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Abstract

Gene mutations have been implicated in DCM. However, due to the difficulty of clinical genetic diagnosis, additional causal

genes potentially related to DCM remain to be discovered.We screened for gene mutations in more than 400 cases from families

with hereditary cardiovascular disease using whole-exome sequencing and then validated the biological functions of CHMP4C

mutations in zebrafish models. To further assess the mechanism of CHMP4C mutations, we determined the potential signaling

pathway in a cell line.We identified via whole-exome sequencing CHMP4C variants that segregated with DCM in four families

among a total of 411 families. We further validated the function of CHMP4C in heart function in zebrafish models and

found that overexpression of CHMP4C variants resulted in cardiac malformation, pericardial edema and an increased heart

rate, consistent with CHMP4C mutation-associated findings in DCM patients. Furthermore, mutations in CHMP4C impaired

autophagy and activated apoptosis in HEK293T cells, suggesting that the molecular mechanism of CHMP4C is involved in

heart development.CHMP4C is a novel candidate gene causing DCM and may play a critical role in cardiac development by

regulating autophagy.

Introduction

Dilated cardiomyopathy (DCM) is a primary myocardial disease of unknown cause (Reichart, et al., 2019)that
is characterized by ventricular enlargement and ventricular systolic dysfunction(Pasotti, et al., 2008). DCM
exhibits obvious heterogeneity, from a lack of symptoms to arrhythmia and heart failure. Early arrhythmia is
a common condition(Watkins, et al., 2011) that may progressively become aggravated, and death can occur at
any stage of the disease. The most serious complications are heart failure and sudden death(Hershberger and
Siegfried, 2011). Based on clinical studies, the incidence of DCM in the population is approximately 1/2500
(McNally, et al., 2013). Moreover, DCM and other cardiomyopathies, such as hypertrophic cardiomyopathy,
right ventricular cardiomyopathy, and ion channel disease, intersect with regard to clinical manifestations
and gene mutations(Dellefave and McNally, 2010; Gentile, et al., 2019; Kimura, 2016).

Gene mutations have been implicated in DCM. Indeed, genetic screening indicates that approximately 35% of
cases are primarily caused by mutations, including those in genes related to the cardiomyocyte cytoskeleton,
nuclear membrane, and ion channels(Bollen, et al., 2017; Costa, 2019). However, due to the difficulty of
clinical genetic diagnosis, other causal genes potentially related to DCM remain to be discovered(Bagnall,
et al., 2011; Lakdawala, et al., 2013). Therefore, we screened for pathogenic genes in patients with clinically
diagnosed cardiomyopathies using whole-exome sequencing.
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Here, we report the identification of CHMP4C (which encodes a protein of the endosomal sorting complex
required for transport) (Pike, et al., 2016) variants segregating in four DCM families from among a total of
411 families by whole-exome sequencing. We further validated the function of CHMP4C in heart function
in zebrafish models and found that overexpression of CHMP4C variants resulted in cardiac malformation,
pericardial edema and an increased heart rate, consistent with CHMP4C mutation-associated findings in
DCM patients. Furthermore, we found that mutations in CHMP4C impaired autophagy and activated
apoptosis in HEK293T cells, suggesting that the molecular mechanism of CHMP4C is involved in heart
development. Together, these findings suggest that CHMP4C is a novel candidate gene causing DCM and
may play a critical role in cardiac development by regulating autophagy.

Methods

Subjects

A total of 411 families were enrolled, and each family included patients and their relatives. We performed
whole-exome sequencing on cardiomyopathy probands; if potential candidate genes were identified, whole-
exome sequencing was performed for their relatives. The entire family was then examined for cosegregation
and possible pathogenic genes. Sanger sequencing verification was performed for the families of probands
carrying mutations in causative genes. The study was approved by the Ethics Committee of Zhongshan
Hospital, Fudan University (No. B2016-016(2)R).

Sequencing data analysis

Alignment, variant calling, and quality control

We sequenced the whole exome of cardiomyopathy samples. Genomic DNA was used to produce each exome-
captured library with Agilent SureSelect V5, MGI V4 and IDT .xGen Exome Research Panel. Subsequently,
each captured library was independently sequenced using the BGISEQ-500 or Illumina HiSeq 2000 platform.
Each sample was designed to obtain high-quality bases with an average coverage of > 100×. Raw sequence
reads were mapped to Human Genome Assembly GRCh37. GATK best practices for joint analysis for the
multisample approach were adopted in our study. First, we generated gVCF files for each sample using
HaplotypeCaller and combined all gVCF files using GenotypeGVCFs to produce a combined variant VCF
file. Some basic filtering parameters from the GATK best practices workflow were applied to filter the variants.
Second, individual genotypes were input from the sequencing data using BEAGLE with default parameters
for primary SNP calls. Such inputted genotypes are more accurate than are genotypes called directly from
sequencing data, especially for SNPs with low sequencing depth, as the linkage disequilibrium information
of neighboring variants is incorporated into the imputation model. Finally, we employed a series of variant
filters to remove false or low-quality variants, including parameters of sequencing depth, mappability score,
strand bias, allelic balance, length homopolymer run, base quality and Hardy-Weinberg equilibrium.

Gene-based analysis

The results were filtered against in-house and public databases, as well as appropriate genetic models (tho-
se with autosomal dominant mutations). Additional automatic filtering was applied to remove sequencing
artifacts. We adopted a simple collapse method by counting the individuals who carried rare variants (mini-
mum allele frequency, MAF [?]5%) at the gene level. To best identify putatively damaging single-nucleotide
variants (SNVs), five protein prediction algorithms (LRT score (ref), MutationTaster (ref), PolyPhen-2
HumDiv (ref), PolyPhen-2 HumVar (ref) and SIFT (ref)) were used to examine nonsynonymous SNVs.
These variant groups are as follows: (1) nonsynonymous (missense, splicing, nonsense and indel frameshift
variants); (2) a ‘deleterious (PolyPhen)’ set consisting of missense variants annotated as ‘possibly dam-
aging’ or ‘probably damaging’ by PolyPhen-2 HumDiv software; (3) a ‘deleterious (broad)’ set consisting
of missense variants annotated as ‘deleterious’ by at least one of the above five protein prediction algo-
rithms; (4) a ‘deleterious (strict)’ set consisting of missense variants annotated as ‘deleterious’ by all of the
above five protein prediction algorithms; and (5) ‘disruptive’ mutations only (nonsense, splice site or indel
frameshift). We extracted SNVs with an MAF <5% for relevant gene-based analysis after collapsing all
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nonsynonymous mutations. Evolutionary conservation analysis was performed with various species using
Clustal W (http://www.genome.jp/tools/clustalw/) and Weblogo (http://weblogo.berkeley.edu/logo.cgi).
Protein structure of the mutated proteins identified in this study was predicted using the SWISS-MODEL
(https://swissmodel.expasy.org/) online program.

Sanger sequencing and analyses

Sanger sequencing was performed on DNA samples from each family’s proband for genotype confirmation
and on samples from the remaining family members for familial cosegregation analyses.

Construction of the zebrafish mutant model

The expression plasmid pXT7-CHMP4C (wt/mut) was constructed, and then the CHMP4C in vitro tran-
scription template was prepared. The plasmids were linearized using a single enzyme (XbaI) in a reaction
containing FastDigest Green Buffer (5.0 μl) + XbaI (2.5 μl)+ pXT7-CHMP4C (WT/MUT) (2.0 μg) and
Milli-Q H2O to 50 μl in a 37°C water bath for 2 hours. The in vitro transcription templates were purified,
and mMESSAGE mMACHINE T7 Ultra Transcription Kit (Ambion) was used as follows: 2 x NTP/ARCA
(10.0 μl) + 10 × T7 Reaction Buffer (2.0 μl)+CHMP4C (WT/MUT) (1.0 μg) +T7 Enzyme Mix (2.0 μl)
and nuclease-free water to 20.0 μl was incubated in a 37°C water bath for 2 hours. Next, 1 μl of TURBO
DNase I was added, and the sample was incubated at 37°C for 15 min. The DNA template was removed, and
cappedCHMP4C (WT/MUT) mRNA was obtained, followed by a reaction containing T7 Ultra Reaction
(18.0 μl) +5 × E-PAP Buffer (20.0 μl) +25 mM MnCl2 (10.0 μl) +ATP Solution (10.0 μl) +E-PAP (4.0 μl)
+ nuclease-free water (38.0 μl) in a 37°C water bath for 30-45 min. The quality, purity, and concentration of
the in vitro transcription mRNA products were assessed by electrophoresis. Fertilized eggs of the zebrafish
AB strain were collected. CHMP4C mRNA (WT and E163G) at final concentrations of 50, 100 and 200
ng/μl or CHMP4C mRNA (WT and S204L) at final concentrations of 25, 50 and 100 ng/μl was injected
microscopically into the fertilized eggs (at least 200 injections per group) using an injection volume of 1 nl
per embryo; the control groups were not injected. The embryos were observed under a stereomicroscope
at 50 hpf and 120 hpf, and the heart rate, cardiac malformation and pericardial edema were observed and
recorded.

Culture and transfection of HEK293T cells

A sample of 5 x 105 HEK293T cells was inoculated into a 12-well plate and grown to approximately 60%-70%
confluence in DMEM with 10% (v/v) FBS in a CO2 incubator with 5%. Two micrograms of the FUGW-
CHMP4C wildtype, mutant and control plasmids were diluted with 50 μl Opti-MEM and mixed gently, and
1 μl Lipofectamine 2000 was diluted with 50 μl Opti-MEM and incubated for 5 min at room temperature;
these two mixtures were gently mixed and kept at room temperature for 20 min, after which 100 μl was
added to each well. Fresh medium was added after 4 hours. After 48 hours, one group was treated with
medium lacking serum; the control cells were grown with serum. Each group of cells was collected for further
analyses.

Library preparation and data analyses for zebrafish RNA-seq

Fertilized zebrafish eggs were microinjected with 50 pg/nl (in a total volume of 1 nl) CHMP4C wildtype
mRNA and mutant mRNA. A blank control group was set up; the number of embryos injected per group was
approximately 200. The injected and control embryos were cultured as usual. After embryo development
to 50 hpf, 30 embryos with relatively normal development and control embryos were selected. After the
addition of TRIzol, the embryos were immediately frozen at -80°C and sent for transcriptome sequencing.
Total RNA was extracted from the embryo, and quality control was performed before sequencing.

Bioinformatics analysis of transcriptome data was performed as follows: library preparation for RNA-seq was
performed using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (E7420S, NEB) according
to the manufacturer’s instructions and further subjected to Illumina HiSeq 2000 for paired-end sequencing.
The raw sequencing reads were first processed to remove bases of low quality, and only the first 35 bp from
two ends of each read was used for downstream analysis.
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Isolation and culture of primary cardiomyocytes

The thoracic cavities of 15 newborn rats (1-3 days old) were disinfected with 75% alcohol and cut open, and
the ventricular tissue was removed; the tissue was washed with PBS, and excess tissue around the heart and
blood clots were removed. The tissue was washed again with PBS, and the supernatant was aspirated with a
pipette. Then, the heart tissue was cut to a size of 1 mm3, placed in a 50 ml beaker with a magnetic stirrer,
and trypsin was added to a total volume of approximately 15 ml. The beaker was covered with foil and
placed into a 37°C water bath with a magnetic stirrer at 60 r/min for 10 min. Fifteen milliliters of trypsin
was added again, and the samples were digested for 10 min. After centrifugation, the supernatant liquid was
carefully removed, and the bottom cell pellet was resuspended in 3-4 ml of cell culture medium. The cell
pellet was then broken up as much as possible with a sterile pipette and was then pipetted into another
centrifuge tube. The above steps were repeated 6-7 times, and the digested cardiomyocytes were collected
and centrifuged at 1000 r/min for 5 min. The resuspended cells were transferred to a 100 mm tissue culture
dish and placed in a 37°C cell incubator for 1.5-2 hours. Subsequently, the cell density was adjusted to 1 x
106 cells/ml with primary cardiomyocyte culture medium and added to a sterile 6-well culture plate, and 2
ml of medium was added to each well. After 24 hours, the cultured primary cardiomyocytes were washed
once with prewarmed medium so that unattached cells could be washed away. The fresh cell culture medium
was replaced, and further treatments were applied after 48 hours or 72 hours of further cultivation according
to the requirements of the experiment.

Western blot analysis

Cell protein sample extraction was performed as follows. The culture medium was removed, and 1X SDS
sample buffer was added. The cells were scraped from the plates and incubated for 15 min at 100°C. Equal
amounts of protein were separated by SDS-PAGE, along with a molecular weight marker; 90 V was applied
for the stacking gel and 120 V for the resolving gel. A PVDF membrane was activated with methanol for
1 min and rinsed with transfer buffer. The proteins were transferred from the gel to the membrane for 90
min at 200 mA, followed by blocking of the membrane for 2 hours at room temperature. The membrane was
incubated overnight with appropriate dilutions of primary antibodies in blocking buffer at 4°C and washed
three times with TBST for 15 min each. The membrane was incubated with the recommended dilution
of conjugated secondary antibody in blocking buffer at room temperature for 2 hours and washed three
times with TBST for 15 min each. The chemiluminescent substrate was applied to the blot according to
the SuperSignal West Pico instructions (34080, Thermo Fisher Scientific), and the chemiluminescent signals
were captured using film.

Antibodies (name, no., brand)

Antibodies against the following were used in this study: m-TOR (2983, Cell Signaling Technology);
Sqstm1/p62 (ab56416, Abcam); Atg5-atg12 (2011, Cell Signaling Technology); LC3 (M186-3, MBL); AKT
(4691, Cell Signaling Technology); p-AKT (4060, Cell Signaling Technology); CHMP4C (ab155668, Ab-
cam); Bcl-2 (15071, Cell Signaling Technology); Bax (5023, Cell Signaling Technology); Caspase-3 (9662,
Cell Signaling Technology); Caspase-9 (9508, Cell Signaling Technology); and β-Actin (P30002, Abmart).

Immunofluorescence

After 48 hours of transfection, cells were fixed with 4% polyformaldehyde for 2 hours. Residual polyformalde-
hyde was removed with PBS, and the cell membrane was permeabilized with 0.1% Triton X-100 at room
temperature for 15 min. Blocking buffer (3% BSA and 0.1% Triton X-100 soluble in PBS) was added, and
the samples were incubated for 1 hour at room temperature. Mouse anti-LC3 (1:500) was diluted in blocking
buffer and incubated at room temperature for 2 hours, and the cells were washed 3 times with PBS for 10
min. Donkey anti-mouse IgG (1:1000) was then added and incubated at room temperature for 1 hour. The
cells were washed three times with PBS for 5 min. DAPI was added and incubated in the dark at room
temperature for 10 min. Fluorescent images were captured under a confocal microscope.

Transmission electron microscopy sample preparation and photography

4
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In total, HEK293T cells (1 x 106) were collected, fixed with 2.5% dialdehyde for 2 hours and rinsed with 0.1
M phosphoric acid (15 min, 3 times). The liquid was fixed with 1% picric acid for 2 hours and then rinsed
with 0.1 M phosphoric acid (15 min, 3 times). The samples were dehydrated with 50% ethanol for 15-20 min,
70% ethanol for 15-20 min, 90% ethanol for 15-20 min, 90% ethanol and 90% acetone (1:1) for 15-20 min,
and 90% acetone for 15-20 min. The above procedure was carried out at 4°C, followed by 100% acetone at
room temperature for 15-20 min. Pure acetone and encapsulation (2:1) were performed at room temperature
for 3-4 hours, at (1:2) room temperature overnight, and at 37°C for 2-3 hours. Curing was performed in a
37°C oven overnight, in a 45°C oven for 12 hours, and in a 60°C oven for 48 hours. A microtome was used
to slice sections at a thickness of 70 nm, which were dyed with 3% uranium acetate-lead with fenthion acid.
Photographs were obtained using a Philips CM 120 microscope.

Statistics and reproducibility

For experiments including multiple comparisons, P values refer to the results of one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. P values of <0.05 were considered significant. P values are
provided as exact figures where possible or are otherwise reported as a range in a single figure or panel when
a large number of comparisons were performed. Data are shown as the mean +- sem or sd.

Results

Identification of CHMP4C mutations in DCM trios

We identified that CHMP4C mutations cosegregated with DCM patients from four families. We identified
that CHMP4C mutations cosegregated with DCM patients from four families. The proband of Family 1 is a
Han female, 58 years old (III4, Fig. 1a), who visited our hospital with repeated recurrent syncopy and fatigue.
Electrocardiogram (ECG) showed atrial fibrillation and left bundle-branch block. Echocardiography and
MRI suggested enlargement of the entire heart. The left ventricular systolic function was globally reduced,
and the left ventricular ejection fraction (LVEF) was 32% (Supplemental Figure 1a). Serum creatine kinase
and troponin T were significantly higher than normal. The patient had no previous history of hypertension,
coronary heart disease or diabetes (III4). She (III4) was diagnosed with DCM, followed by prescribed
medication and implantation of a pacemaker. The family history of the proband revealed more family
members with abnormal cardiac function and malignant cardiovascular events. Some of her family members
also had cardiac dysfunction by clinical examination. Whole-exome sequencing was performed for both
affected family members (III4, III7, III10, Fig. 1a) and unaffected family members (III1, III9, III13, Fig.
1a), followed by bioinformatics analysis.

We found that a heterozygous mutation in the fourth exon of the CHMP4C gene, c.488 A>G, p.Glu163Gly,
cosegregated with the affected members, suggesting that this CHMP4C mutation is associated with DCM in
this family. This mutation site is rare (gnomAD 34/282350, 0.0001204), and SIFT and Polyphen2 software
predict damage to the CHMP4C protein. Furthermore, this mutation site is in a conserved region across
multiple specifies (Fig. 1e). Based on Sanger sequencing of the genomes of the other family members, the
mutation is consistent with Mendelian genetic characteristics (Supplementary Fig. 1a).

After analyzing this CHMP4C mutation (c.488 A>G, p.Glu163Gly) in Family 1, we hypothesized that
CHMP4C may be a new cardiomyopathy causative gene. Therefore, we screened forCHMP4C gene mu-
tations in more than 400 cases from families with hereditary cardiovascular disease using whole-exome
sequencing (214 cases of hypertrophic cardiomyopathy, 110 cases of DCM, 12 cases of right ventricular
cardiomyopathy, 75 cases of other cardiovascular diseases), especially in families that did not have a mu-
tation in a known disease-causing gene. Two new mutation sites were found in three families: Family 2
(DCM, Figure 1b) and Family 3 (DCM, Figure 1c), both of which carried a CHMP4C missense mutation,
c.C611T, p.S204L (gnomAD, 21/282456, 0.00007435); Family 4 (DCM, Figure 1d) carried a frameshift muta-
tion, c.73 104delGCCCTGGTCCGACTTCGGGAGACTGAG GAGAT, p.L26Gfs*26 (gnomAD, 1/213196,
0.000004691) (Table 1).

The proband of Family 2 (II-2) was a 49-year-old Han woman with occasional chest tightness. ECG showed
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frequent ventricular premature beats, and echocardiography revealed a slight decrease in LVEF (47%).
There was no abnormality on coronary angiography, no history of hypertension or diabetes mellitus, and no
significant improvement after routine medical treatment (Supplemental Figure 1b). Sanger validation for the
family demonstrated that the patient’s mother (I-2), brother (II-3) and younger brother’s child (III-2) all
carried the pathogenic mutation. The father (I-1), 74 years old, had normal cardiac function; the mother (I-
2), also 74 years old, had a history of cardiac dysfunction. The younger brother, 46 years old, had premature
beats and ST changes on ECG, though no heart abnormalities were found in his child, who was 22 years old.

In Family 3, we first found a mutant in LMNA (c.961 C > T, p.Arg321Ter) in affected family members
during initial gene screening in 2016 (Figure 1c). A 44-year-old patient (III-11) exhibited mild left ventricular
enlargement with paroxysmal tachycardia during the follow-up visit in 2019. In 2016, the patient’s cardiac
function was in a critical state (occasional premature ventricular contraction and ST changes, normal cardiac
systolic function, LVEF was 56% (Supplemental Figure 1c)). However, he did not carry theLMNA mutation.
After reanalysis, we found that III-7, III-11, and III-17 also carried the CHMP4C p.S204L mutation. The
clinical manifestations of III-7 and III-17 occurred earlier than did those of III-11, and the degree of heart
failure was more serious (both patients were younger than 40 years old when pacemakers were implanted).
This clinical evidence strongly suggests that the CHMP4C p.S204L mutation contributes to DCM.

Echocardiography examination of the proband of Family 4 (II-5) showed that the heart was globally enlarged;
the left and right ventricular contractile function was also weakened (LVEF=24%) (Figure 1d). We found
a potential pathogenic mutation in TTN (c.9220C>T, p.Arg3074*) in ensuing screening. However, only
the patient and her daughter carried the pathogenic mutation, whereas the proband’s sister did not. We
speculated that other pathogenic mutations may exist, and after refiltration, we found that all three patients
carried aCHMP4C mutation (c.73 104del, p.L26Gfs*26). Moreover, those patients who also carried the TTN
mutation had a more severe clinical manifestation and an earlier onset (Supplemental Figure 1d and Table
1).

Validation of the biological functions of CHMP4C mutations in zebrafish models

Considering that these recurrent CHMP4C mutations are associated with DCM, the truncated mutant
proteins are likely to have damaging effects; however, it is unclear whether normal protein function is
affected by CHMP4C-E163G and CHMP4C-S204L. To verify whether these two missense mutants affect
protein functions, we performed in vivoand in vitro studies.

To investigate whether CHMP4C mutations may affect heart developmentin vivo , we used a zebrafish model
to examine the effect of CHMP4C-E163G and CHMP4C-S204L mutant proteins on cardiac function. Based
on the zebrafish phenotype as a function of the concentration injected, we selected 50 ng/μl and 120 hpf for
further analysis. In zebrafish injected with CHMP4C-E163G and CHMP4C-S204L, we observed myocardial
tissue morphology by section staining and the myocardial tissue microstructure by electron microscopy
(Figure 2a,b). The proportion of cardiac malformation and pericardial edema in zebrafish injected with
CHMP4C-E163G and CHMP4C-S204L mutations were significantly increased compared with those in the
wildtype and control groups, as was the heart rate (Figure 2c-h). There was no significant difference between
the wildtype and control groups (Figure 2c-h). Similar changes were found by myocardial tissue staining.

Furthermore, we observed the microscopic structure of zebrafish myocardial tissue by electron microscopy
and found that the gap junctions in the myocardial cells of the mutant group were widened; in addition,
mitochondrial swelling in the cells was obvious (Supplemental Figure 2c). We also found that a large amount
of abnormal substances accumulated in the cells of zebrafish injected with CHMP4C mutants, similar to the
structure of apoptotic bodies (Figure 2i). Electron microscopy results showed effects consistent with patients
who carried p.S204L and p.E163G mutations, suggesting abnormal autophagy (Figure 2i and Supplemental
Figure 2c).

CHMP4C regulates heart development through the autophagy pathway

To obtain a global view of genes with expression modulated by CHMP4C in zebrafish, we performed
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transcriptome-wide transcription analysis using tissues collected from zebrafish injected with wildtype or
p. S204L and p.E163G CHMP4C with RNA-seq. A hierarchical clustering heatmap visualizing this differ-
ential expression pattern was provided (Figure 3a), strongly suggesting the effect of CHMP4C p.S204L and
p.E163G mutations on gene expression. To determine the biological functions associated with CHMP4C mu-
tations, we performed Gene Ontology (GO) analysis using the DAVID software package. The GO items of the
microtubule cytoskeleton and autophagosome membrane were significantly enriched (Figure 3b). CHMP4C
is a component of ESCRT-III, a necessary internal fractional complex, and previous studies have shown
that its other proteins are associated with autophagy(Metcalf and Isaacs, 2010; Schoneberg, et al., 2018).
Therefore, we speculate that theCHMP4C mutation affects autophagy and apoptosis.

To assess the effect of CHMP4C p.E163G and p.S204L on the above functions, we performed functional
validation using HEK293T cells.CHMP4C wildtype, mutant and control plasmids were transfected into cells
using Lipofectamine 2000; after 48 hours, the starved group was treated with serum-free medium (no FBS)
for 2 hours, and autophagy-related proteins were then detected. We found that compared with the control
and wildtype groups, the mutant groups (p.E163G and p.S204L) exhibited a significant decrease in the
autophagy-related protein LC3-I/II (Figure 3c-e). Corresponding changes were also observed for upstream
and downstream proteins in the autophagy pathway, such as AKT, p-AKT, mTOR, SQSTM1/p62 and
ATG12-ATG5 (Figure 3c). Similar alterations were observed under confocal immunofluorescence microscopy,
and decreased autophagy fluorescent particles were observed in the mutant groups (p.E163G and p.S204L),
suggesting blockage and impairment of autophagic flow (Figure 3f and g). Under electron microscopy, a
large number of autophagic-like structures were observed in the mutant groups (p.E163G and p.S204L), and
autophagic lysosomes were significantly reduced in the mutant groups compared with those in the other two
groups (Figure 4a-c), suggesting the presence of an abnormal autophagy pathway. These effects may be
caused by the inhibition of autophagy vesicles and lysosome fusion. Additionally, a large number of black,
apoptotic body-like high-density substances were observed in the mutant groups, indicating activation of
apoptosis.

To further verify the effect of the CHMP4C gene and its mutation on autophagy function, we knocked out
the CHMP4C gene in the primary cardiomyocytes of Sprague-Dawley (SD) rats. Primary cardiomyocytes
of SD rats were taken 1-3 days after birth. Adeno-chmp4c-crispr/cas9 was added for 72 hours, and the total
protein content was extracted from each group. Autophagy-related proteins were then detected. The primary
cardiomyocytes showed decreased autophagy, whereas primary cardiomyocyte death increased (Figure 3h),
suggesting that CHMP4C plays a very important role in autophagy and that cells lacking CHMP4C will not
survive.

We also evaluated the apoptotic signaling pathway in the cells and found that apoptotic activator proteins
(Bax/Bcl2) were activated in the mutant groups (p.E163G and p.S204L); corresponding changes were also
observed in apoptotic-related proteins, such as caspase 3 and caspase 9 (Figure 4d and e). We conclude that
CHMP4C p.E163G and p.S204L leads to abnormal autophagy, which in turn activates apoptotic signals and
impairs myocardial function.

Discussion

We found a new DCM gene, CHMP4C , and compared mutations in this gene with those in MYH7 ,
MYBPC3 and other major genes causing this disease. The clinical symptoms associated with theCHMP4C
mutation are relatively mild, and arrhythmia is mostly the first sign. This is consistent with our results
in HEK293T cells. That is, autophagy was abnormal under starvation conditions. However, under normal
conditions, the cells did not display obvious autophagy dysfunction. Therefore, CHMP4C p.E163G and
p.S204L cause insufficiency in cells exposed to stress. Clinically, patients present with a slow process of
cardiac insufficiency, and the age of onset is generally later in life (Table 1).

CHMP4C is a protein of the endosomal sorting complex required for transport, and no related studies have
reported its association with heart disease(Arii, et al., 2018; Gatta and Carlton, 2019).20,21 CHMP4C plays
an important role in regulating the physiological functions of organisms(Thoresen, et al., 2014; Li, et al.,
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2015), and previous studies have reported that it may be related to chromosome concentration and cell
division(Petsalaki and Zachos, 2018; Carlton, et al., 2012). CHMP4C participates in bud neck polymeriza-
tion and shears buds, releases luminal vesicles into the inner body cavity, and depolymerizes polymerized
ESCRT-III by the Vps4/Vta1 complex for recycling(Petsalaki and Zachos, 2016; Caillat, et al., 2019). We
verified the mutation site in a zebrafish model and found that zebrafish expressing these mutant proteins
had abnormal cardiac function. We also used HEK293T cells to reveal abnormal autophagy function in
CHMP4C-mutant cells; correspondingly, the apoptotic signaling pathway of the cells was activated, pro-
viding further confirmation. Previous studies have reported that abnormal aggregation of a subtype of
CHMP2B in ESCRT-III leads to autophagic dysfunction, which plays an important role in the regula-
tion of autophagy(Skibinski, et al., 2005). Some researchers have also found that CHMP2B is associated
with frontotemporal dementia and amyotrophic lateral sclerosis (ALS), with ubiquitin-positive aggregates
present in the brains of patients(Clayton, et al., 2015). One study reported that mutations in CHMP2B
can interfere with the fusion of autophagic vacuoles and lysosomes, ultimately leading to autophagosome
aggregation(Katzmann, et al., 2003). Recently, it was found that another subunit, CHMP2A, of ESCRT-III
regulates the closure of autophagic vacuoles and that abnormal function of this protein leads to abnormal
autophagy function in cells(Takahashi, et al., 2018). This indicates that ESCRT-III plays an important role
in autophagy. Interestingly, the CHMP4C mutations found in this study were only identified in DCM but
not in other types of cardiomyopathy, such as hypertrophic cardiomyopathy (HCM) and arrhythmogenic
right ventricular cardiomyopathy (ARVC), suggesting that CHMP4C might be a DCM pathogenic gene.

Autophagy is ubiquitous in eukaryotes. An autophagy induction signal first initiates the formation of a
phagocytic bubble. Cleavage of LC3 produces LC3-I, which is then modified to LC3-II, followed by mem-
brane localization and phagocytic extension. The cellular components to be cleared are assembled as mature
autophagosomes, which fuse with lysosomes to form autophagosomes, and are then digested, degraded and
recovered(Delbridge, et al., 2017). Autophagy is essential for maintaining the stability of cardiac function,
and abnormal autophagy in cardiomyocytes can lead to heart disease(Martins-Marques, et al., 2015). More-
over, some researchers have found that cardiomyocyte autophagy leads to cardiac remodeling(Shirakabe, et
al., 2016; Heger, et al., 2016). Through the present study, we found that CHMP4C is a new DCM pathogenic
gene that can lead to abnormal autophagy function and the clinical phenotype of DCM.

We applied whole-exome sequencing to identify a new gene, CHMP4C, as a pathogenic gene of DCM. The
CHMP4C gene is involved in cellular autophagy, and mutation of CHMP4C leads to abnormal autophagy
function, resulting in apoptosis activation and cardiac dysfunction in clinical patients. Therefore, CHMP4C
should be screened in patients with DCM.
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