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Objective: ALPK3 is associated with a recessive form of pediatric cardiomyopathy accompanied by musculoskeletal and craniofacial abnormalities. Heterozygous truncating variants in this gene (ALPK3tv) have recently been confirmed as a cause of autosomal dominant hypertrophic cardiomyopathy (HCM). Whether ALPK3 is also implicated in HCM in East Asia and the effect of missense variants in ALPK3 on HCM remains unresolved.

Methods: We compared the frequency of rare deleterious variants in ALPK3 in a study cohort comprised of 793 HCM cases of East Asian descent to that in the controls subset of Genome Aggregation Database (gnomAD). Gene burden test was used to assess this association. The involvement of these variants in HCM was further validated by independent cohort. The clinical characteristics and prognoses of these carriers were compared with sarcomere-positive and negative patients.

Results: Rare deleterious variants in ALPK3 were significantly enriched in HCM compared with gnomAD controls (truncating: 4/793 vs. 4/4523, P = 0.02; missense: 25/793 vs. 46/4523, P = 2.56e-5). Replication in an independent cohort provided more supporting evidence. Further comparisons revealed that ALPK3 carriers displayed more severe hypertrophy in interventricular septum (IVS) and apex, as well as greater maximal left ventricular wall thickness, relative to sarcomere negatives.

Conclusion: Heterozygous rare variants in ALPK3, both missense and truncating variants, are associated with HCM in East Asians.
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common genetic heart disease characterized by left ventricular hypertrophy in the absence of abnormal loading conditions, affecting 0.16 to 0.29% of the general adult population (1). HCM is thought to be the most common cause of sudden cardiac death (SCD) in adolescents and young adults and is a major cause of heart failure, stroke, and ventricular arrhythmia (2). Given that approximately 30 to 60% of HCM is explained by pathogenic genetic variants in genes encoding proteins of the cardiac sarcomere, it was traditionally regarded as a monogenic disorder with an autosomal dominant pattern of inheritance (1). The missing causal gene of the remaining HCM cases remains largely unsolved.

ALPK3 codes for alpha-protein kinase 3 and is involved in the differentiation and maturation of cardiomyocytes in mice (3). It was first reported in pediatric cardiomyopathy that patients with biallelic truncating genetic variants in ALPK3 (ALPK3tv) displayed a phenotype of dilated cardiomyopathy (DCM) in utero, at birth, or early childhood, and often evolved to an HCM phenotype over time (4, 5). Subsequent studies emphasized the involvement of heterozygous truncating variants of ALPK3 in HCM, where co-segregation of a heterozygous ALPK3tv with HCM was reported in a family and enrichment of ALPK3tv in HCM was observed in cardiomyopathy cohorts compared with the Genome Aggregation Database (gnomAD) population (5, 6). More recently, Lopes et al. (7) demonstrated that heterozygous ALPK3tv are disease-causing variants with autosomal dominant inheritance in ∼1.5% of HCM cases in an international cohort. In addition, a high proportion of implantable cardioverter–defibrillator (ICD) referrals and fibrosis was also observed in ALPK3tv carriers in this study. However, little is known about the role of rare deleterious missense variants in ALPK3 in HCM. Whether ALPK3tv is also enriched in HCM patients in the East Asian population has not been closely examined. The prevalence of ALPK3tv carriers in East Asians and whether these cases are associated with the risk for SCD remains to be ascertained.

Thus, we compared the frequency of rare deleterious variants in ALPK3 in our HCM cohort with whole-exome sequencing to that of the gnomAD control population using the gene burden test. These were missense and truncating variants. The association was established using an independent cohort. Moreover, these heterozygous ALPK3 variant carriers were compared with non-carriers at baseline and follow-up to identify the clinical features of ALPK3 carriers.



MATERIALS AND METHODS


Study Cohort

The study cohort was comprised of 793 unrelated patients with HCM from 2007 to 2019, consecutively recruited from Tongji Hospital, Wuhan, China. The study was approved by the ethics committee of Tongji Hospital, and written informed consent was obtained from all the recruited patients. HCM was diagnosed as a maximal end-diastolic left ventricular (LV) wall thickness ≥ 15 mm on echocardiography or cardiac magnetic resonance images, in the absence of abnormal loading conditions or other cardiac or systemic diseases capable of producing the magnitude of hypertrophy. More limited hypertrophy (13–14 mm) was diagnosed in patients with a family history of HCM (1). Peripheral blood sample collection, DNA preparation, whole-exome sequencing, and variant calling were performed as previously described (8). For a case-control comparison, the ALPK3 exome sequencing results of East Asian samples in the controls subset of gnomAD v2.1.1 (controls-only) were retrieved as normal controls (9). The total number of samples with high-quality genotypes was 4,523.



Variant Annotation and Filtering

Variants in ALPK3 were annotated according to the latest updated isoform (NM_020778.5; NP_065829.4) with ANNOVAR (10). Missense and truncating variants (frameshift, stop-gained, splice acceptor, and splice donor variants) in ALPK3 with a minor allele frequency (MAF) < 0.0001 in all gnomAD sub-populations were regarded as rare and retained for subsequent burden tests. For missense variants, we further used REVEL and VEST3, which have been demonstrated to be the most accurate in silico functional prediction methods (11), to determine whether they are deleterious or not. All rare variants were confirmed using Sanger sequencing. Particularly, rare inframe insertion and deletion variants were excluded from the association analyses, for which pathogenicity was challenging to ascertain. As Supplementary Table 1 shows, inframe insertion/deletion variants in ALPK3 were observed in two HCM cases and two controls, respectively.



Follow-Up and Endpoint

Follow-ups with recruited patients were conducted annually through face-to-face visits and/or telephone contact until March 2019. The primary endpoint was death due to cardiovascular disease, including heart failure-related death and sudden death. Secondary outcomes included all-cause death, heart transplant, and progression to New York Heart Association (NYHA) class III/IV.



Validation by Second Cohort

To replicate the findings observed in the study cohort, we enrolled another independent cohort from 2019 to 2020, which consisted of 419 patients diagnosed with HCM at Tongji Hospital, Wuhan, China. Whole-exome sequencing and variant filtering were performed according to the procedures described above.



ALPK3 Variants in Dilated Cardiomyopathy Cohort

To check whether ALPK3 variants are also associated with DCM, we extracted ALPK3 variants found in our previous DCM cohort, where whole-exome sequencing and variant calling was conducted in 1,041 DCM samples, as was done for HCM (12), and compared the prevalence of variants in the gnomAD controls.



Transcriptome-Wide Association Study

Next, we integrated published GWAS results with transcriptomic prediction models to infer tissue-specific ALPK3 expression, and then computed transcriptome-to-trait associations (13). Specifically, we first extracted GWAS summary statistics for HCM and a series of cardiac magnetic resonance imaging LV traits, including LV end-diastolic volume (LVEDV), body-surface-area (BSA) indexed LVEDV (LVEDVi), LV end-systolic volume (LVESV), BSA indexed LVESV (LVESVi), LV ejection fraction (LVEF), stroke volume (SV), BSA-indexed SV (SVi), LV mass (LVM), concentricity (LVM/LVEDV), mean LV wall thickness (meanWT), and global peak strain in radial, longitudinal, and circumferential directions from previously published studies (14–16). These summary statistics were then harmonized and imputed using 1000 Genomes reference data within a chromosomal region (Berisa–Pickrell linkage disequilibrium (LD) blocks). Harmonized and imputed GWAS summary statistics were used to perform TWAS for LV samples in GTEx v.8 eQTL data (17) with the MASHR-M model1.



Gene-Based Burden Test and Statistical Analyses

The burden of rare variants in ALPK3 was represented by the proportion of individuals carrying theses variants, and was compared between HCM cases and controls subset of gnomAD using Fisher’s exact test. Means for continuous variables were compared using the unpaired Student’s t-test, while frequencies of categorical variables were analyzed using the chi-square or Fisher’s exact test, as appropriate. All reported probabilities were two-sided and considered significant at P < 0.05.




RESULTS

The study cohort included 793 patients diagnosed with HCM, with a mean age of 52.64 ± 14.13 years at enrollment; 551 (69.5%) were male; all individuals were of East Asian descent (Supplementary Figure 1). Clinical information are shown in Table 1.


TABLE 1. Baseline comparisons of ALPK3 carriers, sarcomere-positive, and sarcomere-negative patients.
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Enrichment of ALPK3 Rare Deleterious Variants in Hypertrophic Cardiomyopathy

After screening for all exons of ALPK3, a total of 31 rare variants (MAF < 0.0001) across the ALPK3 gene were identified in our study cohort, including six synonymous, 22 missense, one frameshift insertion, and two stop-gained variants (Supplementary Table 2). Among missense variants, three were predicted as deleterious by REVEL and VEST3. Following same filtering procedures, we also observed 65 rare variants of ALPK3 in gnomAD controls (Supplementary Table 3). In total, 0.50% HCM cases (4/793) carried a rare truncating variant in ALPK3 (Figure 1A), while 3.15% HCM cases (25/793) carried a rare missense variant (Figure 1B). In comparison, only 0.09% controls in gnomAD (4/4523) were heterozygous for rare truncating variants in ALPK3, and 1.02% controls (46/4523) were carriers of ALPK3 rare missense variants. Further gene-based burden tests suggested that these ALPK3 rare variants, both truncating and missense, were enriched in HCM compared with controls (truncating: 4/793 vs. 4/4523, P = 0.02; missense: 25/793 vs. 46/4523, P = 2.56e-5) (Figure 2). In particular, the prevalence of missense variants labeled as deleterious by REVEL and VEST3 remained significantly higher in HCM cases (3/793; 0.38%) than in controls (1/4523; 0.02%) with a P value of 0.01.
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FIGURE 1. Distribution of rare variants in ALPK3. Structural and functional domains of ALPK3 protein showing variant sites identified in study cohort (red), validation cohort (pink), and gnomAD controls (blue). (A) Distribution of rare truncating variants (frameshift and stop-gained). Another two splice site variants, respectively, observed in one HCM case (NM_020778.5: c.4410 + 1G > C) of the validation cohort and one control (NM_020778.5: c.4773-1G > C) were not displayed. (B) Distribution of rare missense variants.
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FIGURE 2. Gene-based burden tests for rare variants in ALPK3. N_cases: number of carries in cases; N_controls: number of carries in controls; OR: odds ratio; 95% CI: 95% confidence interval.




Enrichment Validated by Second Cohort

To replicate the results found above, we performed whole-exome sequencing in another independent cohort comprised of 419 HCM patients. A total of 17 rare non-synonymous variants in ALPK3 were identified in 18 HCM cases, including one frameshift deletion, one stop-gained, one splice site, and 14 missense variants (Supplementary Table 4). Once again, gene burden tests ascertained the association between ALPK3 and HCM, where the prevalence of ALPK3 rare variants in HCM was significantly higher than in gnomAD controls, when considering truncating variants (OR = 8.14, 95% CI: 1.19–48.30, P = 0.02) and missense variants (OR = 3.61, 95% CI: 1.86–6.66, P = 1.21e-4) separately. Moreover, meta-analysis combining the two cohorts reached same conclusions (truncating: 7/1212 vs. 4/4523, P = 0.002; missense: 40/1212 vs. 46/4523, P = 1.36e-7). Particularly, to examine the comparability, as well as potential systematic bias, between our HCM cohort and gnomAD controls, we further compared the burden of rare synonymous variants in ALPK3 between the two groups and found no significant differences (793HCM vs. gnomAD controls: 6/793 vs. 15/4523, P = 0.11; 419HCM vs. gnomAD controls: 2/419 vs. 15/4523, P = 0.65) (Supplementary Table 5).



Relation Between ALPK3 and Dilated Cardiomyopathy

In our DCM cohort (N = 1,041), we found one rare splice site variant in a DCM case, and 17 missense variants in 18 DCM cases. As Supplementary Table 5 shows, neither truncating variants nor missense variants in ALPK3 were associated with DCM.



Clinical Characteristics of ALPK3 Heterozygotes

To summarize the phenotypic features of ALPK3 carriers, we compared the baseline statistics of patients carrying rare variants in ALPK3 to those of sarcomere-positive and negative patients (Table 1). The most impressive characteristic was that ALPK3 carriers presented with more severe hypertrophy in interventricular septum (IVS) (18.43 mm vs. 16.78 mm, P = 0.032) and apex (11.89 mm vs. 10.84 mm, P = 0.037), when compared to sarcomere negatives. Consistently, the maximal LV wall thickness was greater (19.36 mm vs. 17.16 mm, P = 0.003) in ALPK3 carriers than in sarcomere negatives. In addition, when dividing ALPK3 carriers into subgroups by variant type, no significant difference was found in the paired comparisons among carriers of ALPK3 truncating variants, deleterious missense variants, and neutral missense variants, except that extreme LV hypertrophy (≥30 mm) appeared to be more prevalent in ALPK3 truncating variant carriers than in neutral missense variant carriers (Supplementary Table 6).



Outcomes of ALPK3 Heterozygotes

In a total of 775 (97.7%) patients included in the final evaluation with a mean follow-up time of 32.78 ± 27.58 months, 5 (18.5%) carriers of rare ALPK3 variants died, namely 1 SCD, 2 cardiac deaths, and 2 all-cause deaths.



Association of ALPK3 Expression With Left Ventricular Traits

The causal effect of ALPK3 truncating variants on the odds of HCM prompted us to hypothesized that ALPK3 expression may be associated with the alteration of cardiac traits in general population. Therefore, we performed TWAS to estimate the involvement of ALPK3 expression in HCM. We discovered that the predicted ALPK3 expression in LV tissue was significantly different in HCM and several LV traits compared to control individuals. In summary, reduced expression of ALPK3 was observed in HCM cases, as well as in individuals with decreased LVEDV, LVEDVi, LVESV, and LVESVi, and increased LVEF, LVM, meanWT, LV concentricity, and global LV strain measured in the radial and circumferential directions (Supplementary Table 7 and Figure 3). Taken together, these results suggested that ALPK3 expression was associated with alteration of cardiac traits, and individuals with a decreased ALPK3 expression have a higher risk for HCM and abnormal LV structure, which also adds to the causative role of truncating variants.
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FIGURE 3. Genotype-inferred ALPK3 expression-to-LV trait associations. Center values are the estimated association effect size and error bars indicate 95% confidence interval. Data shown correspond to that in Supplementary Table 7. LV, left ventricle/ventricular; LVEDV, LV end-diastolic volume; LVEDVi, body-surface-area (BSA) indexed LVEDV; LVESV, LV end-systolic volume; LVESVi, BSA indexed LVESV; LVEF, LV ejection fraction; SV, stroke volume; SVi, BSA indexed SV; LVM, LV mass; meanLVwallthickness, mean LV wall thickness. *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

In this study, we performed exome sequencing of ALPK3 in a study cohort comprised of 793 HCM cases with East Asian ancestry and identified a batch of rare variants in ALPK3. Gene-based burden tests suggested that both missense and truncating variants in ALPK3 were enriched in HCM compared to gnomAD controls. Replication of these findings in another independent cohort with 419 HCM cases supported this association. Further baseline comparisons between carriers and sarcomere negatives indicated that ALPK3 variants were associated with more severe hypertrophy in IVS and apex. TWAS using published GWAS and GTEx data, found evidence to support the causal effects of ALPK3 expression on the odds of HCM.

Early studies focused more on biallelic ALPK3tv, which has been demonstrated to be associated with severe, childhood-onset cardiomyopathy and musculoskeletal abnormalities. Most ALPK3tv homozygotes die in the early years of life (4, 18–20). In our study and validation cohort, all ALPK3 variant carriers were heterozygous, and none of them displayed an additional dysmorphic phenotype or had raised serum creatine kinase apart from adult-onset HCM. This is in accordance with a more recent publication, where no apparent musculoskeletal involvement, except for HCM, was found in a Thai family with a heterozygous ALPK3tv (6). Consistent with the data reported by Lopes et al. (7), heterozygous ALPK3tv was also enriched in our cohorts made up of East Asians. However, the prevalence of ALPK3tv observed in our cohort was much lower than that observed by Lopes et al. (0.58% vs. 1.56%, P = 0.03), especially compared to the South Asian population subgroup (0.58% vs. 5.68%, P = 6.89e-4). Another notable observation is that none of the ALPK3tv identified in our study was previously reported, together indicating a population-specific prevalence and distribution across the transcript of ALPK3tv.

Missense genetic variants in sarcomere genes account for the majority of HCM cases, which may alter protein structure and function by changing the amino acid composition of the encoded protein (2). For this reason, it is necessary to evaluate the effect of missense variants in ALPK3 on HCM, whereas very little has been described in previous studies on this issue due to challenges in determining the pathogenicity of missense variants. Here, we attempted to identify rare deleterious missense variants using the in silico computational methods REVEL and VEST3. The two methods have been demonstrated to be effective with the best performance in predicting the pathogenicity of missense variants compared with other commonly used methods (11). Therefore, we additionally compared rare missense variants predicted as deleterious by both methods to minimize the risk of false positives between HCM cases and controls. Although these rare deleterious missense variants were no longer significantly enriched in the HCM validation cohort due to the limited number of carriers (Supplementary Table 5), the overall prevalence in the meta-analysis of the discovery and validation cohorts remained significantly higher relative to controls (4/1212 vs. 1/4523, P = 8.26e-3) with an OR of 14.96. The combination of these findings provides further support for the involvement of missense variants in ALPK3 in HCM, although the causal effect remains to be confirmed.

It was observed that a high proportion of ALPK3tv carriers were judged to be at high risk of SCD by Lopes et al.; however, no arrhythmic events were observed to verify this correlation. In this study, we only observed 1 single incidence of SCD among the 27 ALPK3 carriers that were followed, which was underpowered to draw any conclusion. Therefore, the link between ALPK3 and SCD needs to be ascertained in larger cohorts. Given the greater maximum LV wall thickness in ALPK3 variant carriers, it is reasonable to assume that ALPK3 variants partially contribute to SCD through this risk factor. Therefore, it is clearly of urgent importance to focus research on the arrhythmogenic role of ALPK3 variants. Preclinical evaluations in such patients are critical, particularly with respect to their capacity for early life-threatening arrhythmia. More aggressive strategies such as family screening and early arrhythmia monitoring should be recommended, as these patients may benefit from the primary prevention of SCD.

Recent GWAS have identified a locus near ALPK3 that is significantly associated with HCM and DCM with opposite effects (16). Considering the haploinsufficiency caused by ALPK3tv, which serves as the main mechanism causing HCM, it could conceivably be hypothesized that a reduced dosage of the ALPK3 transcript is causally associated with the risk of developing HCM. Our TWAS results supported this speculation. It is interesting to note that global alteration of LV traits associated with decreased ALPK3 expression highly coincides with the representative morphological characteristics of HCM, including decreased LV volume, increased LV wall thickness and mass, and enhanced LV contractility. So we further speculated that any variant that could negatively alter the expression of the ALPK3 protein may potentially contribute to HCM relevant phenotype, whether they are rare or common. On the contrary, it is unlikely that ALPK3tv could cause adult DCM, owing to the results that reduced ALPK3 expression in left ventricle was associated with decreased LV volume (LVEDV, LVEDVi, LVESV, LVESVi) and increased LV contractility (LVEF, global strain in radial and circumferential directions). The observations in our DCM cohort also supported this point of view, where the frequency of ALPK3tv in DCM was similar to that in gnomAD controls.


Study Limitations

The patients in our cohort were all recruited from a single center, which may limit the generalizability of the conclusions to other East Asian subgroups. The rare deleterious missense variants that carry a risk of false positives were selected using prediction tools and further studies on animal models and cardiomyocytes are needed to determine the pathogenicity of these variants.




CONCLUSION

This study identified that heterozygous rare variants in ALPK3, both missense and truncating variants, were associated with an autosomal dominant HCM in East Asia via the demonstration of an enrichment of these variants in HCM cases. A considerable amount of work needs to be done to establish the causative role of ALPK3 missense variants in HCM, as well as the arrhythmogenic effect of these variants.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the https://zenodo.org/record/6580063#.Yo4G__n1u2U, accession number doi: 10.5281/zenodo.6580063.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Tongji Hospital, Wuhan, China. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JD: conceptualization, formal analysis, investigation, methodology, visualization, and writing – original draft. KL and MH: data curation and investigation. YS: conceptualization, data curation, methodology, supervision, writing, review, and editing. HL: investigation. ZL and PC: conceptualization and methodology. HWa, DWu, YC, LX, and HWe: data curation. RL, LP, and TY: investigation. YW: project administration and supervision. DWa: conceptualization, funding acquisition, project administration, resources, supervision, writing, review, and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by projects National Key R&D Program of China No. 2017YFC0909400, Nature Science Foundation of China Nos. 91439203, 91839302, and 81700413, Shanghai Municipal Science and Technology Major Project No. 2017SHZDZX01, and the Fundamental Research Funds for the Central Universities, HUST No. 2016JCTD117. The funders had no role in the design of the study and collection, analysis, decision to publish, interpretation of data, or preparation of the manuscript.



ACKNOWLEDGMENTS

The authors acknowledge the patients and their families for their participation and support for this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.915649/full#supplementary-material


FOOTNOTES

1
https://github.com/hakyimlab/MetaXcan/wiki


REFERENCES

1. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, et al. 2020 Aha/Acc guideline for the diagnosis and treatment of patients with hypertrophic cardiomyopathy: a report of the American college of cardiology/american heart association joint committee on clinical practice guidelines. Circulation. (2020) 142:e558–631. doi: 10.1161/CIR.0000000000000937

2. Marian AJ, Braunwald E. Hypertrophic cardiomyopathy: genetics, pathogenesis, clinical manifestations, diagnosis, and therapy. Circ Res. (2017) 121:749–70. doi: 10.1161/CIRCRESAHA.117.311059

3. Walsh R, Offerhaus JA, Tadros R, Bezzina CR. Minor hypertrophic cardiomyopathy genes, major insights into the genetics of cardiomyopathies. Nat Rev Cardiol. (2022) 19:151–67. doi: 10.1038/s41569-021-00608-2

4. Almomani R, Verhagen JM, Herkert JC, Brosens E, van Spaendonck-Zwarts KY, Asimaki A, et al. Biallelic truncating mutations in Alpk3 cause severe pediatric cardiomyopathy. J Am Coll Cardiol. (2016) 67:515–25. doi: 10.1016/j.jacc.2015.10.093

5. Herkert JC, Verhagen JMA, Yotti R, Haghighi A, Phelan DG, James PA, et al. Expanding the clinical and genetic spectrum of Alpk3 variants: phenotypes identified in pediatric cardiomyopathy patients and adults with heterozygous variants. Am Heart J. (2020) 225:108–19. doi: 10.1016/j.ahj.2020.03.023

6. Cheawsamoot C, Phokaew C, Chetruengchai W, Chantranuwat P, Puwanant S, Tongsima S, et al. A pathogenic variant in Alpk3 is associated with an autosomal dominant adult-onset hypertrophic cardiomyopathy. Circ Genom Precis Med. (2020) 13:e003127. doi: 10.1161/CIRCGEN.120.003127

7. Lopes LR, Garcia-Hernandez S, Lorenzini M, Futema M, Chumakova O, Zateyshchikov D, et al. Alpha-protein kinase 3 (Alpk3) truncating variants are a cause of autosomal dominant hypertrophic cardiomyopathy. Eur Heart J. (2021) 42:3063–73. doi: 10.1093/eurheartj/ehab424

8. Dai J, Li Z, Huang W, Chen P, Sun Y, Wang H, et al. Rbm20 is a candidate gene for hypertrophic cardiomyopathy. Can J Cardiol. (2021) 37:1751–9. doi: 10.1016/j.cjca.2021.07.014

9. Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature. (2020) 581:434–43. doi: 10.1038/s41586-020-2308-7

10. Wang K, Li M, Hakonarson H. Annovar: functional annotation of genetic variants from high-throughput sequencing data. Nucleic Acids Res. (2010) 38:e164. doi: 10.1093/nar/gkq603

11. Li J, Zhao T, Zhang Y, Zhang K, Shi L, Chen Y, et al. Performance evaluation of pathogenicity-computation methods for missense variants. Nucleic Acids Res. (2018) 46:7793–804. doi: 10.1093/nar/gky678

12. Xiao L, Li C, Sun Y, Chen Y, Wei H, Hu D, et al. Clinical significance of variants in the TTN gene in a large cohort of patients with sporadic dilated cardiomyopathy. Front Cardiovasc Med. (2021) 8:657689. doi: 10.3389/fcvm.2021.657689

13. Gusev A, Ko A, Shi H, Bhatia G, Chung W, Penninx BW, et al. Integrative approaches for large-scale transcriptome-wide association studies. Nat Genet. (2016) 48:245–52. doi: 10.1038/ng.3506

14. Harper AR, Goel A, Grace C, Thomson KL, Petersen SE, Xu X, et al. Common genetic variants and modifiable risk factors underpin hypertrophic cardiomyopathy susceptibility and expressivity. Nat Genet. (2021) 53:135–42. doi: 10.1038/s41588-020-00764-0

15. Pirruccello JP, Bick A, Wang M, Chaffin M, Friedman S, Yao J, et al. Analysis of cardiac magnetic resonance imaging in 36,000 individuals yields genetic insights into dilated cardiomyopathy. Nat Commun. (2020) 11:2254. doi: 10.1038/s41467-020-15823-7

16. Tadros R, Francis C, Xu X, Vermeer AMC, Harper AR, Huurman R, et al. Shared genetic pathways contribute to risk of hypertrophic and dilated cardiomyopathies with opposite directions of effect. Nat Genet. (2021) 53:128–34. doi: 10.1038/s41588-020-00762-2

17. GTEx ConsortiumZ, Laboratory, Data Analysis &Coordinating Center (LDACC)—Analysis Working Group, Statistical Methods groups—Analysis Working Group, Enhancing GTEx (eGTEx) groups, NIH Common Fund, NIH/NCI, et al. Genetic effects on gene expression across human tissues. Nature. (2017) 550:204–13. doi: 10.1038/nature24277

18. Caglayan AO, Sezer RG, Kaymakcalan H, Ulgen E, Yavuz T, Baranoski JF, et al. Alpk3 gene mutation in a patient with congenital cardiomyopathy and dysmorphic features. Cold Spring Harb Mol Case Stud. (2017) 3:a001859. doi: 10.1101/mcs.a001859

19. Jaouadi H, Kraoua L, Chaker L, Atkinson A, Delague V, Levy N, et al. Novel Alpk3 mutation in a Tunisian patient with pediatric cardiomyopathy and facio-thoraco-skeletal features. J Hum Genet. (2018) 63:1077–82. doi: 10.1038/s10038-018-0492-1

20. Al Senaidi K, Joshi N, Al-Nabhani M, Al-Kasbi G, Al Farqani A, Al-Thihli K, et al. Phenotypic spectrum of Alpk3-related cardiomyopathy. Am J Med Genet A. (2019) 179:1235–40. doi: 10.1002/ajmg.a.61176


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dai, Li, Huang, Sun, Liu, Li, Chen, Wang, Wu, Chen, Xiao, Wei, Li, Peng, Yu, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmed-09-915649-t001.jpg
Gender = male (%)

Age of onset (years)

Age at enrollment (years)
Family history of HCM (%)
Family history of SCD (%)
Family history of stroke (%)
Smoke (%)

Alcohol intake (%)

NYHA heart function class (%)
|

Il

/v

Episode of syncope (%)
QTc (ms)

QTc > 450 ms (%)

Atrial fibrillation (%)
Non-sustained ventricular tachycardia (%)
Atrioventricular block (%)
Any arrhythmia (%)
Non-fatal stroke (%)

CAD (%)

Diabetes mellitus (%)

Max wall thickness (mm)
Max wall thickness > 30 mm (%)
IVS (mm)

LVPW (mm)

Apex (mm)

LAD (mm)

LVEDD (mm)

LVEF (%)

LVOTG > 30 mm Hg (%)
E/A

E/E’

ALPK3* ALPK3~ Sarct  ALPK3~ Sarc™ P value
(N = 28) (N =82) (N = 621) ALPK3* vs. ALPK3~Sarc*  ALPK3* vs. ALPK3~Sarc™
16 (57.1) 54 (65.9) 439 (70.7) 0.408 0.126
53.50 + 17.21 4517 £ 14.01 51.95 + 14.20 0.012 0.576
54.00 £17.18 48.00 + 13.73 53.06 &+ 14.17 0.064 0.733
2(7.1) 7 (8.5) 13 (2.1) 0.816 0.082
0(0.0) 2(2.4) 3(0.5) 0.404 0.712
3(10.7) 4(4.9 33(5.3) 0.275 0.222
8(28.6) 25 (30.5) 229 (36.9) 0.848 0.372
3(10.7) 19 (23.2) 158 (25.4) 0.155 0.078
0.078 0.093
3(23.1) 5(13.5) 69 (20.8)
2(15.4) 19 (51.4) 145 (43.8)
8(61.5) 13 (35.1) 117 (35.3)
1(3.6) 5(6.1) 37 (6.0) 0.611 0.599
459.52 £ 36.63  460.90 £37.08  458.79 +42.13 0.869 0.938
16 (59.3) 44 (61.1) 331 (55.3) 0.867 0.133
7 (25.0) 19 (23.2) 77 (12.4) 0.844 0.052
3(10.7) 20 (24.4) 52 (8.4) 0.124 0.664
1 (3.6) 4(4.9) 25 (4.0) 0.774 0.905
11 (39.3) 41 (50.0) 193 (31.1) 0.327 0.36
6(21.4) 3@3.7) 80 (12.9) 0.003 0.192
6(21.4) 6(7.3) 214 (34.5) 0.039 0.154
3(10.7) 7(8.5) 128 (20.6) 0.729 0.202
19.36 + 5.09 21.15+5.18 17.16 £+ 3.69 0.116 0.003
1(3.6) 5(6.1) 10(1.6) 0.611 0.432
18.43 £ 5.57 20.50 +£5.76 16.78 + 3.88 0.101 0.032
12.11 £ 3.29 11.06 £2.84 12.36 £ 3.05 0.109 0.664
11.89 £ 4.30 11.07 £3.32 10.84 £ 2.50 0.299 0.037
39.41 £5.63 42.00 +£9.57 41.62 +7.59 0.186 0.135
46.22 + 5.53 4437 £7.82 48.67 + 8.21 0.256 0.126
61.33 +9.21 63.84 + 11.30 57.82 + 13.23 0.299 0.172
8 (28.6) 30 (36.6) 178 (28.7) 0.441 0.992
12.79 + 36.66 6.49 +21.70 9.29 + 28.96 0.291 0.545
17.54 £ 7.06 16.61 +10.35 19.33 + 10.02 0.693 0.397

Values are N (%) or mean + SD. ALPK3™, HCM cases carrying rare truncating or missense variants in ALPK3; Sarc™, sarcomere positive; Sarc™, sarcomere negative;
SCD, sudden cardiac death; NYHA, New York Heart Association;, CAD, coronary artery disease; IVS, interventricular septum; LVPW, left ventricular posterior wall; LAD,
left atrial diameter; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; LVOTG, left ventricular outflow tract gradient.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Involvement of ALPK3 in Hypertrophic Cardiomyopathy in East Asia



		INTRODUCTION



		MATERIALS AND METHODS



		Study Cohort



		Variant Annotation and Filtering



		Follow-Up and Endpoint



		Validation by Second Cohort



		ALPK3 Variants in Dilated Cardiomyopathy Cohort



		Transcriptome-Wide Association Study



		Gene-Based Burden Test and Statistical Analyses







		RESULTS



		Enrichment of ALPK3 Rare Deleterious Variants in Hypertrophic Cardiomyopathy



		Enrichment Validated by Second Cohort



		Relation Between ALPK3 and Dilated Cardiomyopathy



		Clinical Characteristics of ALPK3 Heterozygotes



		Outcomes of ALPK3 Heterozygotes



		Association of ALPK3 Expression With Left Ventricular Traits







		DISCUSSION



		Study Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

The Involvement of ALPK3
in Hypertrophic Cardiomyopathy
in East Asia









OPS/images/fmed-09-915649-g001.jpg
controls_EAS

@ 793HCM O 419HCM @ gnomAD

«8G91)d

AR ARSKe
«86ES LM d

¢.SiolglLL3d

GG.SIH9L Gy d

‘|

-

-

-

e Sid/€lldd

0€.SISE/yOd

«/613d

0zg9L3d

AEL910d
SGLGldd
M60S LY d

AZ6VLYd

SySvldd
serelod
o¢0gLsd
ML8ZLYd
¥9/119d
MP9L L Yd
Oy9L L Yyd
Oy9L L Yyd
18LLLyd
M6.0L3d
S666dd
d656Sd

Ste6dd
MO0S6Y d
16¢6vd

16¢/dd
HOv9Dd

vg8es.Ld
1z/G6vd

|I9SN d
yeegHd
¥sryod
¥8ryod
o0y d

Nozead
Sozzyd
710zzyd
A6lzad

HoglLyd
46GSd

MESYd
m

0000  $6600000000004606606000000

® 3900 stree Bo 0 9 eop ssspeses

16/91Md
S/9911d

S99919°d
1809Lvd
sslgldd
ISLyLod
¥SLyLod
IvseLsd
MSYE LY d
4/¢¢1Sd
N6ZELY d
06Lzlyd
AE£0Z1LOd
168L1dd
vezgilld
MZ9L1Dd
lzzlvd
3021 19d
18LL1Lyd
1LLOLAd
S666dd
N696M d
S¥S6dd
¥ee8sd
o¢e/9d
AGE9Yd
10¢e9vd
Mlzoyd
Jzl9vd
06.G6Sd
v0.5Qd
M/6G1d
¥lysod
D9ogsyd
yeeggHd
Sy/vdd
MO¥PYd

1662vd

¥oozmd
HogLy'd
0g9lL3d
MGGLOd
H6lLYd
MGoL3d

098y d
¥zosd

globulin—like 1 [ Immunoglobulin—-like 2 [0 Alpha-type protein kinase

0 NP_065829.4 [ Immuno





OPS/images/fmed-09-915649-g002.jpg
N_cases N_controls OR (95% CI) P_Fisher
793HCM vs. 4523gnomAD _controls

Truncating , > “ 4 5.72 (1.06-30.80) 0.0209
Missense —l— 25 46 317 (1.85-5.30) 2.566E-05
Deleterious missense b > 3 1 17.16 (1.38-896.59) 0.0118
synonymous H—il / 6 15 2.29 (0.73-6.27) 0.1139
419HCM vs. 4523gnomAD_controls

Truncating : i 2 4 8.14 (1.19-48.30) 0.0164
Missense —— 15 46 3.61 (1.86-6.66) 0.0001
Deleterious missense I > 1 1 10.81 (0.14-843.03) 0.1624
synonymous il ! 2 15 1.44 (0.16-6.23) 0.6504
1041DCM vs. 4523gnomAD _controls

Truncating Hl > 1 4 1.09 (0.02-11.00) 1
Missense Hl— 18 46 1.71 (0.93-3.03) 0.0739
Deleterious missense B > 0 1 0 (0.00-169.00) 1
synonymous 5 15 1.45 (0.41-4.21) 0.4031

I D N D N N B
01 23456 7 8 910





OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine





OPS/images/fmed-09-915649-g003.jpg
* k% |

HCM - [————] !

i * %%

LVEDV - 1ag
LVEDVi - : I*I
LVESV - E H
LVESVi - | H

* k%

LVEF - e
SV - |-o-|

SVi- ke
LVM- | - ]
meanLVwallthickness - =

LV_concentricity -

LV_radial_strain - | # |
-LV_longitudinal_strain - . —
—=LV_circumferential_strain - I——*:—-l
-5 4 3 -2 -1 0

Effect size for association of ALPK3 expression and LV traits





