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Abstract

Background: Myosin family genes, including those encoding myosin heavy chain
6, myosin heavy chain 7, myosin light chain 3, and myosin light chain 2 (MYL2),
are important genetic factors in congenital heart disease (CHD). However, how
these genes contribute to CHD in the Han Chinese population remains unclear.
Methods: We sequenced myosin family genes in a Han Chinese cohort compris-
ing 412 CHD patients and 213 matched controls in the present study. A zebrafish
model was used to evaluate the pathogenicity of rare mutations in MYL2.
Results: Weidentified 30 known mutations and 12 novel mutations. Furthermore,
the contributions of two novel mutations, MYL2 p.Ile158Thr and p.Vall46Met, to
CHD were analyzed. The p.Ile158Thr mutation increased MYL2 expression. In
zebrafish embryos, injection of myl2b-targeting morpholinos led to aberrant car-
diac structures, an effect that was reversed by expression of wild-type MYL2 but
not MYL2 p.Ile158Thr and pVall46Met.

Conclusions: Overall, our findings suggest that MYL2 p.Ile158Thr and
p-Vall46Met contribute to the etiology of CHD. The results also indicate the

importance of MYL2 in heart formation.
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1 | INTRODUCTION

Congenital heart disease (CHD) is a common congeni-
tal disorder that affects eight out of every thousand live
births worldwide and is often associated with fetal loss
(Blue et al., 2012; van der Bom et al., 2011). CHD ranked
first among all birth defects from 2005 to 2019, with in-
creasing incidence in China (Department of Women and
Children Health, 2021). The epidemiology of CHD sug-
gests the importance of genetic contributions (Zaidi &
Brueckner, 2017). Exploring the genetic etiology of CHD
will help improve its clinical diagnosis (Dong et al., 2022;
Gong et al., 2022; Williams et al., 2019). However, which
genes are involved and how they contribute to CHD re-
mains unknown in the Han Chinese population.

Cardiac myosin is the molecular motor that powers
heart contraction and plays an important role in heart
development (Barrick & Greenberg, 2021). Cardiac myo-
sin is a heterohexameric protein consisting of two myosin
heavy chains (MHCs), two regulatory light chains (RLCs),
and two essential light chains (ELCs) (Winkelmann
et al., 2015). There are two kinds of cardiac myosin iso-
forms in the ventricle and atrium, composed of different
MHCs, ELCs, and RLCs. The primary ventricular isoforms
are myosin heavy chain 7 (MYH7, OMIM accession num-
ber: 160760), myosin light chain 3 (MYL3, OMIM acces-
sion number: 160790), and myosin light chain 2 (MYL2,
OMIM accession number: 160781), whereas the primary
atrial isoforms are myosin heavy chain 6 (MYH6, OMIM
accession number: 160710), myosin light chain 4 (MYL4,
OMIM accession number: 160770), and myosin light chain
7 (MYL7, OMIM accession number: 613993) (England &
Loughna, 2013). Previous studies have identified dysreg-
ulated myosin family genes, suggesting that cardiac my-
osin subunits are associated with CHD or severe heart
diseases. For example, mutation within the segment of
the MYH6 gene encoding the motor domain affected my-
ofibril formation (Granados-Riveron et al., 2010). The
MYHG6 stop codon mutation Argl279X, which results
in the elimination of the 660 amino acids, was found to
be associated with CHD (Razmara & Garshasbi, 2018).
The mutation Arg403Gln in MYH?7 has been associated
with hypertrophic cardiomyopathy (Dausse et al., 1993;
Erdmann et al., 2003; Moolman et al., 1993). Met149Val
and Argl54His mutations in MYL3 have been associ-
ated with cardiomyopathy involving mid-left ventricular
chamber thickening (Poetter et al., 1996). The results of
these studies indicate that cardiac myosin is essential for
heart function.

MYL2 is an 18.8 kDa protein in the myosin neck/
tail region with an exposed binding site for interacting
proteins. MYL2 phosphorylation by myosin light chain
kinase (MLCK) is essential for the activation of myosin

during cardiac contraction (Barrick & Greenberg, 2021).
MYL2 Ser15 phosphorylation by MLCK causes the myo-
sin heads to move closer to the thin filament, modulating
the kinetics of cardiac contraction (Levine et al., 1996;
Montezano et al., 2018; Szczesna et al., 2001). The results
of a previous study revealed that the MYL2 Arg58GIn
mutation in hypertrophic cardiomyopathy could dra-
matically inhibit MYL2 Ser15 phosphorylation (Szczesna
et al., 2001).

We sequenced cardiac myosin genes, including MYHS,
MYH7, MYL2 and MYL3, from 412 Han Chinese CHD pa-
tients to determine which genes contribute to CHD in this
population. We identified 30 known and 12 novel vari-
ants, including synonymous and missense variants. Four
of these MYL2 variants were novel, two of which were
missense. The potential pathogenicity of two rare variants
(MYL2 p. Ile158Thr and p. Vall46Met) was investigated.
MYL2 p. Ile158Thr significantly increased MYL2 protein
expression. Both variants increased the aberration rate in
zebrafish embryos.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

The studies described in the paper were conducted in
accordance with the tenets of the 1975 Declaration of
Helsinki, and the protocols were previously reviewed and
approved by the Ethics Committee of the School of Life
Sciences, Fudan University. Written informed consent
from the parents or guardians of the children was obtained.

2.2 | Patients and samples

Blood samples from 412 CHD patients (mean age
2.9+2.7years, 55.6% male) were collected from the
Cardiovascular Disease Institute of Jinan Military
Command (Jinan, Shandong, China) between March 2008
and 2013 (Qiao et al., 2016). Sporadic CHD cases were
diagnosed based on echocardiography, with some diag-
noses further confirmed surgically. Patients who had clin-
ical features of developmental anomalies were excluded.
Additionally, patients were excluded if they had a posi-
tive family history of CHD in a first-degree relative, if the
mother had maternal diabetes mellitus, and if the mother
was exposed to known teratogens or any therapeutic drugs
during pregnancy. All CHD cases were classified accord-
ing to previously described methodology. Simultaneously,
213 ethnically and gender-matched control volunteers
(mean age 7.1+ 3.7years, 49.8% male) from the same geo-
graphical area were enrolled. Control individuals with any



ZHANG ET AL.

congenital anomalies or cardiac diseases were excluded
(Table S1). Approximately 2 ml of peripheral blood was
collected from each test case. Genomic DNA was isolated
from peripheral blood using conventional reagents and
quantified using a NanoDrop2000 (Thermo Scientific).

2.3 | Exome sequencing and
sanger sequencing

The genomic structures of human myosin fam-
ily genes were determined using NCBI GenBank
(MYH6: NM_002471.4, MYH7: NM_000257.4, MYL2:
NM_000432.4, MYL3: NM_000258.3).

DNA-fragment libraries were generated, and target en-
richment was performed using a probe specific for myo-
sin family genes with the Agilent Sure Select XT Custom
enrichment system with some modifications at GBP
Biotechnology. In brief, 1 pg of genomic DNA was subjected
to ultrasonic energy fragmentation with a Covaris S2 instru-
ment. The average size of the genomic DNA fragments was
~250bp. The ligated libraries were gel purified and, in turn,
PCR amplified (Phusion, Thermo Scientific). The quality
and quantity of the prepared libraries were assessed using
an Agilent 2100 Bioanalyzer. Sequencing was performed
on an Illumina HiSeq2000 DNA sequencer (version 3). The
annotation process was performed using the Variant Effect
Predictor based on the hg19/GRCh37 database.

The MYL2 variants were confirmed by Sanger se-
quencing (primers, MYL2-genome-F: CCGGGAATTCA
TGGCACCTAAGAAAGCAAAG, MYL2-genome-R: CTGC
CCCAGAAAGGGCATGAC). All confirmed case-specific
MYL2 variants were cross-referenced with the Genome
Aggregation Database (gnomAD, http://gnomad.broadinsti
tute.org). All missense variants were evaluated by PolyPhen-2
(Polymorphism Phenotyping v2, http://genetics.bwh.harva
rd.edu/pph2/) (Adzhubei et al., 2010) and PROVEAN
(Protein Variation Effect Analyzer, http://provean.jcvi.org/
index.php) (Choi & Chan, 2015).

2.4 | Vector construction and
site-directed mutagenesis

MYL2 cDNA was amplified using total RNA extracted
from the AC16 cell line and cloned into the pCS2-3Flag
vector between EcoRI and Xhol. The MYL2 variants were
generated by PCR with specific primers and then digested
using Dpnl for 4 hours. The products were transformed
into Escherichia coli DH5a, and a single clone was selected
the next day. All plasmids used in this study were con-
firmed by Sanger sequencing. The primers are listed in
Table S2.
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2.5 | Cell culture and transfection

Human HEK293T cells and AC16 cells (purchased from
ATCC, HTX2571) were cultured in DMEM (Gibco, 11995-
065) supplemented with 10% fetal bovine serum (Gibco,
10099-141-FBS). All cells were maintained at 37°C and 5%
CO, and passaged by using 0.05% trypsin (Gibco, 25300062).
The cells were seeded in new cell plates and incubated
until they reached 70-80% confluency before the transfec-
tion assay. Lipofectamine 3000 (Invitrogen, L3000015) and
Lipofectamine 2000 (Invitrogen, 11668019) were used for the
transfection according to the manufacturer's instructions.

2.6 | RNA extraction and cDNA synthesis
Total RNA was extracted using TRIzol reagent (Life
Technologies, 15,596,026) according to the manufactur-
er's instructions. RNA was reverse transcribed into cDNA
with HiScript III RT SuperMix (+gDNA wiper, Vazyme,
R323-01).

2.7 | Western blot analysis

Cells were washed with cold PBS and lysed in cold lysis
buffer (150mM NaCl, 50mM Tris-Cl, pH 7.4, 1mM
EDTA, 1% Triton, complete mini tablet-protease inhibi-
tor cocktail tablets [Roche, 04693132001]). The proteins
were separated by 10% SDS-PAGE and transferred to
PVDF membranes. After blocking with 5% non-fat milk in
TBS with Tween-20 (TBST), the membrane was incubated

TABLE 1 The summary of all mutations detected in cardiac
myosin family

Novel
Protein Type Mutations mutations
MYH6 Missense variant 16 5
Synonymous 7 2
variant
MYH?7 Missense variant 6 2
Synonymous 8 2
variant
MYL2 Missense variant 2 1
Synonymous 2 0
variant
MYL3 Synonymous 1 0
variant
Total 42 12

Notes: Refseq: NM_002471.4, NP_002462.2 for MYH6. Refseq: NM_000257.4,
NP_000248.2 for MYH?7. Refseq: NM_000432.4, NP_000423.2 for MYL2.
Refseq: NM_000258.3, NP_000249.1 for MYL3.
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TABLE 2 The information of missense variants and corresponding patients

Protein

MYHG6

MYH6

MYH6

MYH6

MYH6

MYH6

MYH6

MYH6

MYH6
MYH6

MYH6

MYH6

MYH6

MYH6
MYH6

MYH6
MYH7

MYH?7
MYH?7

MYH7

MYH?7

Chromosome
position
chr14:23853678
chr14:23853695
chr14:23853806
chr14:23854154
chr14:23855229
chr14:23857492
chr14:23858195

chr14:23859619

chr14:23861816
chr14:23862194

chr14:23865524

chr14:23866254

chr14:23870076

chr14:23871726
chr14:23872953

chr14:23873948
chr14:23883054

chr14:23884263
chr14:23884377

chr14:23886464

chr14:23888744

Amino acid
substitution

E1846D

G1841R

Q1804K

E1754K

R1691C

Al1411T

E1350K

E1127K

E1099D
D1060N

R800C

R696C

V418M

M363T
G257E

G205V
E1902Q

A1834T
R1796W

E1473K

Q1267H
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Reference

C

©

Alternate

G

G

gnomAD allele
counts

/

98/282876

4/282888

3/251298

8/282872

3/251194

1/246544

/
19/251496

7/282774

6/251434

62/282872

5/282632
/

/
28/282882

14/250566
1/251482

15/282846

Number of patients

1
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PROVEAN
Sample ID Sex Age Phenotype score
159952 M 25D VSD —2.011
159101 18 7Y PS —4.916
157881 F 7Y PS —2.432
158415 E 1Y1IM TOF —2.753
158927 M 4M CoA, VSD, MI —5.242
158379 18 7Y ASD —2.297
158341 F 1Y6M TOF —2.998
158557 M 2Y5M DORYV, PH —3.044
158480 3YSM SV, SA, TGA, PS —2.416
159300 7Y TOF —3.899
157977 F 5Y F3 —6.459
159001 F 3Y4M TECD, PH
159666 1Y6M DTGA —6.92
159621 F 1YIM ASD —2.469
159872 M 2Y4AM SV, TGA, PS —4.986
158909 M 1Y TOF —6.211
159230 3Y TOF
158681 18 6M AS —1.334
159012 1Y11M PDA —1.89
159901 F 5Y VSD, ASD, PDA,
PH
158415 F 1YIM TOF
158483 F 14Y TOF, LVHS
159608 E 5M F3 —1.104
158245 M 10M VSD —5.473
159771 M 3YSM PDA —3.044
157938 M 6Y DORV —2.872
159111 3Y VSD, PDA, PH
159948 F 3Y VSD, ASD

PROVEAN
prediction

Neutral

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Deleterious

Deleterious

Deleterious

Neutral

Deleterious

Deleterious

Neutral
Neutral

Neutral

Deleterious

Deleterious

Deleterious

PolyPhen-2
score

0.99

0.987

0.996

0.999

0.06

0.277
0.96

0.011
0.741

0.007
1

0.798

0.999

WILEY- 222
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PolyPhen-2
prediction

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

BENIGN

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING

BENIGN

PROBABLY
DAMAGING

BENIGN

PROBABLY
DAMAGING

BENIGN

PROBABLY
DAMAGING

PROBABLY
DAMAGING

PROBABLY
DAMAGING
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TABLE 2 (Continued)

Chromosome Amino acid gnomAD allele
Protein position substitution Reference Alternate counts Number of patients
MYH7 chr14:23897786 Y501D A © / 1
MYL2 chr12:111348909 1158T A G / 1
MYL2 chr12:111348946 V146M © T 10/280354 1

Notes: Reference: Human GRCh37/hg19. Refseq: NM_002471.4, NP_002462.2 for MYH6. Refseq: NM_000257.4, NP_000248.2 for MYH7. Refseq: NM_000432.4,

NP_000423.2 for MYL2. Refseq: NM_000258.3, NP_000249.1 for MYL3.

Abbreviations: AS, aortic stenosis; ASD, atrial septal defect; CAA, coronary artery anomalies; CoA, coarctation of the aorta; DORV, double outlet right ventricle;
DTGA, d-transposition of the great arteries; Ebstein, Ebstein anomaly; F3, trilogy of Fallot; ID, isolated dextrocardia; LVHS, left ventricular hypertrophy; MI,

mitral insufficiency; PDA, patent ductus arteriosus; PH, pulmonary arterial hypertension; PS, pulmonic stenosis; SA, single atrium; SV, single ventricle; TGA,
transposition of the great arteries; TECD, total endocardial cushion defect; TOF, tetralogy of Fallot; VSD, ventricular septal defect.

overnight at 4°C with one of the following primary anti-
bodies: GAPDH (Yeason, 30201ES60) and FLAG (Yeason,
30503ES80). The next day, the membrane was washed
with TBST three times and incubated with corresponding
anti-mouse (Proteintech, SA00001-1) secondary antibody
at a 1:10,000 dilution at room temperature for 1 h.

2.8 | Zebrafish microinjection and
microscopic observation

The zebrafish (AB strain and transgenic line [Cmlc2:
mCherry] in which cardiomyocytes are specifically la-
beled with red dye) were maintained in standard condi-
tions at 28.5°C. The antisense MO (5-AGCAGAGATT
ATTAGAGTCCACCTA-3") targeting the splice site was
designed and synthesized by Gene Tools (Philomath,
OR). The MO can cleanly skip myl2b-201 & myl2b-202
exon 3, comprising 76 bases, causing a frameshift in the
downstream sequence. This alteration brings a premature
termination codon in-frame and might trigger nonsense-
mediated decay of the transcript (Figure S1).

The plasmids used for the zebrafish experiments were
all extracted using an endotoxin-free process. The work-
ing concentration of MO was 0.9 nM, and 2.3 nl MO
solution was injected into each zebrafish embryo. In the
rescue experiments, plasmids at a working concentration
of 40ng/pl or 50ng/pl were coinjected into 1-cell-stage
zebrafish embryos. Embryos were observed and photo-
graphed using a Leica MZ95 microscope system at 3 days
postfertilization. The embryos were divided into three
categories according to the severity of morphology. The
zebrafish injections and phenotyping procedures were
conducted in a blind manner. The distribution of each
group was compared by 4 analysis in GraphPad Prism.

All animal procedures were approved by the Ethics
Committee of the School of Life Sciences, Fudan
University. All animals received humane care and that

study protocols comply with the Ethics Committee of the
School of Life Sciences's guidelines.

2.9 | Secondary structure prediction
of wild type, p. Ile158Thr and
p. Vall46Met MYL2

Secondary structure prediction was performed using
I-TASSER (http://zhanglab.ccmb.med.umich.edu/ITASS
ER/). The amino acid sequences of p. 1le158Thr and p.
Vall46Met were compared against template proteins se-
lected from a library of similar structures. The prediction
quality was proportional to the value of the C-score (Rock
et al., 1994; Roy et al., 2010). The predicted structures
were then modeled using the PyMOL (www.pymol.org)
molecular visualization system to allow the determination
of the C-a distances (A) between amino acid residues.

2.10 | Statistical analysis

GraphPad Prism was used for statistical analyses and
graph generation. All experiments were repeated at least
three times. The ¢-test, assuming a two-tailed distribution,
was used for comparisons between two groups. Data are
expressed as the mean + SD with dots to show the actual
data points. Significance is defined as #p>.05, *p<.05,
**p <.01, ¥*¥p <.001 and ****p <.0001.

3 | RESULTS

3.1 | Identification of cardiac myosin
variants in CHD cases

As previously described, a total of 412 sporadic CHD
patients and 213 matched controls were recruited from
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PROVEAN PROVEAN PolyPhen-2 PolyPhen-2
Sample ID  Sex Age Phenotype score prediction score prediction
160098 M 1Y VSD —8.772 Deleterious 1 PROBABLY
DAMAGING
159731 F 5M PDA, ASD, VSD —3.054 Deleterious 0.653 PROBABLY
DAMAGING
158927 M 4M CoA, VSD, MI —1.497 Neutral 0.413 BENIGN

2008 to 2013. Through targeted sequencing of the MYH®,
MYH7, MYL2 and MYL3 genes, we identified 42 rare
variants (<0.001% in the gnomAD database) in myosin
family genes, including MYH6, MYH7, MYL2 and MYL3
(Table 1). PROVEAN and PolyPhen-2 were used to pre-
dict whether the resulting amino acid substitutions
impacted the biological functions of the corresponding
proteins. The variant information, patient information
and functional prediction results are listed in supple-
ment material (Tables 2 and 3), and the patients were
divided based on whether they had synonymous or mis-
sense variants.

3.2 | Two case-specific missense MYL2
variants were identified

We focused on the pathogenic evaluation of two
missense variants in MYL2 (Table 4) because of the
pivotal regulatory role of this gene in myosin func-
tion, as mentioned above. The MYL2 p. Ile158Thr
(NC_000012.11: chr12:111348909A > G) variant
was absent from gnomAD (Karczewski et al., 2020),
and the MYL2 p. Vall46Met (NC_000012.11: chrl2:
111348946C > T) variant was rare, with a frequency
of 10/280345 in gnomAD. These variants have been
submitted to ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/). The accession numbers are VCV001202626
for MYL2 p. Ile158Thr and VCV000520474 for MYL2
p. Vall46Met.

The MYL2 p. Ile158Thr variant was identified in a
5-month-old female infant with patent ductus arteri-
osus, atrial septal defect and ventricular septal defect
(Table 1). 11e158Thr is located in the EF-hand 3 domain
of MYL2. This variant affected a highly conserved residue
(Figure 1A) and was predicted to be a pathogenic variant
by both SIFT and PolyPhen?2.

The p. Vall46Met variant was discovered in a
4-month-old male infant with coarctation of the aorta,
ventricular septal defect and mitral insufficiency (Table 1).
The valine at codon 146 was a highly conserved residue
between species (Figure 1A). Both SIFT and PolyPhen2
suggested that this variant was neutral. These two sub-
stitutions were absent in our control individuals. Sanger
sequencing confirmed the authenticity of the variants in
CHD cases (Figure 1B).

3.3 | MYL2 p. Ile158Thr significantly
influenced the expression pattern of
MYL2 protein

Then, I-TASSER was used to analyze the lowest-energy
secondary structure of wild-type (WT), p. Ile158Thr
and p. Vall46Met MYL2 (Figure 1C). As MYL2 Serl5
is a pivotal site for phosphorylation and regulates
MYL2 function, the site of MYL2 Ser15 is indicated in
the figure. Meanwhile, the distances between the WT
residues or mutant residues and S15 are shown. The p.
Ile158Thr variant increased the apparent distance be-
tween the 158th residue and Serl5 (27.5 A <30.0 A).
Also, the p. Vall46Met variant increased this distance
(40.4 A <431 A).

We examined whether MYL2 p. I1e158Thr and p.
Val146Met influence protein expression. We constructed
MYL2 WT and mutant plasmids and then transfected
them into HEK293T cells. The Western blot results
showed that the expression level of MYL2 p. Ile158Thr
was significantly upregulated (Figure 1D). This find-
ing indicates that the MYL2 p. Ile158Thr substitution
strongly influenced the expression of MYL2 protein
compared with WT. However, the MYL2 p. Vall46Met
substitution resulted in no notable change in protein ex-
pression levels.
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TABLE 4 Rare missense mutations within the MYL2 coding region detected in this CHD cohort

GnomAD allele counts

(frequency)

Nucleotide
changeb

Sample ID (Sex; Age) Phenotype

PloyPhen-2 prediction®

PROVEAN®

Varients®

Type

PDA, ASD, VSD
CoA, VSD, MI

Probably damaging 159731 (F;5 Month)

Deleterious

c473T>C
c.436G>A

p-Ile158Thr

Missense variant

158927 (M;4 Month)

Benign

Neutral

10/280354 (3.57e-05)

p-Vall46Met

Missense variant

Abbreviations: ASD, atrial septal defect; CoA, coarctation of the aorta; F, female; M, male; MI, mitral insufficiency; PDA, patent ductus arteriosus; VSD, ventricular septal defect.

“Reference sequence NP_000423.2.
"Reference sequence NM_000432.4,

MYL2_v001.

‘PROVEAN (http://provean.jcvi.org/index.php) Prediction cutoff = —2.5. Prediction outcome can be one of deleterious or neutral.

4PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). Prediction outcome can be one of probably damaging, possibly damaging, or benign.

Open Access,

3.4 | MYL2 p. Ile158Thr and p. Vall46Met
mutants could not rescue the zebrafish
developmental defects caused by myl2b-
MO knockdown

To investigate the effects and functions of MYL2 p.
Ile158Thr and p. Vall46Met variants in vivo, we used
morpholinos (MO) to knock down myl2b (the homologous
gene of human MYL?2) in zebrafish. Three days postferti-
lization, injected zebrafish embryos were divided in three
categories according to severity (Figure 2A). Statistical
analysis showed that injection with myl2b-MO led to
cardiac malformation in approximately 60% of embryos,
while the control group had only 15% abnormal embryos
(Figure 2B).

To investigate the role of the p. Ile158Thr and p.
Vall46Met variants in zebrafish embryonic development,
we injected plasmids carrying WT, p. 1le158Thr and p.
Vall46Met MYL2 as well as the empty vector (negative
control) into zebrafish embryos. WT MYL2 noticeably
reduced the aberrations caused by myl2b-MO, whereas p.
Ile158Thr and p. Vall46Met MYL2 demonstrated lower
rescue efficacy (Figure 2B and Table S3). This phenome-
non suggested that these variants, including p. 1le158Thr
or p. Vall46Met, compromised the function of MYL2 in
zebrafish embryonic cardiac development.

A transgenic zebrafish model (cmlc2: mCherry) was
used to further confirm the effect of the two variants on
the embryonic heart. Imaging results indicated that p.
Ile158Thr and p. Val146Met MYL2 led to structural disor-
ders in zebrafish hearts, while zebrafish with WT MYL2
had an intact heart structure with a distinct atrium and
ventricle (Figure 2C). After injecting myl2b-MO, the hearts
of embryonic zebrafish appeared abnormal, resembling a
line or a pipe. This abnormal heart could not beat natu-
rally; however, the phenotype could be reversed by MYL2
WT injection. In contrast, the injection of p. Ile158Thr and
p- Val146Met MYL2 into abnormal embryos failed to pro-
duce a natural cardiac structure with a distinct atrium or
ventricle. These results suggest that MYL2 acts as a vital
cardiac regulator during early cardiac formation in zebraf-
ish. This detailed evidence supports our previous conclu-
sions that MYL2 p. Ile158Thr and p. Vall46Met variants
are harmful to the heart.

4 | DISCUSSION

The present case—control study of 412 CHD patients and
213 matched controls was designed to investigate the asso-
ciations between dysfunctional myosin family genes and
the risk of CHD. To the best of our knowledge, this is the
first report of 42 potential risk variants in four members
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FIGURE 1 Schematic representation of missense MYL2 variants. (A) MYL2 protein with 166 amino acids showing three EF-hand
domains. The red stars indicate positions of MYL2 variants, and their evolutionary conservation across the species is shown below. (B) DNA
sequence chromatogram of wild-type and mutant variants. The sequences were confirmed by Sanger sequencing. The red squares mark the
positions of variants. WT, wild-type; MUT, mutant. (C) The secondary structure prediction of WT, p. Ile158Thr and p. Val146Met MYL2 was
performed using I-TASSER. (a). MYL2-WT structure, which emphasized the Ile158 site. The distance between the C-a of Serl5 and the C-o of
Ile158 is 27.5 A. (b) MYL2-I158T structure, which emphasized the Thr158 site. The distance between the C-a of Ser15 and the C-a of Thr158

is 30.0 A, which is longer than the relevant distance in MYL2-WT. (c). MYL2-WT structure, which emphasized the Var146 site. The distance
between the C-a of Ser15 and the C-a of Var146 is 40.4 A. (d). MYL2-V146 M structure, which emphasized the Met146 site. The distance
between the C-a of Ser15 and the C-a of Met146 is 43.1 A, which is shorter than the relevant distance in MYL2-WT. (D) Western blot analysis of
wild-type and mutant MYL?2 proteins in HEK293T cells. GAPDH was used as a loading control for the cell lysate. ns p>.05, *p <.05, **<.01.

FIGURE 2 MYL2 variant effects in zebrafish embryos. (A) Typical three-day postfertilization zebrafish morphology in three categories
according to severity. We clustered all injected zebrafish embryos into normal/mild deformity/severe deformity groups. The zebrafish were
mainly divided by heart abnormalities. “Normal” indicated no apparent malformation in either the heart or body. “Mild” and “severe”
indicated the degree of heart failure and malformation. (B) Myl2b-knockdown zebrafish embryos rescued by human WT, p. Ile158Thr, p.
Vall46Met MYL2 plasmids, respectively. Two different dosage sets were injected into zebrafish embryos. The WT-1, 1158T-1 and V146 M-1
groups were injected with 40ng/pl plasmids. The WT-2, 1158T-2 and V146 M-2 groups were injected with 50ng/pl plasmids. The Y-axis
represents the percentages of the three categories according to degrees in Figure 2A. The number above each bar is the total number of embryos
examined under each experimental condition. ns p>.05, *p <.05, **<.01, ***p <.001, ****p <.0001. (C) Transgenic zebrafish line Tg (Cmlc2:
mCherry) embryos in which cardiomyocytes are specifically labeled with red dye were injected with human MYL2, p. Ile158Thr, p. Vall46Met
plasmids to depict the effects of p. Ile158Thr and p. Vall46Met on zebrafish heart. The figure shows the five groups. (a). Wild-type zebrafish.
(b). The zebrafish injected with myl2b-MO. (c). The zebrafish injected with myl2b-MO and human MYL2-WT plasmids. (d). The zebrafish
injected with myl2b-MO and human MYL2 p. Ile158Thr plasmids. (e). The zebrafish injected with myl2b-MO and human MYL2 p. Vall46Met
plasmids. Two representative orientations of each experimental condition were presented, and each orientation consisted of a light field and a
fluorescence microscope. The blue arrows indicate the heart ventricle, and the green arrows indicate the heart atrium.
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FIGURE 3 Ten potential direct interactors of MYL2 detected
by the STRING database (https://string-db.org/)

of the myosin gene family in Han Chinese CHD patients.
Our findings provide a comprehensive perspective on the
roles of these genes in this population. The variants are
divided into two groups, and we believe both groups rep-
resent good resources for further studies. We should note
that the missense variants and the synonymous variants
may play an important role in regulating the expression of
corresponding genes. It is now recognized that some syn-
onymous variants can influence the splicing process. For
instance, a synonymous variant in MYL2 (p. Tyr152Tyr,
chr12:110911122 c.456C > A), which was found in three
patients in the cohort exhibiting similar CHD types, is
predicted to affect the splicing process (Type: alteration
of auxiliary sequence; Interpretation: significant altera-
tion of ESE/ESS motifs ratio) by Human Splicing Finder
(https://www.genomnis.com/access-hsf). The prediction
is insufficient to confirm the function of the synonymous
variant; thus, further research is still needed.

The MYL2 gene is associated with many heart dis-
eases. The relationship between MYL2 and hypertrophic
cardiomyopathy has been widely studied (Gil et al., 2020)
(Manivannan et al., 2020; Yin et al., 2019). However, few
studies have demonstrated the relationship between MYL2
and CHD. We believe that part of the reason for is that it
is quite challenging to elucidate the potential functions of
MYL2 in heart formation since most studies focus on the
structures of MYL2 in mature myocardium.

Ca** binding and phosphorylation play a key role in
regulating the thick filament protein myosin, ultimately
leading to cardiac muscle contraction (Irving et al., 1992).

MYL2 is a regulatory part of the myosin molecular com-
plex located in the lever arm region that helps stabilize the
a-helical neck region of the beta-myosin heavy chain. The
EF-hands in MYL2 control Ca** binding and phosphory-
lation, modulating cardiac muscle contraction speed and
force (Morano, 1999). Some previously reported MYL2
mutations that disrupt the Ca + binding site could perturb
MYL2 binding with Ca** and result in changes beyond
the sarcomere. For instance, the MYL2-R58Q pathogenic
variant localizes near the Ca** binding site and has been
associated previously with a clinically severe phenotype
(Varnava et al., 2001; Yin et al., 2019). In this study, we
found two missense variants in the same motif of MYL2,
referred to as EF-hand 3. Together with the zebrafish ex-
periment in which two MYL2 variants led to a structural
heart disorder, this finding led us to speculate that the two
variants have a negative effect on myosin function during
heart formation by a loss-of-function effect. Similar to
MYL2-R58Q, the variants in the MYL2 EF-hand may im-
pair the interaction with myosin heavy chain by reducing
Ca** transients. We also found that the MYL2 p. Ile158Thr
variant resulted in significantly higher MYL2 protein ex-
pression levels than WT MYL2. The upregulated expres-
sion of MYL2 may lead to the imbalance of myosin family
proteins during sarcomere formation.

To further explore the potential involvement of MYL2
in CHD, we examined its protein partners and its partic-
ipation in signaling pathways. By querying the STRING
database, we found that MYL2 interacts directly with 10
proteins (Figure 3). Four proteins (MYH6, MYH7, MYL3
and MYH14) in the myosin family interact with MYL2.
These proteins are the basic components of the myosin II
complex (GO:0016460) and participate in cardiac muscle
contraction (KEGG pathway: hsa04260). Rockl, Rock2
and MYLK are serine/threonine protein kinases. They
catalyze specific sites in MYL2 and regulate myosin-light-
chain-phosphatase activity (G0:0035507). NKX2-5 and
GATA4 are important transcriptional activators during
septum secundum development (GO:0003285). More in-
formation about the ten proteins can be found in Table 5.

According to the ACMG/AMP guidelines (Richards
etal., 2015), our results indicate that the MYL2 c.473T>C
(p. le158Thr) should be classified as a pathogenic vari-
ant (PS3, PS4, PM1, PM2, PP2) and MYL2 c.436G > A (p.
Vall46Met) should be classified as a likely pathogenic
variant (PS4, PM1, PP2).

Although our study revealed some rare myosin family
gene variants, it did not directly elucidate the relation-
ships between these genes and CHD. Further molecular
experiments are needed to demonstrate the functional
risk factors for CHD associated with these variants. For
example, one could edit the hESC and induce cardiac cells
to test the specific function of mutant MYL2. A mouse


https://www.genomnis.com/access-hsf
https://string-db.org/

13 of 21

—WILEY

Molecular Genetics & Genomic Medicine

ZHANG ET AL.

Open Access,

(sanunuo))
Aqrurey
UISOAIN “AJTurejradns ased [y UISOUL]-UISOAW SSB[O
DOVAVIL 2y} 03 s3u0[ag 9[oSnuI SBIPIeLd pUE [BIA[S
JO J1UN 9[1}OBIUOD [BJUIWEPUNJ Y} 9JNITISUOD
‘SJUQWIR[ UIY} UNOY I I913250) Yer]) SJUSWe[y
o1y} rejodiq 1e[ngax SWIO] “UOI}OBIIUOD S[OSNU I0F
[enIuasss AJIA1JOR 9Sed LV I S[NOS[OUI I0JOW Paseq

1L66°0  -UNOY oIk SUISOAIA {/-UISOAIN ‘//9 UTeyd AABIY UISOAIN

Aqrurey

UuISOAIN “Afrurejradns ased 1y UISOUL-UISOAW SSB[O

OVAVIL 9y} 03 s3uo[ag 9[oSnu dBIPILD PUE [RIA[S

JO J1UN [1)OBIIUOD [BJUIWEPUNJ Y} 9JNITISUOD

‘Syuswre[y uly) unoy yim Hoﬁowou ‘Jey) SjuSWe[L}

o1y} rejodiq Je[nga1 SWLIO,] “UOIIOBIIUOD J[OSNU 0]

[B1UASS? AJIATIOR 3SBJ LV UIIM SI[NIJ[OW 10JOW paseq

L66'0  -UNOY a1k SUISOKIN ¢/-UISOKIN ¢£/9 ureyd Aaeay UISOAN
Aqrurey
UISOAIN “AJturejradns ased [y UISOUL]-UISOAW SSB[O
DVAVIL 9y} 03 s3u0[ag 9[oSnuI SBIPIeLd PUE [BIA[YS
JO J1UN [1}OBIUOD [BJUIWEPUNJ Y} 9JNITISUOD
‘SJUSWIR[J UIY} UNOY I I913230) Jet]) Sjuswe[Ly
o1y} rejodiq 1e[ngal SWIO] “UOI}OBIIUOD S[OSNU I0F
[BUASS? AJTATIOR 9SBd LV YA SO[NIS[OUW 10JOW paseq

7€6'0  -UNOV 9k SUISOAIA Z-UISOAIN ‘//9 UTeyd AABSY UISOAN
Aqrurey
UISOAIN “ATTurey1adns 9sed [y UISOULY-UISOAW SSB[O
DVAVYL 91 0) S3U0[ag ‘o[oSnul JeIpIed pue [BIA[YS
JO JTUN N)OBIIUOD [RIUSWEPUNJ Y} 9)MITISUOD
‘SJuaIR[ UTY} UNOY 1M I9Y330] ‘Iey]) SJUSWe[y
yory) reodiq Ie[n3al SULIO “UONIBIIUOD J[ISNU J0]
[BNUASS? AJTATIOR S LV UIIM SI[NIS[OW 10JOW paseq

916°0  -UIOV 9k SUISOAIA L-UISOAIN ‘L/9 Ureyd AAedY UISOAN

9I00S uonejouue ZOpoN

Sururejuod urewIop
puey-J4d ‘WNIO[Ed puIq JOU S90( "UISOAU

Jo ureyo Y31 A103e[N3Y ‘€ ureyd JYSI| UISOAN
[] unov
0) paIINIoalI A2Aneradood Juraq sursoAw
parenuwnooe ur unnsal 91945 Ainp Suojoid
pUE SOTJAUTY UISOAW UMOP MOTs Jay3a50)e
SJU9AD 9SAY ], "9210J UOT}ORIIUOD JO AJIATIISUIS
WNIO[Ed PUE 9210J UOT)ORIJUOD WINUITKEUT UT
9SBAIOUT 91} JO 9ouaNbAsU0d © Sk ‘worIsngIp
peay ursoAw Junowold pue SSOUNS W
ISAQ] uIsoAw SUISeaIour A4q UOT}OBIIUOD
S[osnuI dBIpIEd puE sonauLny Surokd a3priq
-sso1d ur1 9o1 ® sAe[d ‘uoneAroydsoyd
Jumoro “(Arerrurs £9) uonounj pue
juowdo[oAap 31eay ul 9ol © sAeid jey)
urajo1d 9[119BIIUOD) ‘WLIOJOST S[OSNUI JBIPILD

/IRINOLITUAA ‘7 UTeYd JYSI[ A101e[N31 UISOAN

LOSL¥€00000dSNH  OTZ6LE00000dSNH LHAN

LOSL¥€00000dSNH  T¥88CC00000d SNH LHAIN

Aqrurey

UISOAIN “ATTrej1adns 9Sed [V UISQULY-UISOATT

SSB[O DVAVYL 2} 01 SSuofeg ‘UOnORIIUOD
S[OSNIAl ‘9-UISOAIA ‘£/9 UTRYD AABIY UISOAIN LHAN

LOSL¥E00000dSNH  T#098€00000d SNH

SOUA3 PIJLIOOSSE SSAUFLaT

‘Zurddes pue uonaI109s Sk Yons suonouny
paziferoads pue ‘odeys [[99 ‘SISOUI0IAD UL
9101 e Aerd 03 sreadde yey) ursoAur Ie[nyRD

‘P T-UISOAIN ‘#T/TT/0T/6 ureyo Aaeay UIsOKN  LOSL¥E00000dSNH  8620LF00000dSNH LHAN

uonejouue TOPON  UOISSIIIE ZOPON  UOISSIIIE TOPON TZOPON

ETAN

CIAN

9HAN

YTHAN
T9PON

(/310°qp-Sutns//:sdn) sseqerep DNTALS 2U3 £q Pa1odIdP TTAIN JO SI0J0LIANUL J02IIP [enudlod  § ATAV L


https://string-db.org/

ZHANG ET AL.

Open Access,

Molecular Genetics & Genomic Medicine

14 0f 21
4|_Wl LEY—

[] dooo ur ANV
Jo 107RANOR [BUONdLIOSURT) B SB S]OV “(AJLIe[IuuIs

[] unoy 03 paynioar AjpAneIadood Jureq SuIsoAw £q) suorda1 SuneAnoe SBIPIEd UIYIIM S90UaNbas
pare[nundoe ur 3unnsal 91945 Ainp duojoid pue VNA (TIJING) uawa[a asuodsal JING 03 Spulg
SOI}UDY UISOAW UMOP MO[S 1933038 SJUIAD 95, "uo1ssaxdxa ouag ogoads-orIpIEd Jo UOHONPUI
*9010J UOT}OBIIUOD JO AJATIISUSS WNIJ[BD PUL I0] pajerpaw-(JING) urjoid onousoydrouwr
UOT}OBIIUOD WNWIXEBW UT 9SBAIOUT 3} JO dduanbasuod QU0(q UT PIAJOAU] “UOISSAIAXd o3 [eI[RIOPUD
® Se {uoIsnJJIp peay ursoAw urjowrord pue sSUTIS PUE [RIPIBOOPUD S9IB[NSIUMOP J1 ATYM
WLIE I9AJ] UISOAW JuiseaIoul £q UOTIORIIUOD J[OSN ‘uorssardxe auag a1£00AworpIed sojowoid pue
ORIPIBD PUE SOIIAULY SUIOAD 93P1Iq-SSOIO UT 9[0T s1o0uBqUL-1adNSs OBIPIRD 0] SPUIq ) ‘SX AL, YIM
e skerd ‘uonelroydsoyd Suimoro, “(Arrefruis uone1adood uj ‘uonounj pue Juawrdo[oAdp
£q) uonounj pue Juawdo[aAIp }18Y UI J[0I © orIpIed Ul 9]01 £33 & sAe[d pue ,€-OVIVOV-,S
sAerd yey) urejoid 9[130BIFUOY ‘WIIOJOST S[OSNUI 20uanbas sNSULsU0d Y} 03 SpPUI] Jey) J0JeANIR

£96°0 JBIPIBD/IBINOLIIUSA ‘7 UTeyd JYS1] £1038[NS01 UTSOAIN reuondrosuel], -V IvO J030e] uondiosuel],  TH#882Z00000dSNA  8S+H€£00000dSNA TIAN
souadopnoasd

pue sexoqoawoy sse[oqns TN Juswdoraasp
uo91ds 10J paxmbai st 3] “(ALreqrwis Ag)

Aqiurey dZNIaD Jo 1ossardar [euondrosuern e se
UISOAIA “AJrurejradns 9sed Ly UISUL-UISOAW SSB[O s)oe pue 1Xdd £q pajonuod Ajeuondriosuer)
JVAVIL U} 0) s3uo[og $9[osnuI OBIPIL) PUE [BIS[SI[S s13] "1930woxd V4N JO Jnow YN 9109
JO JTUN J[T)OBIUOD [BJUSUWEPUNF ) )NITISUOD o 03 spurq “(Ayrequars £49) $V.ILVO
‘SJUDTUIE[TJ UIY) UNOY YIIM I9T)250) ‘Jey) Syusure]ry 3 uoneradood ur JNV JO 10JeAT)OR
o1y} rejodiq Te[n3aI SULIO,] "UOTOBIIUOD S[OSNUI I0F [euondrIosuen) e se s}0Vy ‘23eaul] [eIpIed0 T
[enuassa AJTAIIOR 9SBJLV UM SI[NI[OUT JI0JOUW Paseq 9Y) JO UOIIB)USIJJIP I0/PUE 0} JUSWITUITIOD
6CL°0  -UNJY oIk SUISOAIN ¢L-UISOAIN {£/9 UTeYd AARSY UISOAIN ut pajesrjduy (G z-x3[N ure3oid X0qOowoH  £L0SZHS00000dSNA  8SLLZE00000dSNA LHAN

[] reor3oto1sAyd

10J A18SS909U ST JBY[} UOTIOBIJUOD S[OSNUL
yioowss Kemire O1u0) 10J paInbay “ewyise 0}
JUBAJ[QI SANIATIOR I9YJ0 pue AJATI0RALIdAY
Kemare ‘A3ojoydiouwr pue A1nout [[99
‘(s1sopaderp 9140039 ‘AjIqeaurtad Je[nosea
‘stsojdode “3-9) osuodsar A1ojewrure[jul 9y}

Arurey UT PAAJOAU] "SUTRYD-1YSI] UISOAW pue 7Y Ad

UISOAN “AJTure}1adns 9sed [y UISQULY-UISOAW SSE[O /43 1d soreAroydsoyq AIIATIOR 9seury

DVAVIL 9U} 0} sSuo[og $9[osnUI OBIPILD PUE [BII[3[S -uou e YSnoIy) uonoeIdiul uIsoAw-unoy

JO JTUN JT)OBIUOD [BJUSWEPUNF ) ) NITISUOD sayerngar os[y (DTN sureyd 1yS1| ursoAw

‘SJUSTIE[Y UTY) UV YIIM I9T3250] ‘Jey) SyUsuIe]yy J0 uonejAroydsoyd era UOIOBIIUOD S[OSNUT

o1y} rejodiq Te[ndaI SULIO, "UOT}OBIIUOD S[OSNUI I0F yjoowrs ur pajedridwil aseury ureyd Jysiy

[enuassa AJTATIOR 9SEJ LV UIM SO[NO[OUT I0)JOUWT Paseq ursoAw juapuadop-urnpouIed/wniofe)
95°0  -UIDY o1 SUISOAA {L-UISOAIN ‘£/9 UTeyd Axay UISOAI ‘a[osnu YIoows ‘Oseuny| ureyd 3ySI[ WSO LOSLFE00000dSNH  TSPESE00000dSNE LHAN
3109§ uonejouue ZAPON uonejouUe TOPON  UOISSIIIE ZOPON  UOISSIIIE TOPON TZOPON

(panunuo))

YVLVD

S-ZX3IN

ATAN
T9PON

S HTIAV.L



15 of 21

(senunuo))
S [] unoy 03 paynioar AjpAneradoos Jureq sursoAuw
w paje[nuwndoe ur Sunnsal 91945 Ainp Suojoid pue
- SOI}UDY UISOAWI UMOP MO[S I9}50)[8 SJUSAD 95T,
M *9010] UOI}OBIIUOI JO AJIATIISUSS WINIO[BD PUL 3JI0F Arurey ursoAN
| UOI)OBIUO0I WNUWIIXRW UT dSBIIOUT 9) JO dd0uanbasuod ‘A[uregradns 9sed LV UISQULY-UISOAW SSB[D
A ® SB ‘UoISNIJIp peay ursoAw urjowrord pue SSOUIIS DVAVIL 9y} 0) s3uo[og $o[osnul OBIpIed pue
M A ULIe I9AJ] UIsoAwr SuIsearour £q UONOBIU0D S[OSnu [€39[93[S JO JTUN J[N}OLIIUOD [BJUSUTRPUNT )
m S JRIPIBD PUEB SOIIAULY SUIOAD 93P1Iq-SSOIO UT 9[0T NINSUOD ‘SIUSWE[IJ UIY) UNOY YIIM 1913230}
m e sAerd ‘uonejLroydsoyd Suimoro, ‘(Arrefruis Jet]) syuawe[y o1y} Jejodiq 1e[nga1 swIo]
9 Aq) uonounj pue Juawdo[oAdp 1189y UL 9]01 B "UOT}ORIIUOD S[OSNUI J0J [RIIUSS AJIATIOR
) sAerd ey} urejoid 9[130BIIUOY ‘UIIOJOST S[OSNUL 9SBJ.LV UIIM S9[NIS[OW JOJOUW PISeq-UNIY
i L66°0 OBIPIRD/IB[MOLIUSA ‘T UTRyD JYSI[ A103e[n3o1 UISOAN  dIe SUISOAIA ‘£-UISOAN ‘£/9 UIeyd Axeay UISOKIN  T#88CC00000dSNH  LOSL¥E00000dSNH TIAN LHAW
.m [] unoy 0y paynidaI Afeareradood Suteq sursoAuw
rmq pare[nunooe ur Sunnsal 9[040 Ainp Suojoid pue
5 SOIJUDY UISOAW UMOP MO[S 197}230)[ SJUIAD 95,
m *9010J UOT}ORIJUOD JO AJIATIISUSS WINII[RI PUE 3010]
k) UOT}OBIIUOD WNWIXEW UT 9SBAIIUT 3} JO dduanbasuod
= ® SB ‘uoIsnyIp peay ursoAw unjouwroxd pue SSOUTIS
ULIE TOAJ] UIsoAwr SuIsearour £q UOT)ORIUOD oSN
JBIPIED PUE SONAUTY SUIOAD 93PTIq-SSOID UT 9[0T
e sAerd ‘uonefroydsoyd Suimorjo, “(ALrefruis Arurey
£Ag) uonouny pue juawido[oAdp 318y Ul 9]0 © uIsSoAN “Arrurejradns 9sed Ly UISOUL]-UISOAUL
sAerd ey} urajo1d S[1IOBIIUOY ULIOJOSI S[OSNU SSB[O DVAVYL 9} 03 SSuofeg ‘U0noBIIUO0D
$86°0 ORIPIBD/IR[NOLIUA ‘T Ureyd JySI| A103e[n3ar ursoA S[OSTA ‘9-UISOAIA ‘£/9 ureyd Aaeay WISOAN  1#88TC00000dSNH  T+098£00000dSNH TIAN 9HAN
[] unoy 03 paynioar AjpAneIadoos Jureq sursoAw
paje[nwndoe ur 3unnsal 91945 Ainp Suojoid pue
SOI}OUDY UISOAWI UMOP MO[S 1923038 SJUSAD 95T,
"9010J UOT}OBIIUOD JO ATATIISUSS WINIJ[BD PUL dI0]
UOT}OBIIUOD WNWIXEBW UT 9SBAIOUT 3} JO 9duanbasuod
® Se ‘uoIsnygip peay uisoAw Sunowoid pue sSaUpns
ULIE J9AJ] UISOAw SUISeaIour £q UOT)ORI)UOD S[OSNUI
JRIPIBD PUEB SOIIQULY SUIOAD 93P1Iq-SSOID UT 9[01 SOUA3 PIJLIOOSSE SSAUFLI
e sAerd ‘uoneLroydsoyd Suimoro, ‘(Arrefruis ‘Surddes pue uona199s SB YONs suonoduny
Aq) uonjounj pue Juawdo[aAdp 11e9Y UI 9[01 B paziferoads pue ‘adeys 199 ‘SISOUI0IAD UT
skerd yeyy urejoid 9[30BIIUOY (ULIOJOST S[OSNU d1o1 & Aeyd 03 sreadde jey) ursoAw 1enye)
€96°0 OBIPIEI/TBNOLIUAA ‘T TRy 131 A107e[n3or uIsoky ‘YT-UISOAIN ‘+T/TT/01/6 UIRYo Aaeay WISOKIN  T#887Z00000dSNHE  86CT0L¥00000dSNH TIAN YIHAN
4 9109S uoneouue ZIPON uoneloOUUR [9PON  UOISSIIIB ZOPON  UOISSIII® TIPON Z9PON T9poN
&
2 (penunuo)d) S HIAVL
:




ZHANG ET AL.

Open Access,

Molecular Genetics & Genomic Medicine

16 of 21
4|_Wl LEY—

[] unoy 03 paynioar AjpAneradood Jureq suIsoAw
pare[nwndoe ur 3unnsal 91945 Ainp duojoid pue
SOT}UDY UISOAW UMOP MO[S 19}330)[8 SJUIAD 95T,
*9010J UOT}OBIIUOD JO AJATIISUSS WNIO[BD PUL I0]
UOT}OBIIUOD WNWIXEBW UT 9SBAIIUT 3} JO dduanbasuod
® Se ‘uoIsnygip peay ursoAw Sunowoid pue sSoUnIs
ULIe J9AJ] UIsoAw SuIseaIour £q UOT)OBIUOD S[OSn
JRIPIBD PUE SOIIAULY SUIOAD 93P1Iq-SSOID UT J[01

e sAerd ‘uonelroydsoyd Suimoro, “(ALrefruis

£q) uonouny pue Juawdo[aAIp }18Y UL J[0I ©

sAerd yey) urajoid S[IIORIIUOD WLIOJOSI S[OSNU

8160 JBIPIBD/IB[NOLIIURA ‘7 UTeyd 1y3I[ £1018[N3aI UISOAIN

[] unoy 03 paynioar Ajpaneradood Jureq sursoAw

parenuIndde ur unynsal 9[oAd Anp 3uojoid pue

SOIAUDY UISOAW UMOP MO[S I9}350)[8 SJUSAD 95T,

"90I0F UOT}OBIIUOD JO AJIATISUSS WNIJ[BD PUL dIOF

UOT}OBIIUOD WNTIIXEW UT 9SBAIOUT 3} JO 9duanbasuod

® Se ‘uorsnygip pesy ursoAw Sunowoid pue sSaUpns

ULTE JOAS] UISOAUW SUISBaIoUl £q UOIIORIIUOD J[OSN

OBIpIED PUE SONULY SUI[IAD 93PLIq-SSOIO UT 9[01

e sAerd ‘uonejfroydsoyd Suimoro, ‘(Arrefruis

Aq) uonounj pue Juawdo[aAdp 1189Y UI 9]01 B

skerd yery urejoid 9[30BIIUOY (ULIOJOST A[OSNU

6L60 ORIPIBY/IB[NOLIIUSA ‘7 UTRYDd JYSI] A103e[N3I UISOAIA
[] unoy 0y paynidaI Afeaneradood Sureq sursoAw
parenunooe ur Sunynsal 9[040 Anp Suojoid pue
SOTJOULY UISOAUI UMOP MO[S I9U31250)[. SJUIAD S L,
*9010J UOT}ORIIUOD JO AJIATISUSS WINII[RI PUE 3010]
UOT}OBIIUOD WNWIXBW UT 9SBAIOUT 3} JO dduanbasuod
® Se ‘uoIsngIp peay ursoAw Sunjouwroxd pue SSOUNIS
ULIE I9AJ] UIsoAw SuIseaIour £q UOTORIIUOD J[OSNUW
JBIPIED PUE SONAULY SUIOAD 93P1Iq-SSOID UT 9[0T
e sAerd ‘uonejfroydsoyd Suimorjo, "(Arrefrwis
Ag) uonjouny pue Juawdo[oAdp }189Y UT J[0I ©
sAerd e} urojo1d S[IIOBIIUOY ULIOJOSI A[OSNU

€660 JBIPILD/IBINOLIIUSA ‘7 UTeYd 1YSI] A1038[NS01 UISOAIN

9100S uonejouue ZOpPoN

souagopnasd

pue soxoqoawoy sse[oqns TN Juourdojosap

ud9[ds 103 paxmbai st 31 “(KArrerruars Ag)

dZNIIAD jo 1ossaidai reuondiiosuen) e se

sjoe pue 1Xdd £q pafjonuod Ajjeuondriosuen)

s13] “1jowold VddN JO Jow YN 9109

a1 03 spulg “(Lureqiuis £9) yVIVO

ym uoneradood ur INV Jo 10JBATIOR

[euondriosuen) € se sjoy "9geau]] [eIpIed0AU

9} JO UOIIET)USIJIP I0/PUE 0} JUSWITUITIOD
ut payeor[du] (g z-X3IN urejoid X0qoswoH  T+887Z00000dSNH

8SLLTE00000dSNH CTIAN

[] reor3oto1sAyd
10J A1BSS909U ST JBY[} UOI}ORIJUOD S[OSNUIL
yjoouwrs AeMITE JTU0) 10] PAIMbayY “BUIyISE 0)
JUBAS[I SNIANIOR T33O0 pue AJIAnoeaLIddAy
Kemaire ‘A3ojoydiowr pue A1nowt [[99
‘(s1sapaderp 9140039 ‘Afiqesuniad re[nosea
‘stisojdode “39) osuodsar A1ojeUUITIRIIUL 9}
Ul PIAJOAU] "SUTRYD-1YSI] UISOAW pue 7 Ad
/4Z3Ld sere[Aioydsoyq "A)IATIOR 9seULy
-uou © Y3noIy) UoT)orIdUI UISOAW-UNIY
s91e[n3a1 osTy “(DTIN) Sureyod 3ySI ursoAur
Jo uonejAioydsoyd e1a uonoBIIUOD S[OSNU
yjoours Ul pajedrjduwir aseury ureyd Jysiy
ursoAw juapuadap-uInpouIed/wniofe)
£9[oSNUI JOOWS ‘@SeUy Ureyd JYySI UIsoAIN  T#882200000dSNH

¢SrESE00000dSNH CIAN

Sururejuod urewrop
puey-J4d ‘WNIO[ed Pulq JOU S0 "UISOAUT

3o ureyd 1S K101e[nSaY ‘¢ ureyo 1ySi WISOK  T488TZO0000dSNA  0TT6LE00000ISNE TIAN

uonejouUe TOPON  UOISSIIIE ZOPON  UOISSIIIE TOPON TZOPON

(panunuo))

S-CXPIN

ATAN

€TAN
T9PON

S HTIAV.L



17 of 21

—WILEY

Molecular Genetics & Genomic Medicine

ZHANG ET AL.

Open Access,

(senunuo))

€96°0

696°0

9100S

[] unoy 03 paymnIdaI AJaareradood Suraq sursoAu

pare[nunooe ur Sunynsal 904> Anp Suojoid pue

SOIAUDY UISOAW UMOP MO[S I9}350)[8 SJUSAD 39S,

"9010F UOT}OBIFUOD JO ATATISUSS WNIJ[ED PUL DIO]

UOT}OBIIUOD WNTWIIXEBW UT 9SBAIIUT 3} JO 90uanbasuod

® SB ‘UOISNIIp peay ursoAw unjowrord pue SSOUTIS

ULIE JOAJ] UISOAW SUISBaIOUT AQ UOIIOBIIUOD S[OSNUI

JRIpIED PUE SONULY SUI[IAD 93P1Iq-SSOIO UT 9]01

e sAerd ‘uonjejAroydsoyd Suimorio, “(Arreqruiis

£g) uonouny pue juawido[oAdp 3183y Ul 9]0 ©

sAerd ey} urajoxd S[1IOBIIUOY <ULIOJOSI S[OSNU
OBIPIBD/IB[NOLIIUSA ‘7 UTRD 1YSI] A1078[NS01 UISOAIN

[] unoy 03 pa3nioa Apanieradood Sureq sursoAu

parenunode ur Sunynsal 9[040 Ainp Suojoid pue

SOIJOUDY UISOAW UMOP MO[S 1923038 SJUIAD 95 ],

*9010J UOT}OBIIUOD JO ATATISUSS WINIJ[BD PUL 9I0]

UOT}OBIIUOD WNTWIXEBW UT 9SBAIOUT 3} JO 9duanbasuod

® SB {UOISNIJIp peay uisoAw surjowroid pue sSaupIIs

ULIE I9AQ] UISOAW SUISBAIOUT £Q UOT)ORI)UOD S[OSNUI

JRIPIBD PUE SOIAULY SUIOAD 93P1Iq-SSOIO UT 9[0T

& sAerd ‘uonelroydsoyd Suimoro, ‘(Arrefrurs

£q) uorouny pue Juawdo[oASp }18Y UT J[0I B

sAerd ey urajo1d S[IIOBIIUOY WLIOJOSI S[OSNU
JBIPIBD/IB[NOLIIURA ‘7 UTeyd JY3I[ A1038[N3aI UISOAIN

uorjejouue gopoN

[*] dns ® se sjoy "ssa13s paonpul

-gAN uodn ¢4If 03 N[ JO JUSUWIINIOAT )
sarerndar pue ¢JIr seyeAroydsoyq ‘Suiqqoiq
sueiquiow ewise[d orjoydode-uou juspuadap
-OYS 21owoid 03 1 Y A[[eOTISISISUAS sjoe
pue TAOHA sdre[lroydsoyd "veTy1ddd
pue INdd ‘TOTIN/6TAN ‘TINIT ‘TINI'T
‘AVAD ‘€31dVd Jo uonejAioydsoyd eia
AImowr pue UoISaype [[90 ‘UOTI0RIAI
9)1INAU ‘UOTIBULIO} UOISIYPE [820] pUE I3qI
SS9I3S “UON}BZIUEBIIO UOII[IS0ILD UNOY
‘UONOBIIUOD S[OSNW Jjoows Jo uone[nsax

ul paajoAu] “Ajrrefod [[90 pue U0I[SOIAD
UV Jo 103e[n3a1 £33 © SI YOIYMm SeUry

urd)oi{ ‘T oseury urejoid pajeroosse-oqy  1+882200000dSNH

Sururejuod

urewop yeadal ULIANUY ‘A1ANOe VIAIH JO
uorssaxddns yuspuadop-NVIAIH Suniqryur
Jo a1qede) "13'1d jo uonejAroydsoydop

ur paajoAul ‘xa[duwod D1ddd 2y) Jo 3red

SV "uIsoAur 0} 3urpuiq sajeIpayl (D Tddd)
D1 asereydsoyd urejoad jo 10je[n3or Aoy

‘vz ungns A1ojengdar 1 osejeydsoyd urojold  1+882200000dSNH

uorjejouue J9poN UOISS3JIE ZIPON

L6978¢00000dSNH

89168¢00000dSNH CIAIN  VCIYd1ddd

UOISS3IIIe TIPON

(ponuniuo)) ¢S AIIVL



ZHANG ET AL.

Open Access,

Molecular Genetics & Genomic Medicine

18 of 21
4|—Wl LEY—

Sururejuod urewop puey-,Jg ‘WNIO[Ed Pulq JOU S0

L66°0  "uIsoAw jo ureyd 1y3i[ A103en3ay ‘¢ ureyo 1ySI UISoAN

Sururejuod urewop puey-,Jg ‘WNIO[Ed pulq JOU S0

66'0  “uIsoAu jo ureyd 3yS3iy A103e[n3ay ‘¢ ureyo 3ySI| UISoAN

Sururejuod urewop puey-J4 ‘WNIO[Ed PuIq Jou SA0(J

8v6°0  "uIsoAw jo ureyd 1y3I[ A103e[n3Y ‘¢ ureyod 1ySI UISOAN

[] unoy 03 pa3InioaI Aeaneradood Sureq sursoAu
paje[nunooe ur Sunynsal 9[040 Ainp Suojoid pue
SOIJUDY UISOAW UMOP MO[S I191}2303[ SJUIAD dSAY],
*9010J UOI}ORIIUOD JO AJIATISUSS WINII[BI PUE 9010]
UOT}OBIIUOD WNWIXBW UT 9SBAIIUT 31} JO 9duanbasuod
® Se ‘uoIsnyip pesy uisoAw gurjowoid pue ssoupns
UWLIE JOAJ] UISOAW SUISBaIOUl AQ UONORIIUOD [0S
JBIPIED PUE SONAULY SUIOAD 93P1Iq-SSOID UT 9[0T

& sAerd ‘uonelroydsoyd Suimoro, ‘(Arrefrurs

Ag) uonjouny pue Juawdo[oAdp }189Y UT 9[0I B

sAerd je) urajo1d S[IIOBIIUOY ULIOJOSI S[OSNU

8L6°0 JBIPILD/IB[NOLIUAA ‘7 UTeyd JyS1| A103e[n3o1 UISOAN

9100S

uonejouue ZOpPoN

Aqrurej ursoAN
‘A[ruregradns 9sed LV UISQUIY-UISOAW SSB[D
DVAVIL 9y} 0} s§uofog (o[osnur 9eIpIed pue
TBISTS[S JO JTUN J[I}OBIFUOD [BIUSWEPUNJ 3}
9)NJNISUOD ‘SJUSWE[TJ UIY) UNOY YIIM 1973250}
“yey) syuowre[y Yoy} rejodiq rernSor swiiog
"UOT}OBIIUOD A[OSNUI JOJ [BIIUSS AJIATIOR
9SBJ.LV UIIM SI[NIS[OW I0JOUW PIseq-Undy
are SUISOAIA :£-UISOKN /9 ureyd Aaeay UISOKN  0TZ6L£00000dSNA
Aqrurey
UuISOAN “Afrurejradns 9sed Ly UISOUL]-UISOAUL
SSe[0 DVAVIL 24} 0} S3U0[og {UOnORIU0d
S[OSNIN *9-UISOKIN :£/9 UTeyd Axeay UISOAN  0TZ64E00000dSNH
SOUA3 PajeIoosse ssauyea
‘Zurddes pue uona109s Sk Yons suonouny
paziferdads pue ‘adeys [[99 ‘SISOUI0IAD UL
g1o01 & Aerd 03 sreadde jey) ursoAw re[niR)
pT-uISOAIN ‘#T/T1/0T/6 ureyd Aaedy UIsOAN  0TZ6LE00000dSNHA

[] v3I9Sad
/31S9064 Jo pue eIIVIN/+rd-TIdVIN
/2td Jo uoneanoe ay) saje[nga1 APANISO
"UONBANIE [[3J [BI[Iopua druagoidue
paonpul-IHHFA Jo I03e[n3a1 sAne3au € se
S10V “#1d1 PUe TTYOS saejhioydsoyq
INIA PUB VZTI1ddd ‘XA¥ ‘TINAN ‘TOTIN
/6TAIN ‘NS ‘00€£dd ‘TISAdA “YZA
‘INND ‘TVD¥d ‘1day jo uonekioydsoyd
BIA (I[IIOW PUE UOISAYPE [[90 ‘UOTIORIIDI
9)LINJU ‘UOI}BWLIO] UOISAYPE [BI0J PUL IqL)
S$S9I3S ‘UOTIBZIUBIIO UOID[AS0ILD UNOY
‘UONOBIIUOD S[OSNW JJOOWs Jo uone[ngax
ul paAjoAu] “Ajrrefod [[99 pue U0I[YSOIAD
UnoV Jo 103e[n3ax £33 © SI YOIYyMm SBULY
U10)01d ‘g 9seury urejoid pajeroosse-oyy

LOSLY€00000dSNH €TAN

T¥098€00000d SNH ETAN

86C0L100000dSNH ETAN

T¥88CC00000dSNH  S86LT1€00000d SNH CTAN

uorjejouue T9PON UOISSIAIIE ZIPON UOISSIIIE TIPON COPON

(ponunuo))

LHANN

9HAN

YTHAIN

100d
T9PON

S HTAV.L



ZHANG ET AL.

TABLE 5 (Continued)

Node2 annotation Score

Node2 accession Nodel annotation

Nodel accession

Node2

Nodel

0.993

Myosin light chain 3; Regulatory light chain of myosin.

ENSP00000379210 Myosin regulatory light chain 2, ventricular/

ENSP00000228841

MYL3

MYL2

Does not bind calcium; EF-hand domain containing

cardiac muscle isoform; Contractile protein
that plays a role in heart development
and function (By similarity). Following

phosphorylation, plays a role in cross-

bridge cycling kinetics and cardiac muscle
contraction by increasing myosin lever

arm stiffness and promoting myosin head
diffusion; as a consequence of the increase

in maximum contraction force and calcium

sensitivity of contraction force. These events
altogether slow down myosin kinetics and

prolong duty cycle resulting in accumulated
myosins being cooperatively recruited to

Actin [...]
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experiment is needed to determine whether the novel
mutations cause CHD and to investigate the underlying
mechanisms.

5 | CONCLUSIONS

In summary, we identified 42 rare variants in Han
Chinese CHD patients that could be explored for patho-
genicity in the future. MYL2 p.Ile158Thr were validated
to affect protein expression in HEK293T. In zebrafish, the
injection of MYL2 p. Ile158Thr and p. Val146Met into em-
bryos failed to rescue abnormal phenotypes produced by
myl2b-MO. Our findings suggest that MYL2 p.Ile158Thr
and p.Vall46Met contribute to the etiology of CHD. The
results also indicate the importance of MYL2 in heart
formation.
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