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Background: Hypertrophic cardiomyopathy (HCM) is an extremely insidious and lethal disease caused by genetic variation. It has 
been studied for nearly 70 years since its discovery, but its cause of the disease remains a mystery. This study is aimed to explore the 
genetic pathogenesis of HCM in order to provide new insight for the diagnosis and treatment of HCM.
Methods: Patients with HCM at 4 hospitals from January 1, 2020, to December 31, 2021, were collected. Peripheral blood of these 
patients was collected for whole exome sequencing. Moreover, data on the HCM transcriptome were analyzed in the GEO database.
Results: Totally, 14 patients were enrolled, and 6 single-nucleotide variation (SNV) mutant genes represented by MUC12 were 
observed. Most of the gene mutations in HCM patients were synonymous and non-synonymous, and the types of base mutations were 
mainly C > T and G > A. Copy number variants (CNVs) predominantly occurred on chromosome 1 in HCM patients. Furthermore, we 
found that the only ATP2A2 gene was differentially expressed in 3 groups of transcriptome data in GEO database, and the presence of 
ATP2A2 mutation in 10 samples was observed in this study.
Conclusion: In summary, 7 mutated genes represented by MUC12 and ATP2A2 were found in this study, which may provide novel 
insights into the pathogenic mechanism of HCM.
Keywords: hypertrophic cardiomyopathy, whole exome sequencing, single-nucleotide variation, copy number variants, gene mutation

Introduction
Hypertrophic cardiomyopathy (HCM), characterized by asymmetric hypertrophy of the ventricular wall, is a condition where 
the heart becomes thickened without a distinct inducement.1,2 Epidemiological investigation shows that the estimated 
prevalence rate of HCM in the general population is 1:500.3,4 The clinical manifestations vary greatly, with no symptoms 
and mild symptoms, even dyspnea, heart failure and even sudden cardiac death.5,6 Unfortunately, early diagnosis of HCM is 
usually difficult, because many patients have almost no symptoms, and their condition is quite serious at the time of onset.2,5,6 

So far, the pathogenesis of HCM is still an unsolved problem, and the danger of HCM has attracted widespread attention.
Hypertrophic cardiomyopathy is usually regarded as a monogenic disease with autosomal dominant inheritance, which is 

often characterized by familial aggregation, called familial HCM, and 20–30% is sporadic HCM.7 Previous studies reported that 
HCM was mainly caused by gene mutations encoding sarcomere proteins, including MYH7, MYBPC3, TNNI2, TNNI3, TPM1, 
ACTC1, MYL2 and MYL3, among which MYH7 and MYBPC3 were the most common.8 In recent years, some pathogenic 
mutations of non-sarcomere genes were also found.9 In addition, studies have shown that especially for sarcomere-negative 
HCM, the heritability of single nucleotide polymorphism (SNP) indicates a strong polygenic effect, and destyrosine tubulin can 
be used as a therapeutic target for sarcomere mutation-induced HCM.10 However, because the clinical phenotype of sporadic 
HCM is heterogeneous, and the family history and incomplete penetrance are more complicated, it is necessary to further study 
the genetic background of HCM, which is helpful to understand the pathogenesis of HCM more comprehensively.
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With the development of high-throughput sequencing technology, whole exon sequencing (WES) and other technologies 
are gradually widely used in the field of genetics.11 WES uses the target sequence capture technology to capture all exon DNA 
of the genome and then high-throughput sequencing, which can not only quickly find the pathogenic genes of rare genetic 
diseases but also be used for common diseases caused by multiple genes, greatly shortening the detection period and making 
the diagnosis and treatment of diseases enter the era of precision.12,13 In addition, WES can accurately detect about 98% point 
mutations and most copy number variants, CNVs in the coverage area, which provides a new and relatively comprehensive 
detection method for finding pathogenic genes of diseases.

In this study, we applied WES to sporadic HCM patients, trying to find new pathogenic genes and mutations. At the same 
time, in order to investigate the mutant genes of HCM patients more generally, we further analyzed the transcriptome data in 
the public database in order to have a more comprehensive understanding of the pathogenesis of HCM.

Materials and Methods
Patients
Patients with HCM at the First Affiliated Hospital of Anhui Medical University, the First Affiliated Hospital of University 
of Science and Technology of China, the Second Affiliated Hospital of Hebei Medical University, and Henan Provincial 
People’s Hospital and Fuwai Central China Cardiovascular Hospital from January 1, 2020, to December 31, 2021, were, 
respectively, collected. The clinical indications and peripheral blood were collected from the patients with the informed and 
consent of the HCM patients. This study has been performed in accordance with the Declaration of Helsinki and approved 
by the Ethics Committee of Yuhua Yunfang Integrated Traditional Chinese and Western Medicine Clinic.

Only one case per family was included in the present analysis. Clinic evaluations: Patients with HCM were diagnosed 
based on medical history, physical examination, electrocardiogram, and echocardiogram showing maximum left ven-
tricular wall thickness (MLVWT) ≥13 mm in at least one myocardial segment, or MLVWT exceeding two SDs corrected 
for age, size and gender, in the absence of other diseases that could explain the hypertrophy.14

Whole Exome Sequencing
DNA was extracted with 10 mL peripheral blood using the DNeasy Blood & Tissue Kit (DP348) and stored at −20 °C 
until use. The DNA content and quality were assessed using Nanodrop and agarose gel electrophoresis, respectively. 
Subsequently, the genomic DNA was fragmented randomly and purified. The Roche SeqCap EZ MedExome Kit was 
employed for whole exome capture, followed by quality control enrichment. The captured fragments were then utilized 
for genomic library preparation using the AxyPrep Mag PCR Kit. The double-sided high flux PE150 sequencing was 
conducted using the IIIumina HiSeq X Ten sequencer, resulting in an average sequencing depth of 100X and over 95% of 
the region achieving coverage of at least 20X.

QC of Raw Sequencing Data
To ensure the accuracy of subsequent bioinformatics analysis, raw sequencing data was filtered to obtain high-quality 
sequencing data to ensure the smooth progress of subsequent analysis. Raw reads were quality controlled with FastQC 
and SeqPrep.15,16 Detailed methods were as follows: (1) adapter sequences in reads were removed; (2) Bases (quality 
values <20) were trimmed; (3) reads with an N ratio of more than 10% were removed; (4) Sequences (<20 bp in length) 
were discarded.

The Pipeline of WES Analysis
Briefly, the remaining good data was performed alignment by using BWA-MEM with default parameters.17 Repeated fragments 
(the main source for PCR amplification) that have a great impact on the discovery of genomic mutations were removed. Picard 
was used to remove marked repeats. Then, we used the BaseRecalibrator module and RealignerTargetCreator module in GATK 
for local indel-realignment and base recalibration.18 Significantly, Strelka software was selected to determine the single- 
nucleotide variations (SNVs) and indels.19
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Rare Mutation Analysis
The pathogenicity of mutations was compared and analyzed in Clinvar database and ACMG Genetic Variation Classification 
Standard and Guide. Among them, “pathogenic”, “possibly pathogenic”, “unclear meaning” and mutations that do not exist in 
healthy people were identified as pathogenic mutations. The frequency of mutation in population was determined by searching 
the databases of DBSNP (http://www.ncbi.nlm.nih.gov/snp) and 1000 Genomes (http://browser.1000genomes.org).

To identify pathogenic variants associated with HCM, we prioritized rare SNV and Indel variants. Detailed processes were as 
follows: 1) mutation sites with mutation frequency ≥0.01 in 1000genome or ExAC database were screened out; 2) synonymous 
mutations and variant sites located in introns were re-screened out; 3) predicted benign/probably benign mutations in ClinVar, 
InterVar, SIFT and Polyphen databases were filtered. In order to reduce the false-positive rate of copy number variations (CNVs), 
fragments with length ≤300 bp were filtered out, and then screened by annotation information (CNV prediction quality score >40).

Variant Annotation Analysis
Variation sites were annotated using ANNOVAR and Tapes software, including gene structure annotation, genome 
feature annotation, non-synonymous mutation deleteriousness prediction, known variant database annotation, and 
variant-related gene function annotation.20,21 RefSeq and GENCODE were utilized to annotate the gene structure of 
variant sites (such as mRNA, non-coding RNA, small RNA, and microRNA) and genomic features of variant sites 
including CG islands, karyotypes, genome repeats, transcription factor binding sites, etc.

Differential Expression Analysis
To further study the molecular mechanisms of HCM, we searched the GEO database for transcriptomic data of HCM, 
including GSE89714, GSE13305422 and GSE160997.23 Limma (R package) was used to perform differential expression 
analysis of transcriptomic data between normal vs HCM patients. Threshold was false discovery rate (FDR) <0.05.24

Function Enrichment and Protein–Protein Interaction (PPI) Analysis
The clusterProfiler was used to perform function enrichment analysis, including gene ontology (GO) and Kyoto 
encyclopedia of genes and genomes (KEGG) analysis.25 PPI analysis was performed by using STRING. Significantly 
enriched GO and KEGG terms were identified under the screening criteria of FDR < 0.05.

Statistical Analysis
The statistical significance of GO enrichment and pathway enrichment were analyzed by using the hypergeometric 
distribution and false discovery rate was calculated to correct the P-value using Bonferroni correction, with P≤0.05 
considered to indicate a statistically significant difference. For comparison of two groups using the NOI-seq method, 
a gene was declared as a DEG with probability is ≥0.8 and fold change ≥2. Data analysis uses R version 3.0.1 with the 
addition of the ggplot2 package.

Results
SNV Characteristics of HCM
To investigate the pathology of HCM disease, we performed WES of 14 HCM patients. Clinical information for all HCM 
patients is provided in Supplementary Table S1. Sequencing data information is provided in Supplementary Table S2. 
Aiming to analyze rare mutations in HCM, we used rigorously selection pipeline. Finally, we obtained the SNVs and 
indels of HCM patients. The results showed that each patient had more than 1000 SNVs or indels, which involved 
mutations in more than 800 genes (Table 1). Moreover, annotation results of the variant regions indicated that most of the 
mutations were synonymous (45.5%) or non-synonymous (43.7%) (Figure 1A). Mutation annotation for each HCM 
patient also showed similar results (Figure 1B). Mutant base type analysis showed that the most significant base mutation 
was C > G and followed was G > A (Figure 1C). Notably, we obtained the top 30 genes involving in mutation of HCM 
patients. The results showed that most mutations were associated with MUC3A (Figure 1D).
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Identification of Shared Mutation Genes of HCM
To search for the causative gene of HCM, we searched for the shared mutated genes in these 14 patients and obtained 13 shared 
genes, including MUC3A, LILRB3, FCGBP, CGREF1, GOLGA6L7, NBPF10, CNTNAP3B, FRG2C, GPRIN2, MUC2, 
MUC12, PRAMEF18 and PRAMEF22. Moreover, after discarding the synonymous mutant genes in the shared mutant genes, 
a total of 6 non-synonymous mutant genes were obtained, including FCGBP, GOLGA6L7, GPRIN2, MUC2, MUC12 and 
MUC3A. GO and KEGG pathway enrichment analysis of these genes was performed. The GO analysis showed that these 6 
non-synonymous mutant genes were associated with O-glycan processing, positive regulation of innate immune response, 
immune response-activating cell surface receptor signaling pathway, etc. (Figure 2A). KEGG pathway enrichment analysis 
showed that these 6 non-synonymous mutant genes were participated in amoebiasis and gastric cancer (Figure 2B). 
Interestingly, the results of PPI network indicated that these 6 non-synonymous mutant genes were able to form an interaction 
network and work together. Among them, MUC12 was a key gene in this interaction network (Figure 2C).

Mutation Characteristics of Shared Mutation Genes of HCM
The results of the mutation status of the shared mutated genes in the patients showed that the number of mutations in all 
patients was more than 100 times, including up to 150 times in one patient (Table 2). Further, the analysis results of the 
mutation sites of the shared mutant genes showed that the GPRIN2 mutation was the most complex, with various non- 
synonymous mutations and non-frameshift insertion (Table 3).

CNV Characteristics of HCM
To reduce the false positive rate of CNV in 14 patients, strict quality control conditions were used. CNV characteristics of 
each patient are shown in Table 4. More than 1000 CNVs could be detected in each patient, and the highest patient 
detected 3085 CNVs (Figure 3A). CNV statistics of each chromosome showed that chromosome 1 had the most CNVs 
and chromosome 20 had the least CNVs (Figure 3B). Furthermore, a comparative analysis of CNV in 14 HCM patients 
showed that a total of 5 CNV regions were obtained that could be detected in all patients (Table 5). Significantly, we 
obtained 11 CNV-shared genes that fall entirely within the CNV region.

Function Enrichment of CNV-Shared Genes
The GO analysis showed that these 11 CNV-shared genes were associated with post-Golgi vesicle-mediated transport, protein 
localization to the plasma membrane, protein localization to the cell periphery, etc. (Figure 4A). KEGG pathway enrichment 
analysis showed that these 11 CNV-shared genes were participated in SNARE interactions in vesicular transport (Figure 4B). 
The results of PPI network showed that CNV-shared genes did not functionally interact, so far (Figure 4C).

Table 1 Variant Gene and Locus Statistics

Sample Gene SNV and InDel

MKHS200009134 887 1128
MKHS200017468 860 1124

MKHS200017475 868 1169

MKHS200017502 883 1162
MKHS200017509 863 1155

MKHS200017513 848 1122

MKHS200039213 859 1130
MKHS200039219 836 1106

MKHS200039231 899 1164
TKQX210000940 880 1177

TKQX210001484 844 1104

TKQX210001882 881 1149
TKQX210003630 918 1187

TKQX210003631 911 1208
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Transcriptomic Analysis of HCM
To further dissect the pathogenesis of HCM, we obtained transcriptomic data of HCM patients from the GEO database. 
First, we analyzed the differential gene expression profiles of the HCM transcriptomic data separately. The results 
showed that compared with normal people, the transcriptional expression of HCM patients did not change drastically. 
For GSE89714, we obtained 413 differentially expressed genes (DEGs). For GSE133054, we gained 49 DEGs and 51 
DEGs was got by GSE160997. Expression trends of transcriptomic data are shown in the heat map (Figure 5A). GO 
analysis of GSE89714 showed that the DEGs were involved in tricarboxylic acid cycle, oxidative phosphorylation, etc. 
(Figure 5B). KEGG pathway analysis of GSE8917 showed that the DEGs were involved in oxidative phosphorylation, 
propanoate metabolism, etc. (Figure 5C). GO analysis of GSE133054 showed that the DEGs were also associated with 
tricarboxylic acid cycle (Figure 5D). KEGG pathway analysis of GSE133054 showed that the DEGs were involved in 
citrate cycle (TCA cycle), 2-Oxocarboxylic acid metabolism, etc. (Figure 5E). For GSE133054, the GO analysis 
showed that the DEGs were related to cotranslational protein targeting to membrane, tricarboxylic acid cycle, etc. 
(Figure 5F). The KEGG pathway analysis showed that citrate cycle (TCA cycle) pathway was also enriched 
(Figure 5G). Significantly, we found 23 shared GO terms (Supplementary Table S3) and 11 common KEGG signaling 

Figure 1 Characteristics of SNV in HCM patients. (A), Statistics of exon region variation type. Different colors represent different mutation types. (B), Mutation signatures 
of different mutation types in different samples. (C), Top 15 mutation base type statistics. (D), Top 30 variant genes.
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pathways (Supplementary Table S4) in all HCM transcriptomic data. Moreover, we found that the only ATP2A2 gene 
was differentially expressed in 3 groups of transcriptome data in GEO database, and the presence of ATP2A2 mutation 
in 10 samples was observed in this study.

Figure 2 SNV-related variant gene functional enrichment analysis. (A), The GO analysis of SNV-related variant genes. Different color represent the FDR value. (B), The 
KEGG pathway analysis of SNV-related variant genes. Different color represent the FDR value. (C), The PPI analysis of SNV-related variant genes.

Table 2 The Number of Variants in Genes Shared by HCM Patients

Sample Variants Sample Variants

MKHS200009134 133 MKHS200039219 148

MKHS200017468 139 MKHS200039231 143
MKHS200017475 148 TKQX210000940 150

MKHS200017502 110 TKQX210001484 133

MKHS200017509 142 TKQX210001882 140
MKHS200017513 123 TKQX210003630 119

MKHS200039213 143 TKQX210003631 140
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Discussion
HCM is a condition in which the heart muscle is abnormally thickened or enlarged. The thickened heart muscle often 
makes it difficult for the heart to pump blood. It is often difficult to detect as patients have few obvious clinical symptoms 
prior to onset.3 In 1958, Donald Teare firstly described the feature of HCM.26 With nearly 70 years of research, although 
many features and causes of HCM have been discovered, the pathogenesis of HCM is still a cloud of mystery. Prior to the 
studies indicated here, the gene variant of HCM has not been well elaborated. By using WES and transcriptomic data, the 
transcription and mutation characteristics of HCM were highlighted.

WES is a widely used second-generation sequencing (NGS) method involving the sequencing of genome protein 
coding regions. Importantly, this method plays an important role in studying diseases caused by genetic variation.13,27 At 

Table 3 The Common Variant Loci of Shared Genes in HCM Patients

Gene Chr Ref Alt Exonic Func Ref Gene

FCGBP 19 A AAGG Nonframeshift_insertion
FCGBP 19 GGGC G Nonframeshift_deletion

FCGBP 19 C T Nonsynonymous_SNV

GOLGA6L7 15 G A Unknown
GPRIN2 10 T G Nonsynonymous_SNV

GPRIN2 10 C A Nonsynonymous_SNV

GPRIN2 10 A G Nonsynonymous_SNV
GPRIN2 10 G C Nonsynonymous_SNV

GPRIN2 10 C T Nonsynonymous_SNV
GPRIN2 10 C T Nonsynonymous_SNV

GPRIN2 10 G GCCCCCACCT Nonframeshift_insertion

GPRIN2 10 T C Nonsynonymous_SNV
GPRIN2 10 A G Nonsynonymous_SNV

GPRIN2 10 C A Nonsynonymous_SNV

GPRIN2 10 C T Nonsynonymous_SNV
GPRIN2 10 C A Nonsynonymous_SNV

GPRIN2 10 C T Nonsynonymous_SNV

MUC12 7 A ACTG Nonframeshift_insertion
MUC2 11 T C Unknown

MUC2 11 T C Unknown

MUC3A 7 C A Nonsynonymous_SNV
MUC3A 7 T TCAG Nonframeshift_insertion

MUC3A 7 A G Nonsynonymous_SNV

MUC3A 7 G C Nonsynonymous_SNV

Table 4 Statistics of Variant CNV Regions in HCM Patients

Sample Number Sample Number

MKHS200009134 1774 MKHS200039219 1814
MKHS200017468 1337 MKHS200039231 1387

MKHS200017475 1066 TKQX210000940 1618

MKHS200017502 1046 TKQX210001484 1360
MKHS200017509 1121 TKQX210001882 2270

MKHS200017513 3085 TKQX210003630 1834
MKHS200039213 1816 TKQX210003631 1105
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present, HCM is considered as a disease that is the genetic heterogeneity disease caused by the mutation of myocardial 
protein coding genes (usually MYH7 and MYBPC3).15,28,29 At present, it has been reported that three members of the 
same HCM family have the mutation of MYH7 p.R671C. They found that although they carry the same mutant gene, 
different family members have different sex and clinical phenotype.28 In this study, we found that only 4 out of 14 
patients had the mutation of MYH7, which is one of the most common mutation pathogenic genes of HCM, accounting 
for about 20–30% of the incidence of HCM, which is consistent with the results of this study. MYH7 gene contains 40 
exons, and its encoded B-MHC constitutes the main structure of myosin, which is divided into three regions: head (S1 
segment), neck (S1 segment) and tail (LMM).16 Rare mutations of ACTC1, MYL2, MYL3 were also detected in HCM 
patients,17 which often led to malignant outcomes including sudden cardiac death.18 Previous literature reported that 
TNNI2 and TNNI3 genes are also one of the main pathogenic genes of HCM, and carrying TNNT2 or TNNl3 gene 
mutation is a high-risk factor for sudden death.19,20 Previous studies have pointed out that the detection effect of WES 
may not be so ideal.21 In fact, there have been previous reports that mutations in TNNT2, TNNI3 and TPM1 lead to 
HCM,29 but the coverage of WES is apparently isolated for TNNI3 and PLN.21

Significantly, we found that 6 non-synonymous mutant genes in all HCM patients, including FCGBP, GOLGA6L7, 
GPRIN2, MUC2, MUC12 and MUC3A. Meanwhile, we found that the only ATP2A2 gene was differentially expressed in 3 

Figure 3 Characteristics of CNV variants in HCM patients. (A), CNV variants signature of each HCM patient. (B), Statistics of CNV variants characteristics for each 
chromosome.

Table 5 Gene Statistics in Shared CNV Regions

Chr Start End Length Gene Name CNV

2 85,788,509 85,823,772 35,263 VAMP8:F|GGCX:P |RNF181:P|VAMP5:F Deletion

2 210,884,393 210,908,828 24,435 RP11-260M2.1:F|AC007038.7:P|RPE:P|KANSL1L:P Deletion
6 111,650,735 111,685,181 34,446 REV3L-IT1:F|REV3L:P|FCF1P5:F Deletion

11 71,948,753 72,004,659 55,906 PHOX2A:F|CLPB:P|AP000593.6:F|INPPL1:P|AP000593.5:F Deletion

13 115,007,596 115,091,756 84,160 CHAMP1:P|CDC16:P|UPF3A:F|CLCP2:F|MIR4502:F Deletion
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groups of transcriptome data in GEO database, and the presence of ATP2A2 mutation in 10 samples was observed in the CNV 
mutation detection part of this study. Bioinformatics analysis found that MUC12 may be the gene most associated with HCM 
pathogenesis. MUC12, correlated with cell growth, is up-regulated in human cardiac myocytes.22 It is reported that MUC12 is 
associated with left ventricular noncompaction.23 CNTNAP3B may be involved in cardiac fibroblastogenesis.24 As far as the 
author knows, the relationship between other genes and HCM is almost rare. Transcriptome data analysis results suggest that 
ATP2A2 may be pathogenic to HCM. Previous reports have demonstrated that ATP2A2 and MYH7 gene promoters induce 
epigenetic switches in heart failure under stress overload.25 A previous study reported that in obstructive HCM, ATP2A2/ 
ZTP2A1 played a key role.30 From completely asymptomatic to outflow tract obstruction, diastolic dysfunction, progressive 
heart failure, various tachyarrhythmias and sudden cardiac death, the abnormal individualization of clinical phenotype of 
HCM patients leads to difficulties in clinical decision-making and prognosis evaluation. In addition to significant genetic 
heterogeneity, the heterogeneity of clinical phenotype is also obvious among different HCMs, and the complex genotype- 
clinical phenotype relationship also brings challenges to the clinical diagnosis and genetic susceptibility assessment of HCM. 
This may also be one of the reasons for the inconsistent results obtained in this study.

Our study has some limitations. Firstly, the clinical sample size was small. Second, the prognosis of these clinical 
samples could not be obtained. Thirdly, further studies to confirm the role of these mutant genes in HCM through in vivo 
and in vitro experiments are needed.

Figure 4 CNV-related variant gene functional enrichment analysis. (A), The GO analysis of CNV-related variant genes. (B), The KEGG pathway analysis of CNV-related 
variant genes. (C), The PPI analysis of CNV-related variant genes.
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Figure 5 Transcriptomic data analysis of HCM patients. (A), Heat map of DEGs in HCM patients. From left to right are GSE89714, GSE133054 and GSE160997. (B), The 
GO analysis of DEGs of GSE89714. (C), The KEGG pathway analysis of DEGs of GSE89714. (D), The GO analysis of DEGs of GSE133054. (E), The KEGG pathway analysis 
of DEGs of GSE133054. (F), The GO analysis of DEGs of GSE160997. (G), The KEGG pathway analysis of DEGs of GSE160997.
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Conclusions
In summary, 6 mutated genes represented by MUC12 in HCM patients and the only ATP2A2 expressed in all 3 groups of 
transcriptome data in GEO database were found in this study, which may provide novel insights into the pathogenic 
mechanism of HCM.
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