1, which showing lower levels of a-SMA, Col1a,
Col3, and fibronectin mRNA expression (Figure 8D
through 8G, P<0.05) and lower a-SMA fluorescence

Overexpression of MFAP4 Aggravates the
Fibrotic Response of CFs Stimulated by

intensity (Figure 8H). Given the results of the in vivo
experiments, we detected the activation of FAK and
its downstream signaling pathway in CFsby TGF-(3
stimulation and Ad-shMFAP4-mediated silencing.
Consistent with the in vivo results, the phosphoryla-
tion activation of FAK and downstream PISK-AKT
and MEK1/2-ERK1/2 in the Ad-shMFAP4+TGF-[3
group was significantly lower than that in the Ad-
shRNA+TGF-3 group (Figure 8l through 8N, P<0.05).

TGF-B

Subsequently, we used MFAP4-overexpressing ad-
enoviruses (Ad-MFAP4) and control adenoviruses
(pAdeno-EF1A(S)-NeonGreen-CMV-MCS-3FLAG)
(Figure S3). Ad-MFAP4 significantly increased the
MFAP4 expression in CFs (Figure 80, P<0.05). We
found that overexpression of MFAP4 alone had no sig-
nificant effect on fibrosis markers through Ad-MFAP4
(Figure S4, P>0.05). However, overexpressing MFAP4
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Figure 7. MFAP4 deficiency attenuated isoprotenerol-induces cardiac fibrosis.

A through E, Polymerase chain reaction analysis of fibrotic markers (aSMA, collagen la, collagen lll, fibronectin, transforming growth
factor-B3) in the myocardium in each group (n=6). F, Representative image of the heart with Picrosirius staining. G, Quantification of
the total collagen volume in the indicated group (n=6). H and I, Representative blots and quantitative results for ANP and 3-MHC
protein expression in the myocardium in each group (n=6). Col1a indicates collagen la; CTGF, connective tissue growth factor; KO,
knockout mice; MFAP4, microfibrillar-associated protein 4; PSR, Picrosirius red; TGF-3, transforming growth factor-3; WT, wild-type;
and aSMA, alpha-smooth muscle actin. *P<0.05 compared with the corresponding wild-type-isoproterenol group.
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showed higher levels of fibrosis markers after TGF-[3
stimulation (TGF-B+Ad-MFAP4), than pAdeno-EF1A(S)-

NeonGreen-CMV-MCS-3FLAG-treated

cells+TGF-3

(Figure 8P through 8S, P<0.05). To investigate whether
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FAK is essential for the deteriorative effects of MFAP4
in vivo, we used PND-1186 (VS-4718), an inhibitor of
FAK, to inhibit the activation of FAK in CFs stimulated
by TGF-B. After combined treatment with PND-1186
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Figure 8. Role and mechanism of MFAP4 in cardiac fibroblasts

A, Polymerase chain reaction analysis of mRNA level of MFAP4 (microfibrillar-associated protein 4) between cardiomyocytes and
cardiac fibroblasts (n=6). The data were compared by unpaired Student t-test. B and C, Polymerase chain reaction analysis of the mRNA
expression level of MFAP4 and markers of, hypertrophic and fibrosis markers when in cardiomyocytes and cardiac fibroblasts were
stimulated by angiotensin Il (Ang Il), phenylephrine, and or TGF-[3, respectively (n=6). (D through G) PCR analysis of the mRNA expression
levels of aSMA, Col1a, Col3, and fibronectin (n=6). H, Immunofluorescence staining of aSMA (n=6). | through O, Representative blots
and quantitative results for P-FAK/T-FAK, P-PI3K/T-PI3K, P-AKT/T-AKT, P-MEK1/2/T-MEK1/2, P-ERK1/2/T-ERK1/2 protein expression
in cardiac fibroblasts each group (n=4). P through T, Polymerase chain reaction analysis of the mRNA expression levels of MFAP4 and
fibrosis markers in cardiac fibroblasts treated with Ad-MFAP4 and an inhibitor of FAK (PND-1186) (n=6). Ang Il indicates angiotensin
II; CF, cardiac fibroblasts; CMs, Cardiomyocyte; Col1a, collagen la; Col3, collagen 3; CTGF, connective tissue growth factor; ERK,
extracellular signal regulated kinase; FAK, focal adhesion kinase; ; MEK, mitogen-activated protein kinase (MAPK)/ERK kinase; MFAP4,
microfibrillar-associated protein 4; PI3K, phosphatidylinositol 3kinase; PSR, Picrosirius red; TGF-3, transforming growth factor-3; and

aSMA, alpha-smooth muscle actin. *P<0.05; **P<0.01; *P<0.001.

(TGF-B+Ad-MFAP4+PND-1186), the profibrotic ef-
fect of Ad-MFAP4 in the heart induced by TGF-3 was
significantly inhibited (TGF-B+Ad-MFAP4+PND-1186
group VS TGF-B+Ad-MFAP4 group, P<0.05), as evi-
denced by downregulation of the mRNA expression
of a-SMA, Colla, Col3, and fibronectin compared
with TGF-B+Ad-MFAP4 group. Therefore, FAK-related
signaling pathways play an important role in MFAP4
aggravating the fibrotic response of CFs stimulated by
TGF-(.

Effect of MFAP4 on Ventricular Arrhythmia

To explore the effect of MFAP4 on cardiac electrical re-
modeling, we first monitored electric signals using sur-
face ECG (lead ll) recordings obtained in mice under
light anesthesia (Figure 9A). No statistically significant
differences in PR intervals or RR intervals were observed
between the WT-AB and KO-AB groups (Figure 9B and
9C, P>0.05). However, the KO-AB group exhibited sig-
nificantly lower QRS intervals and QTc values than the
WT-AB group (Figure 9D and 9E, P<0.05).

Then Langendorff-perfused hearts were used
to characterize changes in electrophysiological pa-
rameters (APD90, ALT, and VA incidence). APD90
was measured under programmed electrical stim-
ulation with different pacing cycle length (PCLs) in
Langendorff-perfused hearts. In AB-induced hearts
(the WT-AB group), APD90 and ALT were significantly
prolonged, but they were much shorter in the KO-AB
group (Figure 9F through 9l). There was no signifi-
cant difference in the induction of VA between the
WT-sham group and the KO-sham group. In contrast,
the VA induction rate was remarkably increased in the
WT-AB group (P<0.05), but MFAP4-KO attenuated
these changes (Figure 9J and 9K, P<0.05). Connexin
43 is the major component of gap junctions, anatom-
ical structures that regulate the function of ion chan-
nels responsible for action potential transmission.?42°
We found that AB surgery significantly reduced the
expression of Cx43 in the heart and that the lev-
els of Cx43 after AB were significantly higher in the
MFAP4-KO group than in WT group (Figure 9L and
9M, P<0.05).
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DISCUSSION

Our data provide evidence that MFAP4 deficiency
inhibits cardiac fibrosis and VA induced by pressure
overload and isoproterenol, but has no significant ef-
fect on the hypertrophy response. We have demon-
strated that pressure overload and isoproterenol cause
accumulation of MFAP4 protein in the heart. We have
further provided evidence of a loss of MFAP4 function
in MFAP4-KO mice and have shown that MFAP4 defi-
ciency attenuates cardiac fibrosis, VA and preserves
cardiac function following pressure overload and/or
isoproterenol, strongly suggesting that MFAP4 is an
essential regulator of cardiac structural and electrical
remodeling. Based on the in vivo and in vitro data, we
concluded that the activation of downstream signal
pathway of FAK is involved in the promotion of car-
diac fibrosis by MFAP4. The process of HF is always
accompanied by the accumulation of ECM. There is
robust clinical evidence of a strong correlation among
increases in cardiac ECM, deterioration of cardiac
function, and adverse outcomes in patients with HF.
In addition, it is well known that CFs are the main cell
types that mediated cardiac fibrosis during cardiac re-
modeling. When the heart is stimulated by pressure
overload, activated CFs begin to proliferate and trans-
differentiate into myofibroblasts, which then begin to
secrete elevated levels of collagens and other ECM
structural and matricellular proteins.

MFAP4 has been associated with various remod-
eling-related disorders, including liver fibrosis, athero-
sclerosis, arterial injury stimulated remodeling, and
asthma." However, the expression levels and physio-
logical functions of MFAP4 in heart disease are largely
unknown. In this study, we found that MFAP4 mRNA
and protein expression was upregulated in hearts with
HF mediated by overload/isoproterenol, or in TGF-3
stimulated CFs. This result is consistent with the pre-
dicted expression of MFAP4 revealed in our previously
published bioinformatics study on cardiac pathological
remodeling.'®

Compared with WT mice, KO mice showed bet-
ter cardiac function and less cardiac fibrosis after
pressure overload. We also established a model
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of isoproterenol-mediated cardiac remodeling. We remodeling, but MFAP4 deficiency had no signifi-
found that, MFAP4 deficiency improved cardiac cant effects on hypertrophy indexes. Therefore,
function and inhibited cardiac fibrosis. Cardiac MFAP4 may mainly affect CFs and have little effect
hypertrophy is another important type of cardiac on cardiomyocytes.
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Figure 9. MFAP4 deficiency alleviates aortic banding-induced ventricular arrhythmia.

A, Representative ECG recordings and a comparison of ECG parameters. B through E, Statistical analysis of the PR, RR, QRS, and
QTc intervals in MFAP4 (microfibrillar-associated protein 4)-knockout (KO) and wild-type (WT) mice 8 weeks after the sham operation
or aortic banding (AB) surgery (n=8 for the WT-sham and KO-sham groups; n=13 for the WT-AB group; n=7 for the knockout [KO]-
AB group). F and G, Representative action potential figures and statistical analysis of the APD90 values in MFAP4-KO and WT mice
8 weeks after the sham operation or AB surgery (n=8). H and I, Representative electric alternans figures and statistical analysis of the
ALT thresholds in MFAP4-KO and WT mice 8 weeks after the sham operation or AB surgery (n=8). J and K, Representative arrhythmia
induced by burst-pacing stimulation and statistical analysis of MFAP4-KO and WT mice 8 weeks after the sham operation or AB
surgery (n=11 for the WT-sham, KO-sham, and KO-AB groups; n=10 for the WT-AB group). L and M, Representative western blots,
and statistical analysis of electroconduction-related protein (Connexin 43) levels in MFAP4-KO and WT mouse heart tissues (n=4). AB
indicate aortic banding; AB 8W, 8-week aortic banding group; ALT, action potential duration alternans; APD90, 90% action potential
duration; Cx43, Connexin 43; HW/BW, heart weight/body weight; KO, knockout mice; MFAP4, microfibrillar-associated protein 4; and

WT, wild-type. *P<0.05 represents the comparison between WT-AB and KO-AB group.

The mechanisms underlying the antifibrotic effects
of MFAP4 remain largely unclear. Some previous
studies have proposed a novel mechanism linking
MFAP4 to the activation of FAK by integrin signaling.
Integrin is a transmembrane receptor that mediates
cell-ECM and cell-cell connections. Among the 24
known human integrin superfamilies, 8 integrin di-
mers (avB1, avB3, av3bs, av36, avps, a5p1, aspt,
allbB3) recognize tripeptide N-terminal arginine-gly-
cine-aspartic acid motifs in ECM proteins.?® During
signal transduction, integrins transmit information
about the chemical composition and mechanical
state of the ECM into cells.?”-?? It is well established
that FAK, a cytoplasmic non-receptor protein tyro-
sine kinase, plays a critical role in cell migration and
activated by cell binding to ECM proteins,® such as
MFAP4."® Qur experiments have confirmed that the
process of cardiac pathological remodeling is ac-
companied by increased FAK phosphorylation. Our
in vitro experiments have also shown that TGF-(3
stimulation can enhance the phosphorylation of FAK,
while MFAP4 deletion can inhibit the phosphoryla-
tion of FAK to some extent. We used PND-1186 (VS-
4718), an inhibitor of FAK, to inhibit the activation of
FAK in CFs stimulated by TGF-3 and found that the
profibrotic effect of Ad-MFAP4 in the heart induced
by TGF-B was significantly inhibited. Therefore, the
fibrogenic effect of MFAP4 may be achieved by acti-
vation of FAK.

A series of studies have shown that when FAK-
linked integrin binds to the ECM, it contributes to the
activation of the Ras—extracellular signal-regulated ki-
nase (ERK) mitogen-activated protein kinase (MAPK)
cascade.®® ERK1/2 is a key transmitter of signals from
surface receptors to the nucleus. Activation of ERK1/2
is triggered by MAPK/ERK kinase-1/2 (MEK1/2) via
phosphorylation of serine/threonine residues.®' Our
previous studies and a large number of other studies
have confirmed that ERK1/2 activation can aggravate
cardiac fibrosis, and inhibiting the activation of ERK1/2
can improve cardiac function and inhibit the car-
diac pathological remodeling.®323% Qur experiments
have also proved that MFAP4 can further activate the
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MEK1/2-ERK1/2 signaling pathway through activation
of FAK. On the other hand, deletion of MFAP4 leads
to decreases in the phosphorylation levels of MEK1/2
and ERK1/2.

Phosphorylation of FAK can activate not only
MEK1/2-ERK1/2, but also PI3K/AKT signaling path-
way.?"?8 PI3K is the key upstream target for AKT ac-
tivation.?® Our previous studies and numerous other
studies have confirmed that over activation of AKT is
an important pathogenetic mechanism of cardiac re-
modeling.?%3+3% In addition, MFAP4 deletion has been
found to inhibit overactivation of PISBK/AKT during car-
diac remodeling and to play a protective role in the
myocardium.

Various types of cardiovascular diseases, especially
HF, are often accompanied by structural and electrical
remodeling of the heart. Among the key components
of cardiac remodeling, fibrosis, which can occur as
interstitial fibrosis, dense scarring or patchy fibrosis,
constitutes a key histological substrate for atrial ar-
rhythmia and VA.28 VA also includes ventricular tachy-
cardia, which accounts for ~80% of sudden cardiac
death and is usually a lethal arrhythmia.?” Cardiac
remodeling, whether it is mediated by AB (pressure
overload) or isoproterenol injection, can lead to diffuse
myocardial interstitial fibrosis. Diffuse fibrosis, in which
too much ECM is deposited among myocardial fibers,
increases the possibility of arrhythmia by selectively re-
ducing side-to-side gap junction connections between
cardiomyocytes.®® This reduction in gap junctions be-
tween cells slows down the transverse propagation of
waves and increases anisotropy, thus predisposing the
fibrotic myocardium to wave break and anisotropic re-
entry.®® In addition to reentry, many studies have shown
that fibrosis interferes with all the basic electrophysio-
logical mechanisms that lead to arrhythmias.3%:6:38.39

In our study, we found that MFAP4 deficiency not
only reduced cardiac fibrosis caused by pressure
overload, but also inhibited prolongation of the QRS
interval and QTc recorded by body surface ECG. In
addition, prolonged APD90 and ALT were observed
in the AB-induced cardiac remodeling model, and
MFAP4  deficiency attenuated the prolongations
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ofAPD90 and ALT. Burst stimuli are often used in
experiments to induce VA, reflecting the possibil-
ity of VA in the Langendorff-perfused hearts. In our
study, the incidence of VA induced by burst stimuli
in MFAP4-KO group was significantly lower than that
in WT group. Cx43 is the major component of gap
junctions, anatomical structures that regulate the
function of ion channels responsible for the action
potential transmission, and it is critical for maintain-
ing normal cardiac electrical conduction. We found
that the expression of Cx43 decreased significantly
after cardiac fibrosis, while MFAP4 deletion in-
creased the expression of Cx43, which may be one
of the mechanisms by which MFAP4 deletion inhibits
VA. Therefore, MFAP4 deficiency not only improves
cardiac fibrosis after pressure overload, but also re-
duces the incidence of VA.

There are at least 2 limitations of our investigation.
First, the study did not collect samples from clinical
patients, so the expression of MFAP4 in patients with
HF was not studied. Second, we used an MFAP4-KO
mouse model with reduced total body expression of
MFAP4. In the next study, we will collect clinical patient
samples, and construct CFs specific KO and overex-
pression mice to further clarify the role of MFAP4 in
cardiac remodeling in more detail.

CONCLUSIONS

In summary, our study shows that MFAP4 promoted
pressure overload-induced cardiac fibrosis and VA,
and the FAK and downstream signaling may play an
important role in this process. These findings are the
first to demonstrate that MFAP4 deficiency inhibits car-
diac fibrosis and VA after challenge with 8 weeks of
AB or 2 weeks of IP isoproterenol without significantly
affecting the hypertrophy response. In addition, we
found that MFAP4 deficiency had no significant effects
on cardiac fibrosis, hypertrophy, or VA in the sham
group. These observations advance our understand-
ing of the mechanisms of pathological cardiac remod-
eling and HF.
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Figure S1. Genotyping of MFAP4-KO Mice.

A Name C57BL/6-Mfap4tmlcyagen

Serial KOCMP-02689-Mfap4

Number

Gene Mfap4

NCBI ID 76293

Strain C57BL/6

Type conventional knockout

Linker https://www.cyagen.com/cn/zh-
cn/sperm-bank/76293

B gRNA target sequence
gRNA1 (matching forward strand of gene): GAGGCGTCTGGCCCATGTTGGGG

gRNAZ2 (matching forward strand of gene): GAGGGTGCCCCCCATCCGATAGG

MFAP4-KO WT

Wildtype allele: 639 bp

Homozygotes: 540 bp

- - S P = D T = -

PCR Primers1 (Annealing Temperature 60.0 °C):
F1: 5-TCTGGCCCCTGACAGTGTAAGC-3’

R1: 5-AGAGGTCCTGGTCCCGATCAAAG-3’
Product size: 540 bp Wildtype allele: 2512 bp

PCR Primers2 (Annealing Temperature 60.0 °C):
F2: 5’-ACTTCTCCATCTCCCCCAACGC-3’

R1: 5-AGAGGTCCTGGTCCCGATCAAAG-3’
Product size: 639 bp

(A) Basic information of MFAP4-KO Mice. (B) gRNA target sequence. (C) Agarose gel
electrophoresis for MFAP4-KO homozygous and WT Mice. (D) PCR Primers for genotypic
identification



Figure S2. Construction of silenced MFAP4 adenovirus.

siRNA sequence

Marker Gene Gene ID TargetSeq GC%

Y7601 MFAP4 NM_001034124 GCGTGGACTTGGAAGACTT

Y7602 MFAP4 NM_001034124 CCAGAAGTTCTCCACCTTT

Y7603 MFAP4 NM_001034124 TCGAGACCAGGACCTCTTT

Y201 NC TTCTCCGAACGTGTCACGT 52.6

Construction Framework of Viral Vectors
NO. 5 STEM Loop STEM 3
Y7601-F Cegg GCGTGGACTTGGAAGACTT cTCAAGAGA AAGTCTTCCAAGTCCACGC TTTTTTg
Y7601-R aattcaaaaaa GCGTGGACTTGGAAGACTT TCTCTTGAg AAGTCTTCCAAGTCCACGC
Y7602-F Cegg CCAGAAGTTCTCCACCTTT cTCAAGAGA AAAGGTGGAGAACTTCTGG TTTTTTg
Y7602-R aattcaaaaaa CCAGAAGTTCTCCACCTTT TCTCTTGAg AAAGGTGGAGAACTTCTGG
Y7603-F Cegg TCGAGACCAGGACCTCTTT cTCAAGAGA AAAGAGGTCCTGGTCTCGA TTTTTTg
Y7603-R aattcaaaaaa TCGAGACCAGGACCTCTTT TCTCTTGAg AAAGAGGTCCTGGTCTCGA
Y201-F CCGG TTCTCCGAACGTGTCACGT TTCAAGAGA ACGTGACACGTTCGGAGAA TITTTTG
Y201-R AATTCAAAAAA TTCTCCGAACGTGTCACGT TCTCTTGAA ACGTGACACGTTCGGAGAA
800 MOI 200 MOI 100 MOl

400 MOl

25 MOl

12.5 MOI

6.25 MOI

1.2+

1.0

0.8

0.6

0.4+

MFAP4/GAPDH mRNA

(A) 3 pairs of siRNA sequence. (B) Construction Framework of Viral Vectors. (C) Fluorescence

intensity of CFs infected with different concentrations of adenovirus. (D) The inhibitory efficiency of

the three constructed adenovirus shMFAP4 on MFAP4 gene, among which the second (Y7602) had

the highest inhibitory efficiency (> 97%) (50 multiplicity of infection).



Figure S3. Construction of

overexpressed MFAP4 adenovirus.

A Gene name:

Mfap4d GenBankID: NM_001034124
Species Rat Gene size: 777
Prokaryotic resistance: AP Upstream and downstream clonal Agel Xbal

digestion sites

Vector name:

pAdeno-EF1A(S)-mNeonGreen-CMV-MCS-3FLAG H12588

Components after construction

pAdeno-EF1A(S)-mNeonGreen-CMV-Mfapd -3FLAG

Positive Sequencing Primers

CMV-F CGCAAATGGGCGGTAGGCGTG

Reverse Sequencing Primers

SV40-pArev GAAATTTGTGATGCTATTGC

B Gene sequence

ATGAAGACCCTCTCAGGCCTGCCACTGCTGCTGCTGCTGCTGCTCTCCACGCCTCCTCCCTGCGCCCCACAAGCCTCCGGG
ATCCGGGGAGATGCTCTGGAGAAGTCCTGCCTTCAGCAACCCCTGGACTGTGATGATATCTACATGCAGGGCTATCAGGA
AGATGGGGTGTACCTCATCTACCCCTATGGCCCCAGTGTGCCGGTCCCTGTCTTCTGTGACATGACAACCGAGGGTGGCAA
GTGGACGGTTTTCCAGAAAAGATTCAACGGCTCAGTGAGTTTCTTCCGGGGTTGGAACGACTACAAGCTGGGCTTCGGC
CGTGCTGACGGGGAGTACTGGCTGGGGCTGCAGAACCTGCACCTCCTGACACTGAAGCAGAAGTATGAGTTGCGCGTG
GACTTGGAAGACTTTGAGAACAACACAGCCTATGCTAAGTATGTTGACTTCTCCATCTCCCCCAATGCGGTCAGTGCGGAG
GAGGATGGCTATACCCTCTACGTGGCTGGCTTCGAGGATGGCGGGGCAGGTGACTCACTGTCCTACCACAGTGGCCAGA
AGTTCTCCACCTTTGATCGAGACCAGGACCTCTTTGTGCAGAACTGTGCAGCCCTCTCCTCAGGAGCCTTCTGGTTCAGAA
GCTGCCATTTTGCCAACCTCAACGGCTTCTACCTGGGTGGGTCCCACCTCTCCTATGCCAATGGCATCAACTGGGCCCAGT
GGAAAGGCTTCTACTACTCCCTCAAGCGCACTGAGATGAAAATTCGTCGTGCC

Relative mRNA expression
of MFAP4/GAPDH

400 MOl

> ¥
. »
L)
]

12.5 MOl 6.25 MOI

200 MOI 100 MOI

(A) Basic information of overexpressed
MFAP4 adenovirus. (B) Overexpressed gene
sequence. (C) Fluorescence intensity of CFs
infected with different concentrations of
adenovirus. (D)PCR analysis of
overexpression efficiency of Ad-MFAP4 in
CMs and CFs (50 multiplicity of infection).



Figure S4. Effect of MFAP4 overexpression adenovirus alone on fibrosis marks.
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(A-D) PCR analysis of overexpression of MFAP4 alone on aSMA, Colla, Col3, FN, n=6. NS= no
statistically difference.



