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A B S T R A C T

Background: The correlations between genotype and phenotype in hypertrophic cardiomyopathy (HCM)
have not been established. Mutation of a-actin gene (ACTC1) is a rare cause of HCM. This study aimed to
explore novel genotype–phenotype correlations in HCM patients with the variants in ACTC1 andmyosin-
binding protein (MYBPC3) genes in three unrelated Chinese families.
Methods: Clinical, electrocardiographic, and echocardiographic examinations were performed in three
Han pedigrees. Exon and boarding intron analysis of 96 cardio-disease-related genes was performed
using second-generation sequencing on three probands. The candidate variants were validated in
14 available family members and 300 unrelated healthy controls by bi-directional Sanger sequencing.
The pathogenicity and conservation were calculated using MutationTaster, PolyPhen-2, SIFT, and Clustal
X. Pathogenicity classification of the variants was based on American College of Medical Genetics and
Genomics (ACMG) guidelines.
Results: Nine members fulfilled diagnostic criteria for HCM with clinical characteristics, electrocar-
diographic, and echocardiographic findings. Two candidate variants in ACTC1 p.Asp26Asn (ACTC1-D26N)
and MYBPC3 p.Arg215Cys (MYBPC3-R215C) were identified in patients. Only ACTC1-D26N strongly co-
segregated with the HCM phenotype. Seven patients who harbored variant ACTC-D26N only were
diagnosedwith non-obstructive HCM, and four of these patients exhibited a triphasic left ventricular (LV)
filling pattern. Two patients carrying both ACTC1-D26N andMYBPC3-R215C variants showed a higher LV
outflow tract pressure gradient. Bioinformatics analysis revealed that the two variants were deleterious
and highly conserved across species. According to ACMG guidelines, ACTC1-D26N is classified as a likely
pathogenic mutation. The second variation MYBPC3-R215C may function as a genetic modifier, which
remains uncertain here.
Conclusions: Novel p.(Asp26Asn) mutation of ACTC1 was associated with HCM phenotype, and the
penetrance is extremely high (�81.8%) in adults. The second variation,MYBPC3-R215C may function as a
genetic modifier, which remains uncertain here.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a common inherited
cardiac disease with an estimated prevalence of 1 in 200 [1]. It is
the main cause of sudden death (SD) in young people and athletes
(�1% per year) [2]. To date, more than 1500 variations in genes
encoding cardiac sarcomere proteins have been identified in HCM
patients [3]. Most genotyped of HCM patients have revealed
reserved.
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Fig. 1. Structure of the ACTC1 indicating the positions of the variants. Previously
reported in the literature (black) and our data (orange). ASD, atrial septal defect;
DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LVNC, left
ventricular noncompaction cardiomyopathy; RCM, restrictive cardiomyopathy.
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defects in thick-filament genes. However, for a small proportion of
HCM patients, the disease is caused by mutations in thin-filament
genes [4,5]. For such patients, there is limited understanding of
clinical presentation and outcomes.

The cardiaca actin gene (ACTC1) is themain component of thin-
filament genes in mature cardiac myocytes and is completely
conserved across species from avians to mammals. It is critical for
normal cardiac morphogenesis and muscle contraction [6]. Muta-
tions in ACTC1 have been phenotypically related to various cardiac
anomalies including dilated cardiomyopathy (DCM), restrictive
cardiomyopathy (RCM), left ventricular non-compaction (LVNC),
HCM, and congenital heart disease (CHD) [7–9]. Fig. 1 shows all
26 mutations in the ACTC1 gene reported in the literature [8–
18]. Mutations in ACTC1 appear to be a rare cause of HCM (<1%) [5],
and only 15 mutations linked to HCM have been reported to date.

It is well-established that �1.7% of HCM patients harbor 32
variants in sarcomere protein genes. Compared to patients with a
single mutation, these patients seem to have a more severe HCM
phenotype [19]. Up to 30% of mutations in HCM were detected in
the myosin-binding protein C (MYBPC3) gene, which encodes the
thick-filament protein. Mutations inMYBPC3 seem to be associated
with late-onset hypertrophy and a favorable clinical course
[20]. The clinical presentation of HCM is highly heterogeneous,
including disease severity, age of onset, and disease progression. It
is difficult to predict disease severity because of variable
penetrance and insufficient genotype–phenotype correlation [21].

Therefore, we conducted this study to analyze the correlations
between variants of ACTC1-D26N and MYBPC3-R215C and their
correlations with HCM phenotypes in three Chinese families.

Materials and methods

Subjects and clinical evaluation

This study was conducted in accordance with the principles of
the Declaration of Helsinki and approved by the ethics committee
of Xijing Hospital, Fourth Military Medical University, PRC. This
study includes 14 members (five males and nine females) from
three unrelated Chinese Han families, with clinical data of medical
history, 12-lead electrocardiograms (ECG), and echocardiograms
(UCG).

Diagnostic criteria for HCM and UCG examination

According to the 2014 European Society of Cardiology Guide-
lines on Diagnosis and Management of Hypertrophic Cardiomy-
opathy [22], HCM in adults is recognized by a maximal left
ventricular wall thickness (MLVWT) 315 mm in one or more LV
myocardial segments or 313 mm in first-degree relatives of the
patients that is not explained solely by loading conditions. For
children, a diagnosis of HCM requires awall thickness32 SD above
the predicted mean (z score 3 2) for age, sex, or body size.

UCG was carried out using the Philips iE33 ultrasound system
(Philips Medical Systems, Bothell, WA, USA) with a multi-
frequency matrix probe. Patients were placed in the left lateral
decubitus position, and ECG was recorded simultaneously.
MLVWT, LV ejection fraction, left atrial (LA) diameter, and LV
outflow tract pressure gradient (LVOT-PG) were estimated in
accordance with the guidelines of the American Society of
Echocardiography [23]. LV filling patterns were assessed by
pulsed-wave Doppler at the mitral tip level and tissue Doppler
at the lateral mitral annulus velocity. A triphasic LV filling pattern
was considered present when a velocity peak of at least 0.2 m/s (L-
wave) was observed during diastasis independent of overall LV
filling pattern [24,25].

Genetic analysis and bioinformatics prediction

GenomicDNAwas isolated from4mLof peripheral bloodusing a
DNA Maxi Kit (D2492, Omega Bio-Tek, Inc., Norcross, GA, USA)
following the standard protocols. The target panel included
96 cardio-disease-related genes; the gene list is shown in
Table 1. The enriched librarieswere sequencedusing anSolexaHiSeq
2000 sequencer (Illumina, San Diego, CA, USA) by targeted exome
capture. Low-quality reads and adaptor sequenceswere filtered out.
A high-quality sequencing depth (380.29) was mapped for targeted
regions, which accounted for approximately �99.7% on 96 genes.
After annotation of the identified single nucleotide polymorphisms
and InDels (insertions or deletions), the candidate variants were
validated in available family members and 300 unrelated healthy
controls by bi-directional Sanger sequencing.

The pathogenicity of candidate variants was calculated using
Sorting Intolerant From Tolerant (SIFT, http://sift.jcvi.org), Poly-
morphism Phenotyping v2 (PolyPhen-2, http://genetics.bwh.
harvard.edu/pph2/), and MutationTaster (http://www.
mutationtaster.org). The conservation of candidate variants was
evaluated using Cluster X (http://www.clustal.org/clustal2/) in
multiple species (including Homo sapiens, Pan paniscus, Sus scrofa,
Bos taurus, Rattus norvegicus, Mus musculus, Papio anubis, Lonchura
striata domestica, Xenopus laevis, and Danio rerio).

Prediction of the structure of the protein encoded by the ACTC1-D26N
mutation

The three-dimensional (3D) structure of the protein encoded by
ACTC1-D26N was analyzed using the Rigor Actin-Tropomyosin-
Myosin complex (ATM) (PDB accession codes 4[1_TD$DIFF]A7F, https://www.
rcsb.org/structure/4A7F) and the SWISS-MODEL (http://
swissmodel.expasy.org/) [26]. Residues for interaction between
myosin and specific actin were further analyzed. Images were
prepared using the PyMOL molecular graphics system (PyMOL,
https://pymol.org/2/).

Pathogenicity classification

The candidate variants were evaluated by the variant-classifi-
cation guidelines of the American College of Medical Genetics and
Genomics (ACMG) guidelines [27]. First, we searched for informa-
tion in population databases [Exome Aggregation Consortium,
Exome Variant Server (EVS)], disease databases (ClinVar, OMIM,
Human Gene Mutation Database), and the scientific literature for
assessment of the clinical significance. Second, computational
predictions for ACTC1-D26N were calculated by SIFT, PolyPhen-2,
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Table 1
The list of 96 cardiac-related genes screened in this study.

AARS2, ABCC1, ABCC9, ACTC1, ACTN2, AKAP9, ANK2, ANKRD1, BAG3, BRAF, CACNA1C,
CACNB2, CASQ2, CAV3, CBL, CRYAB, CSRP3, DES, DMD, DSC2,DSG2, DSG3, DSP, DTNA,
EMD, EYA4, FHL2, FHOD3, FKTN, GATAD1, GLA, GPD1L, HCN4, ILK, JPH2, JUP, KCNE1,
KCNE2,KCNE3, KCNH2, KCNJ2, KCNJ5,KCNQ1, KRAS, LAMP2, LDB3, LMNA, MARCKSL1,
MYBPC3, MYH6, MYH7, MYL2, MYL3, MYLK2, MYOZ2, MYPN, NEXN, NRAS, OBSCN,
PDLIM3, PKP2, PLB1,PLN, PRKAG2, PSEN1, PSEN2, PTPN11, RAF1, RBM20, RYR2, SCN1B,
SCN3B, SCN4B, SCN5A, SCO2, SGCD, SHOC2, SLC25A4, SNTA1, SOS1, TAZ, TCAP,TGFB3,
TMEM43, TMEM70, TMPO, TNNC1, TNNC2, TNNI3, TNNT2, TNNT3, TPM1, TRPC6, TTN,
TTR, VCL

Table 3
Results of mutation prediction algorithms for two candidate variants detected in
this study.

Algorithm PolyPhen-2 Mutation Taster SIFT

Variant ACTC1
-D26N

MYBPC3
-R215C

ACTC1
-D26N

MYBPC3
-R215C

ACTC1
-D26N

MYBPC3
-R215C

Score 0.88 0.983 23 180 0.01 0.02
Prediction Possibly damaging Disease causing Affect protein

function
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MutationTaster and Cluster X (Cluster X, http://www.clustal.org/
clustal2/). Third, familial segregation analysis was performed,
wherever possible, using a recently described method for
consideration of co-segregation of a variant and a disease in the
classification of variant pathogenicity [28].

Results

Clinical and phenotypic characteristics

A total of 14 family members (five males and nine females),
including the proband of each family, were clinically examined.
Fig. 2 shows the pedigrees of families (Family F1, F2, and F3). Nine
membersmet the echocardiogram diagnostic criteria for HCM. The
results of the clinical characteristics and genetic testing of the
pedigrees are summarized in Table 2.

The symptomatic presentation of the patients was diverse. Two
patients (F1-I1 and F3-II2) complained of syncope, fatigue, and
angina. Four patients (F1-II1, F2-II3, F3-III1, and F3-III2) experi-
enced chest tightness, palpitation, and dyspnea on exertion. Three
patients (F2-I1, F3-II5, and F3-II7) had no relevant clinical
symptoms after physical activity. A maternal aunt of F2-II3 died
suddenly at age 46 years. F3-II2 had a pacemaker implanted due to
sick sinus syndrome when she was 64 years. F3-III1 had received
surgery for patent ductus arteriosus.

The ECG results revealed repolarization abnormalities includ-
ing ST segment depression or elevation, T wave flatness or
inversion, or left ventricular hypertrophy with strain. Three
patients (F3-II2, F3-II5, and F3-II7) had experienced atrial
fibrillation. The UCG results showed increased LV wall thickness
with MLVWT ranging from 15 to 29 mm and involvement of the
Table 2
The results of the clinical characteristics and genetic testing of the pedigrees.

Case Sex/Dx (y) Years Genotype Phenotype ECG param

Heart rate ST-T c

F1-I 1 F/40 45 A HCM 54 Y
F1-I 2 M/– 46 – Normal 73 N
F1-II 1 M/17 19 A HCM 49 Y
F2-I 1 F/64 64 A, B HCM 89 Y
F2-II 1 M/– 39 B Normal 69 N
F2-II 3 M/32 37 A, B HCM 67 Y
F3-II 2 F/19 63 A HCM 52 Y
F3-II 3 F/– 58 – Normal 73 N
F3-II 5 F/18 53 A HCM AF Y
F3-II 7 F/40 47 A HCM AF Y
F3-III 1 F/33 37 A HCM 61 Y
F3-III 2 F/33 33 A HCM 55 Y
F3-III 5 F/– 10 A Normal 87 N
F3-III 6 M/– 8 A Normal 84 N

Dx (y), age at diagnosis the age of onset of HCM was defined as the first diagnosis ac
MYBPC3-R215C.
ECG, electrocardiogram; ST-T change, ST-segment depression or elevation, T wave flatn
ventricular wall thickness; LVOT-PG (mmHg), LV outflow tract pressure gradient; LA(
velocity peak of at least 0.2m/s; HCM, hypertrophic cardiomyopathy; N/A, not applic
interventricular septum (the basal anterior interventricular
septum or the midventricular anterior interventricular septum).
Eight patients were diagnosed with non-obstructive hypertrophic
cardiomyopathy (non-obstructive HCM). Only F2-I1was diagnosed
with obstructive hypertrophic cardiomyopathy (LVOT-PG:
33 mmHg). Except for F2-II3, all patients showed LA enlargement
(41–88 mm). All patients had diastolic abnormalities, and four
patients (F1-I1, F1-II1, F3-III1, and F3-III2) exhibited a triphasic LV
filling pattern with heart rates in the range of 49–61 beats per
minute (bpm). Patients F3-III4 had been diagnosed with HCM at
20 years and presented with a normal ECG at other hospitals. Five
members (F1-I2, F2-II1, F3-II3, F3-III5, and F3-III6) had a normal
phenotype.

Genetic analysis and bioinformatics prediction

Two variants of ACTC1-D26N (c.76G>A, Asp26Asn) and
MYBPC3-R215C (c.643C>T, Arg215Cys) were detected in the
families (Sanger sequencing analysis shown in Fig. 3A). F1-I2
and F3-II3 harbored neither of the two variants. Except for F2-II1,
all othermembers harbored variants of ACTC1-D26N: F2-I1 and F2-
II3 carried two variants of ACTC1-D26N and MYBPC3-R215C,
whereas F2-II1 harbored only a variant of MYBPC3-R215C.

The two variants were absent in the 300 healthy controls. They
are reported as variants of uncertain significance in ClinVar, a
public archive of reports of clinical significance of variants (https://
www.ncbi.nlm.nih.gov/clinvar/). There is only one study reporting
MYBPC3-R215C in a HCM patient in the Chinese population
[11]. There are no detailed clinical descriptions of patients
harboring variants ACTC1-D26N or MYBPC3-R215C.

ACTC1-D26N (c.76G>A, Asp26Asn) represented c.76G>Awithin
exon 2 of ACTC1, resulting in a negatively charged aspartate residue
eter Echocardiography parameter

hange LVH MLVWT (mm) LVOT-PG (mmHg) LA (mm) L wave

N 22 3 48 Y
N 10 5 32 N
Y 19 5 41 Y
Y 26 33 41 N
N 10 3 24 N
N 19 12 36 N
N 15 5 44 N
N 12 8 40 N
Y 22 15 56 N
N 24 2 88 N
N 16.8 3 44 Y
Y 29 2 44 Y
N 8.3 4 26 N
N 9.8 3 29 N

cording to hospital records; years, age at clinical evaluation; A, ACTC1-D26N; B,

ess or inversion; LVH, left ventricular high voltage; MLVWT (mm), maximum left
mm), left atrial diameter; L wave, prominent mid-diastolic flow velocity when a
able; AF, atrial fibrillation.

http://www.clustal.org/clustal2/
http://www.clustal.org/clustal2/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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Fig. 2. Pedigrees of family F1, F2, and F3with phenotypic and genotypic information.
I, II, and III refer to the first, second, and third generations of each family. Square
symbols represent males, circle symbols denote females. Filled black symbols
represent patients with hypertrophic cardiomyopathy, symbols with dots represent
mutation carriers without clinical manifestation. White symbols denote
unavailable family members. The arrows indicate the proband of each family.
The genotype for each individual noted above the symbol where available. (A)
ACTC1-D26N; (B) MYBPC3-R215C.
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(Asp, D) to a neutral asparagine (Asn, N) at position 26, located
within a negatively charged loop from actin SD1 in the ACTC1
protein. MYBPC3-R215C represented one base transformation in
codon 215 (c.643C>T) in exon 5 of MYBPC3, resulting in a change
from arginine (Arg, R) to cysteine (Cys, C), located within the C1
domain of the MYBPC3 protein. It is reported that the C0–C4
domains of cMyBP-C extend into the interfilament space, where
they could interact with myosin-S2 and actin [29].

[(Fig._3)TD$FIG]

Fig. 3. Mutation screening and conservative analysis. (A) DNA sequences of wild-type (l
region of ACTC1 amino acid sequence from multiple species demonstrating the conser
The pathogenicity of the two variants was predicted to be
damaging using multiple software programs (details shown in
Table 3). Sequence alignment showed that the residues of Asp26 in
ACTC1 and Arg215 in MYBPC3 are highly conserved in diverse
species (Fig. 3B).

Genotype–phenotype correlations

To determine genotype–phenotype relationships and the
pathogenesis of variants identified in this study, the results of
genetic testing, clinical features, ECG results, and UCG results were
further analyzed.

ACTC1-D26Nwas shared by nine patients. Seven of them (F1-I1,
F1-II1, F3-II2, F3-II5, F3-II7, F3-III1, and F3-III2) only harbored
ACTC1-D26N. The other two patients (F2-I1 and F2-II3) carried
both ACTC1-D26N and MYBPC3-R215C.

Seven patients harboring ACTC1-D26N only were diagnosed
with non-obstructive HCM (LVOT-PG <30 mmHg at rest). Patients
may have mild or moderate LV hypertrophy (Fig. 4A and B, F3-III1
and F3-III2 with maximal wall thickness of 16.8 mm, 29 mm,
respectively). LA dilation was common in patients, with F3-II7
showing remarkable LA dilation and her ECG revealing atrial
fibrillation (Fig. 4C and D). Patients also showed diastolic
abnormalities: four patients exhibited a triphasic LV filling pattern
(Fig. 4E) with a heart rate in the range of 52–61 bpm. Compared
with patients who carried mutation ACTC1-D26N only, F2-I1 and
F2-II3 showed higher LVOT-PG (Fig. 4F, patient F2-I1, LVOT-PG:
33 mmHg). They also showed diastolic dysfunction, but a triphasic
LV filling pattern was not observed. A maternal aunt of F2-II3 died
suddenly, although HCM could not be verified as the cause of
death. F3-III5 and F3-III6, who harbored variant ACTC1-D26N,
require re-evaluation because they were only 10-years-old and 8-
years-old, respectively, at the last evaluation. F2-II1 with variant
MYBPC3-R215C had a normal phenotype at age 39 years. F1-I2 and
F3-II3 showed a normal phenotype who harbored neither of the
two variants mentioned above.

Our observations indicate that ACTC1-D26N co-segregated
strongly with HCM phenotype in adults within families. Thus,
ACTC1-D26N could be a major gene, whereas MYBPC3-R215C may
function as a genetic modifier, which remains uncertain here.
eft) and mutant (right) were validated by Sanger sequencing. (B) Alignment of this
vation of the position 26 (black arrow index).
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Fig. 4. (A)Mild hypertrophyassociatedwith ACTC1-D26N (patient F3-III1). (B)Moderate hypertrophy associatedwithACTC1-D26N (patient F3-III2). (C)Moderate hypertrophy
and marked left atrial dilation associated with ACTC1-D26N (patient F3-II7). (D) Electrocardiogram showed atrial fibrillation (patient F3-II7). (E) Representative transmitral
blood flow velocity patterns assessed by pulsed-waveDoppler echocardiography,mid-diastolic flow velocity (L-wave) is clearly visible (asterisk index) (patient F1-II1) (F) Left
ventricular outflow tract, 33 mmHg, F2-II2 harboring mutations ACTC1-D26N and MYBPC3-R215C. LA, left atrium; LV, left ventricle.

Q.-L. Yang et al. / Journal of Cardiology 73 (2019) 438–444442
Bioinformatics analysis and mutation protein structure prediction

3D structure analysis showed that p.D26 is exposed on the
surface region of F-actin (Fig. 5A) and is involved in the formation
of a negatively charged loop from actin SD1 (residues 20–28 [D24,
D25]) (Fig. 5B and C). Actin SD1 can make contact with conserved
positively charged residues within the myoE CM loop (R323, K331,
R332) and helix HX (K556, K557, R558, R567) by the formation of
salt bridges [26]. Thus, changes in the charge of position 24 of
ACTC1 may disrupt interactions between actin and myosin. Note
that the first two residues are removed during actin maturation,
and D26N should be described as D24N. Salt bridges are the most
common non-covalent interactions that help to stabilize the
conformation of proteins. Residue R332 corresponded to human
b-cardiac myosin R403, which is associated with a severe form of
HCM.

Classification of the variations

Data mining of public population cohorts, variant databases,
and the scientific literature indicated that only ACTC1-D26N is
included in ClinVar and that its clinical significance is uncertain.
This variant was encoded as PM2 based on ACMG. Computational
predictions supported a deleterious effect, and the position of p.
D26 was highly conserved across species and it was encoded as
PP3. Segregation analysis of HCM phenotype with genotype
(ACTC1-D26N) was perfect. According to a method mentioned
above, the evidence level of pathogenicity can be encoded as PP1-
Strong (N � 1/16 in three families).

Variant ACTC1-D26N met the following criteria: PP1-Strong;
PM2; PP2; PP3; PP4, and can thus be classified as a likely
pathogenic mutation according to ACMG guidelines. Because of
insufficient evidence, MYBPC3-R215C is still classified as a variant
of uncertain significance.

Discussion

The present study identified two heterozygous mutations of
ACTC1-D26N and MYBPC3-R215C in three families. ACTC1-D26N
was identified as a likely diseasing-causing mutation in this study.
The second variation MYBPC3-R215C may function as a genetic
modifier, which remains uncertain here because the family was
small and screening for other relatives was unavailable. ACTC1
encodes cardiac muscle alpha actin, which is critical for main-
taining normal structure and generating contractions of the heart.
Mice lacking ACTC1 do not survive more than two weeks, and
knockdown of ACTC1 in chick embryos causes ASD [8,30]. The
conserved nature implies that a change in any residue will affect
basic functions, including polymerization, interaction with Z lines,
binding with regulatory proteins, or interactions with myosin or
other sarcomere proteins [31,32]. Mutant actin can be integrated
into cardiomyocyte thin filaments. Function analysis of variants p.
M123V and p.E99K demonstrated reduced affinity for myosin
compared with the wild type, and p.E99K had slower motility,
reduced average force, and weakened interactions with myosin in
the presence of ATP [10,16]. The variants p.Y166C and p.M305L
display disturbed intrinsic ATPase activity, with the p.Y166C
mutant showing a reduced rate (about 20-fold reduced), and the p.
M305L mutant showing an increased rate (3.5-fold increased) as
well as altered polymerization behavior [33]. Mutation p.F169S
causes severe inherent filament destabilization, leading to
disassembly of F-actin into small annealing incompetent filament
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Fig. 5. (A) Predict structure of ACTC1-D26N-tropomyosin-myosin complex by analyzing the rigor actin-tropomyosin-myosin complex (PDB accession codes 4 [1_TD$DIFF]A7F, https://
www.rcsb.org/structure/4A7F) actin fiber (split pea green), myosin heads (slate blue), tropomyosin (salmon red). (B)Wild type, close up on the interaction between the
negatively charged residue D24 of F-actin monomer and positively charged residues on the myo-IE CM loop (R323, K331, R332) and helix HX (K556, K557, R558, R567), these
charged residues were shown in sticks, D24 is colored yellow, the others are colored orange. (C) Mutation type, close up on the interaction between residue N24 of F-actin
monomer andmyo-IE CM loop (R323, K331, R332) and helix HX (K556, K557, R558, R567), these charged residues are shown in sticks, N24 is colored red, the others are colored
orange.
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fragments [34]. Mutation p.A331P significantly decreases the
contractility and Ca2+ [4_TD$DIFF] sensitivity of the reconstituted fibers
[31]. Such changes at the molecular level appear to be the basis
for the initiation of the discordant phenotypes seen in cardiomy-
opathies.

A genotype–phenotype correlation was determined in our
work. Family members with mutation ACTC1-D26N developed
HCM in adulthood. The phenotype of patients carrying only the
variant ACTC1-D26N was distinct from thick-filament HCM
patients. Nearly all cases were of non-obstructive HCM. The
maximal LV thickness site is exhibited in interventricular septum
hypertrophy, and it is not difficult to find differences in MLVWTs.
Diastolic abnormalities are common in HCM patients. It is worth
mentioning that a triphasic LV filling pattern was observed in four
patients with ACTC1-D26N. The presence of an L-wave has been
associated with advanced diastolic impairment, slow heart rate,
extensive septal fibrosis, and worse prognosis [35–37]. An L-wave
is independent of the overall diastolic pattern, with E/A ratios that
can be<1 (i.e. delayed relaxation) or>1 (i.e. pseudo normalized). It
is reported that only 11% of thick-filament patients and 26% of thin-
filament patients exhibited a triphasic LV filling pattern [38]. Al-
though they had mild or even no symptoms, LA remodeling was
detected in our patients.

The penetrance of ACTC1-D26N is extremely high (�81.8%). It is
well-known that the penetrance of the HCM phenotype is age-
related, and appearance of the phenotype is often delayed until
adulthood. Further follow-up is required to verify whether two
carriers in our study, F3-III 5 and F3-III 6, are HCM patients. The
clinical and genetic data for F3-III 4 that we could not obtain
affected the calculation of penetrance of ACTC1-D26N.

MYBPC3 encodes the cardiac myosin-binding protein C
(MYBPC3), which is arrayed in sarcomere A-bands and binds
MYH7 in thick filaments and TTN in elastic filaments. In patients
with HCM, up to 30% of mutations are detected in MYBPC3. In our
study, two patients (F2-I1 and F2-II3) with both MYBPC3-R215C
and ACTC1-D26N mutations exhibited higher LVOT-PG and
diastolic dysfunction, but an L-wave was not detected. F2-II1 only
carried MYBPC3-R215C and had a normal phenotype. It has been
extensively reported that the presence of two (or even three)
sarcomere mutations in an individual patient promotes greater
disease severity and may influence the natural history [39]. Obvi-
ous cumulative effects have not been found, as the phenotype of
MYBPC3 mutation is associated with mild hypertrophy, late-onset,
incomplete penetrance, and better prognosis [40]. It is possible
that MYBPC3-R215C may affect the degree of HCM severity.

Limitations

There are several limitations to our study. First, the number of
HCM patients was limited and the obtained clinical data were not
consistent for all subjects, which affected the calculation of
penetrance of ACTC1-D26N. Second, no functional experiments
were performed and the pathogenic mechanisms of ACTC1-D26N
remain speculative. Third, no cardiovascular eventswere observed.
In our future work, we aim to continue recruiting HCM patients
with a family history of HCM and perform long-term follow-up.

Conclusion

In this study, nine of eleven members with ACTC1-D26N had
HCM. Disease penetrance among mutation carriers was 81.8% for
subjects older than 16 years with MLVWT �15 mm. It should be
noted that ACTC1-D26N appears to be associated with relatively
low morbidity, high penetrance, and diverse phenotypes. The
second variation, MYBPC3-R215C may function as a genetic
modifier, which remains uncertain here.
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