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A B S T R A C T

Cardiomyopathies, encompassing hypertrophic cardiomyopathy (HCM) and dilated cardiomy-
opathy (DCM), constitute a diverse spectrum of heart muscle diseases that often culminating in 
heart failure (HF). The inherent molecular heterogeneity of these conditions has implications for 
prognosis and therapeutic strategies.

Publicly available microarray and RNA sequencing (RNA-seq) data sets of HCM (n = 106 from 
GSE36961) and DCM (n = 18 from GSE135055 and 166 from GSE141910) patients were 
employed for our analysis. The Non-negative Matrix Factorization (NMF) algorithm was applied 
to explore the molecular stratification within HCM and DCM, and enrichment analysis was per-
formed to delineate their biological characteristics. By integrating bulk and single-nucleus RNA- 
seq (snRNA-seq) data, we identified a potential biomarker for HCM progression and cardiac 
fibrosis, which was subsequently validated using mendelian randomization and in vitro.

Our application of NMF identified two distinct molecular clusters. Particularly, a profibrotic, 
heart failure with reduced ejection fraction (HFrEF)-resembling Cluster 1 emerged, characterized 
by diminished expression of CORIN and a high degree of fibroblast activation. This cluster also 
exhibited lower left ventricular ejection fraction (LVEF) and worse prognostic outcomes, estab-
lishing the significance of this molecular subclassification. We further found that overexpression 
of CORIN could mitigate TGFβ1-induced expression of col1a1 and α-SMA in neonatal rat cardiac 
fibroblasts.

Our results indicated the heterogeneity of HCM population, and further evidenced the 
participation of corin in the progression of HCM, DCM and HFrEF. Nevertheless, our study is 
constrained by the lack of corresponding clinical data and experimental validation of the iden-
tified subtypes. Therefore, further studies are warranted to elucidate the downstream pathways of 
corin and to validate these findings in independent patient cohorts.

1. Background

Hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) are two prevalent forms of cardiomyopathy, each 
associated with a relatively high morbidity and mortality. HCM is typically manifested by an asymmetrical left ventricular 
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hypertrophy, which cannot be explained by any other cardiac or systemic disease [1]. In contrast, DCM is distinguished by dilation of 
the left ventricle. Both HCM and DCM may lead to subsequent contractile dysfunction [2].

Regarding their etiology, HCM is primarily a heritable cardiovascular disease deriving from the pathogenic mutation of genes 
associated with myofilaments, with a minority of cases remaining idiopathic [3]. This condition affects approximately 1 in 500 adults 
[4]. In comparison, DCM presents a more complex etiology, with heterogeneous causes, and an estimated prevalence of 1:250 to 500 
[5]. Notwithstanding the strides made in genetics and epidemiology offering up-to-date insights into the pathogenesis of these forms of 
cardiomyopathy, the precise molecular mechanisms driving the development and progression of these conditions continue to be not 
fully comprehended.

Heart failure (HF) with reduced ejection fraction (HFrEF) represents the terminal stage of both HCM and DCM, characterized by 
diminished cardiac output and the emergence of consequent clinical symptoms such as dyspnea, fatigue, and fluid retention. HFrEF, 
defined by a left ventricular ejection fraction (LVEF) of 40 % or less, is marked by progressive left ventricular dilatation and adverse 
cardiac remodeling [6].

In spite of significant advancements in medical therapy, including the application of angiotensin receptor-neprilysin inhibitors, 
beta-blockers, SGLT2 inhibitors and mineralocorticoid receptor antagonists, HFrEF continues to be a leading cause of morbidity and 
mortality globally [7]. As such, therapeutic strategies aimed at delaying and obstructing the progression of cardiomyopathy to HF hold 
promising potential.

Through the utilization of non-negative matrix factorization (NMF) and the integration of bulk RNA sequencing (RNA-seq) and 
single-nucleus RNA-seq (snRNA-seq) data, we identified a subset of cardiomyopathy patients that displayed a transcriptional profile 
associated with contractile dysfunction. This profile was characterized by down-regulation of CORIN, activation of fibroblasts and 
enhanced signaling of TGFβ, LAMININ and COLLAGEN. Intriguingly, our research indicated that the overexpression of CORIN might 
mitigate the TGF-β1-mediated fibroblast activation and collagen synthesis. Our findings suggested the molecular heterogeneity of 
cardiomyopathy, and further evidenced the role of cardiac corin as modulator and marker of HCM, DCM and HFrEF.

2. Methods

2.1. Data collection and pre-process

The transcriptomic datasets used in this study were delineated in Supplementary Table S1. We incorporated microarray and bulk 
RNA-seq datasets from a HCM (GSE36961) and two DCM (GSE135055, GSE141910) cohorts to identify and verify cardiomyopathy 
subgroups [8,9]. For the recognition of phenotypes, we utilized bulk RNA-seq data drawn from the HFrEF and HFpEF cohorts, sourced 
from the Zenodo database [10]. Within the context of this study, HFrEF patients exhibiting an LVEF of less than 20 were classified as 
severe cases.

Subsequently, we integrated the results of bulk RNA-seq with two snRNA-seq datasets: GSE181764 and SCP1303 from Broad In-
stitute’s Single Cell Portal [11,12]. Corresponding demographics and prognosis data were collected from published articles and 
supplementary materials. To ascertain the association between the transcriptome and phenotype at molecular and cellular levels, we 
also collected bulk RNA-seq data of MYBPC3-mutated engineered cardiac tissues constructs (ECTs) and induced pluripotent stem cell 
derived cardiomyocytes along with TGF-β1 treated cardiac fibroblasts [13,14]. Datasets from the Gene Expression Omnibus (GEO) 
database were accessed using the “GEOquery” R package [15]. Following the acquisition, the gene expression matrix was log trans-
formed and normalized with “normalizeBetweenArrays” function from the “limma” package [16].

2.2. Single-nucleus RNA sequencing data processing

A standard snRNA-seq data processing workflow was performed with the Seurat v4. Parameters for clustering and dimensionality 
reduction were defined, with cluster annotations made in reference to the corresponding descriptions in the source literature [17,18]. 
Owning to computational constraints, snRNA-seq data was down-sampled, allowing for 2000 cells from each cluster to be used in 
subsequent analyses. For sample clustering, pseudo-bulk expression matrixes were prepared by combining data from all cell types per 
donor.

2.3. Clinical characteristics

Clinical characteristics of sample donors, such as sex and age, were collected from the accessary phenotype data extracted from 
GEO datasets. Specifically, we acquired detailed baseline characteristics, medical history, imaging markers and survival time infor-
mation of patients involved in GSE135055 from supplementary files [19]. Baseline characteristics were presented as medians and 
interquartile ranges, with exact tests applied for comparisons between cardiomyopathy clusters.

2.4. Non-negative matrix factorization

NMF is an unsupervised learning technique used to decompose an original matrix into a lower dimensional representation. For 
sample clustering, we utilized the “Muscle contraction-Cardiac conduction” gene set from the Reactome Knowledgebase database 
(https://reactome.org) [20]. The standard NMF algorithm, based on Kullback-Leibler divergence, was implemented on both HCM and 
DCM samples using the namesake package [21]. For snRNA-seq samples, NMF was performed on pseudo-bulk format data. The optimal 
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factorization rank, or cluster number, was determined by the cophenetic correlation coefficients.

2.5. Survival analysis

A total of 18 DCM patients from GSE135055, with entire survival time data, were employed for survival analysis. A multivariate 
Cox proportional hazards regression model was used to fit the time period from initial symptoms to heart transplantation. After ac-
counting for factors such as RNA-seq quality, sex, age, smoking history, valvular disease, diabetes, pulmonary hypertension, atrial 
fibrillation, LVEF and fibrosis percentage, adjusted survival curves were visualized and compared between cardiomyopathy clusters 
using the log-rank test.

2.6. Differential expression analysis

In accordance with the NMF results, two cardiomyopathy clusters were identified. Differential expression analysis was conducted 
respectively between the HCM clusters and the control group using the “limma” package [16]. The criteria for differentially expressed 
genes (DEGs) were set as absolute log2 fold change (log2FC) > 1, in conjunction with an adjusted P-value <0.05. The Benjamini & 
Hochberg method was applied to control the false discover rate (FDR). DEGs were visualized as volcano plots and heatmaps. The 
shared DEGs, comparing the two HCM clusters with the control group separately, were identified and depicted in Venn plot.

Meanwhile, Kruskal-Wallis test was employed for multi-group comparison of specific genes. The correlation between DEGs and 
clinical characteristics was calculated using the “corrplot” package.

2.7. Gene set enrichment analysis

Gene set enrichment analysis (GSEA) is a computational method determining whether an a priori defined set of genes exhibits 
statistically significant concordance [22]. Genes were sorted for GSEA according to their expression fold change between HCM 
clusters. Then, the sorted genes were respectively enriched to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways using the “clusterProfiler” package [23,24]. The Benjamini & Hochberg method was employed for statistic 
adjustment, with p < 0.05 deemed as significant.

2.8. Weighted gene co-expression network analysis

The Weighted Gene Co-expression Network Analysis (WGCNA) was conducted to depict the correlation patterns among genes 
across samples. This method was performed on the gene expression matrix of 106 HCM samples using the “WGCNA” package [25]. We 
calculated the median absolute deviation of genes and incorporated 5000 genes with the largest values. The quality of samples was 
assessed, and no outliers were pruned. To select the proper soft threshold, we evaluated the scale independence and mean connectivity 
at different power levels. For equilibrium, 6 was picked as the optimal soft threshold. Additionally, we set the minimum gene module 
size at 50 and merged similar gene modules based on the correlation of their eigengenes. To associate gene modules with clinical traits, 
module-trait relationships were estimated according to Pearson correlation analysis and visualized as heatmap. For further functional 
insights, we conducted an enrichment analysis on gene modules with a statistically significant threshold set at p < 0.05 and q < 0.05.

2.9. ML methods for feature selection

In order to discern the hub genes between HCM clusters, three ML methods were implemented: random forest, support vector 
machines (SVM)-recursive feature elimination (RFE), and least absolute shrinkage and selection operator (LASSO) regression. We 
constructed a random forest model with 500 trees using the “randomForest” package. Feature importance was assessed based on the 
mean decrease in accuracy, and features with an importance exceeding 12 were retained. In the case of SVM-RFE method, we utilized 
the “rfe” function from the “caret” package, with radial basis functions serving as the SVM kernel. Furthermore, fivefold cross- 
validation was applied to derive the optimal hyperparameters of the SVM model. To eliminate superfluous features, we docu-
mented the least number of variables that provided the highest accuracy. As for LASSO regression, we randomly partitioned 70 % of 
samples into a training set and the remnant formed the test set. In the training set, we fitted the LASSO model using the “glmnet” 
package and calculated the coefficients of variables at different lambda values. For proper lambda selection, tenfold cross-validation 
was applied to estimate cross-validated errors with corresponding lambda values. We selected the lambda value that resulted in the 
minimum mean cross-validated error. The LASSO model, built based on the chosen lambda, was then tested using the test set. The 
intersection of hub genes identified by the aforementioned ML methods was visualized using an UpSet plot [26].

2.10. Evaluation of diagnostic capacity

Following feature selection, the identified hub genes were employed to differentiate HCM clusters. Generally, the expression levels 
of these genes in the control group and HCM clusters were visualized. The predictive efficacies were then evaluated by constructing 
receiver operating characteristic (ROC) curves. Single factor ROC curves were generated using the “pROC” package, and the areas 
under ROC curve (AUC) were calculated [27]. For multi-factor ROC curve construction, a binomial generalized linear model inte-
grating the identified hub genes was fitted using the “ROCR” package [28].
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2.11. Disease trajectory inference

Cardiomyopathy is acknowledged to potentially progress to heart failure. To categorize clusters, 8793 DEGs between HF with 
preserved ejection fraction (HFpEF) and control, along with 6802 DEGs between HFrEF and control, were derived from Virginia’s 
study [29]. We sought to employ trajectory inference algorithm, typically used for pseudo-time analysis of cells, to predict the pro-
gression course of cardiomyopathy to HF. Based on the DEGs in HFpEF and HFrEF, the transcriptomic trajectory of healthy controls 
and cardiomyopathy patients were inferred using the “SCORPIUS” package. The inferred sample trajectory was thus considered as the 
progression course of cardiomyopathy.

2.12. Restricted cubic spline

LVEF is a key marker of the severity of HFrEF. The correlation between LVEF and CORIN expression was examined in both non- 
falling controls and HFrEF cases. Restricted cubic spline (RCS) was applied to model their non-linear correlations. Considering 
HFrEF cohort size (n = 95), 4 knots were taken in RCS fitting.

2.13. Cell fractions imputation

To investigate changes in the cell components of myocardial tissue in HCM, CIBERSORTx (https://cibersortx.stanford.edu/) was 
employed to estimate the abundance of heart cell subtypes [30]. CIBERSORTx is a deconvolution algorithm that predicts cell pro-
portion in mixed samples. A signature matrix was prepared from the snRNA-seq dataset GSE181764, and finely-divided cell subtypes 
were merged. During the imputation process, the permutation test was performed 1000 times. The Wilcoxon signed-rank test was used 
to compare cell abundance between HCM clusters. Simultaneously, correlation coefficients between DEGs and myocardial cell types 
were calculated and those with a p < 0.05 were noted. In addition, trends in cell components were fitted based on the inferred tra-
jectory with generalized additive model.

2.14. Differential abundance analysis

To verify the differences in the proportion of each cell type between cardiomyopathy clusters, we applied Milo algorithm with the 
“miloR” package [31]. The Milo algorithm models cellular states as overlapping neighborhoods on K-nearest neighbors graphs and 
tests for differential abundance. A weighted version of the Benjamini–Hochberg method was embedded into Milo to control spatial 
FDR. During Milo analysis, we constructed a KNN graph using the buildGraph function, considering 20 nearest neighbors and 30 
dimensions. Then, we used makeNhoods function to construct neighborhood with default parameters. For visualization, neighbor-
hoods with a spatial FDR <0.25 were deemed differentially abundant and color-marked. Neighborhood was further annotated to a cell 
type if more than 70 % of the cells in it belonged to that cell type; otherwise, the neighborhood was labelled as “mixed".

2.15. Scissor analysis

Scissor algorithm was employed to integrate bulk RNA-seq and snRNA-seq data, identifying phenotype-related cell types [32]. The 
Scissor function was performed on the snRNA-seq dataset SCP1303, respectively linked to HCM cohort (GSE36961) and DCM cohort 
(GSE135055) with parameters: alpha = 0.5, family = “binomial”. Expression of identified hub genes were compared among 
Scissor-positive, Scissor-negative and background cells. Cardiomyopathy subtype-related cells were gathered for further analyses.

2.16. Cell-cell interaction analyses

Alterations in cell-cell interaction between cardiomyopathy subtype-related cells were inferred using the “CellChat” package [33]. 
CellChat encompasses a comprehensive molecular signaling database, basing on known structural composition of receptor-ligand 
interactions. We compared the number of inferred interactions and interaction strength between two phenotype-related cells and 
visualized significantly altered signaling pathways.

2.17. Natriuretic peptide system in ECTs

ECTs, composed of cardiomyocyte and fibroblasts, provide more physiological platforms for cardiovascular disease modeling. RNA- 
seq data of ECTs with wild type, heterozygous and homozygous MYBPC3 mutations were acquired from GSE224129 [34]. We visu-
alized the expression levels of members in natriuretic peptide system as heatmap.

2.18. Time series clustering analysis

To estimate transcriptomic alteration during the transformation from fibroblast to myofibroblast, time series RNA-seq data from 
TGF-β1-treated cardiac fibroblasts were analyzed [35]. "ClusterGVis” package was used for clustering time series gene expression data 
and genes of natriuretic peptide system were annotated.
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2.19. Mendelian randomization

Genome wide association study (GWAS) summary data of CORIN and heart failure and hypertrophic cardiomyopathy was obtained 
from the IEU Open GWAS project (https://gwas.mrcieu.ac.uk/). Two datasets based on European population (finn-b-I9_HEART-
FAIL_AND_HYPERTCARDIOM, eqtl-a-ENSG00000145244) were taken for mendelian randomization (MR) analysis. The finn-b- 
I9_HEARTFAIL_AND_HYPERTCARDIOM dataset included 304 HF and HCM cases and 218,236 controls, with a depth of 16,380,449 
single nucleotide polymorphisms (SNPs). CORIN-related SNPs were acquired from the eqtl-a-ENSG00000145244 dataset, which 
detected 17,485 SNPs from 31,684 participants. Furthermore, we screened the SNPs associated with CORIN at the genome-wide 
significance level (p < 1 × 10–3), clumping window >5000 kb, and the linkage disequilibrium level (r2 < 0.01). We applied in-
verse variance weighted (IVW) method as the primary method to evaluate the causal effect and verified the consequence of IVW with 
MR-Egger, weighted median, weighted model and simple model. Leave-one-out analysis, heterogeneity analysis and pleiotropy 

Fig. 1. Identification of HCM subtypes using non-negative matrix factorization. (A) The cophenetic correlation coefficients for the k parameter 
from 2 to 10. (B) Consensus map of NMF clustering. (C)Volcano plots of DEGs in HCM subtypes compared with control group. (D) Heatmap shows 
the main DEGs between HCM subtypes. (E) Venn plots of shared DEGs in HCM subtypes. (F) Correlation coefficients among main DEGs between 
HCM subtypes.
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analysis were performed to measure the sensitivity of results. MR procedures were performed with the “TwoSampleMR” package.

2.20. Reagents and antibodies

Recombinant human TGF-β1 and primary antibodies against corin, col1a1, α-SMA were purchased from Abclonal (Wuhan, China). 
The plasmid, encoding human CORIN NM_006587, was purchased from YouBio (Hunan, China).

Isolation and treatment of neonatal rat cardiac fibroblasts (NRCFs)
Primary NRCFs were isolated from 1- to 3-day-old Sprague-Dawley rats as previously described [36]. Then, cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10 % fetal bovine serum (FBS) and penicillin (100 IU/mL)/streptomycin (100 
μg/mL). NRCFs were transfected with the CORIN expression vector and replaced with serum-free medium for 6h. From 24h after 
transfection, NRCFs were exposed to 10 ng/ml TGF-β1 for 48h.

Fig. 2. Weighted gene co-expression network analysis. (A) Clustering dendrogram of genes. (B) Heatmap of module-trait associations. Genes in 
HCM subgroup related modules were enriched to GO (C) and KEGG pathways (D). (E) GSEA based on expression difference between HCM clusters.
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Fig. 3. Hub gene selection with machine learning methods. (A) LASSO coefficient values of the HCM subgroup DEGs. (B) Cross validation of 
lambda selection and the corresponding variables. (C) Lollipop figure showing feature importance from random forest model. (D) SVM-RFE model 
accuracy with different variables. (E) UpSet plot presenting the intersection of results from three methods. (F) ROC assays for NPPA, NPPB and 
CORIN in HCM clusters. (G) ROC assay for the multi-factor model in HCM clusters. (H) Expression levels of NPPA, NPPB and CORIN in control and 
HCM samples.
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2.21. Western Blotting

Western blot analyses were conducted to examine protein changes in NRCFs from various treatment groups. Protein extraction and 
western blots were performed according to procedures detailed in our previous studies [37]. The gray value data of the immunoblots 
was quantified using ImageJ software (NIH Image, USA).

2.22. Statistical analysis

Bioinformatic analyses were performed using R version 4.2.2. Statistical methods used in these analyses have been detailed above. 
For the Western blot data, values are expressed in the form of means ± standard error. Student’s t-test or one-way ANOVA was used to 
identify significant differences between groups where appropriate. GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA) 
was employed for calculations and visualizations.

3. Results

3.1. Identification of HCM clusters with NMF

According to the “Muscle contraction-Cardiac conduction” pathway, we applied NMF on 106 myocardial samples from the HCM 
cohort GSE36961. The cophenetic correlation coefficients for factorization rank from 2 to 10 were presented in Fig. 1A. The cophenetic 
coefficient began to decrease when the rank = 2. Consequently, 106 HCM patients were divided into 2 distinct clusters (Fig. 1B). 
Cluster 1 (n = 64) and Cluster 2 (n = 42) shared similar age composition (45.50 vs. 52.00, p = 0.51), while there were fewer women in 
Cluster 2 (42.2 % vs. 64.3 %, p = 0.04). For their transcriptional differences, Cluster 1 presented higher levels of NPPA and NPPB 
transcripts, which is a hallmark of heart failure.

In comparing HCM Cluster 1 and Cluster 2 with the control group, we identified 170 DEGs (63 up-regulated, 107 down-regulated) 
and 138 DEGs (39 up-regulated, 99 down-regulated) respectively (Fig. 1C–Supplementary Table S2, Supplementary Table S3). 
Additionally, the comparison between HCM subgroups identified 12 DEGs (7 up-regulated in Cluster 1, 5 up-regulated in Cluster 2), 
which were visualized as heatmap (Fig. 1D–Supplementary Table S4). We further observed that 28 up-regulated and 80 down- 
regulated DEGs were common in HCM Clusters (Fig. 1E), which were mainly involved in immune and inflammation. DEGs be-
tween clusters displayed high relativity (Fig. 1F), suggesting a joint signaling pathway.

3.2. Co-expression module construction and enrichment analysis in HCM clusters

WGCNA was applied to cluster genes into gene modules with similar expression pattern, which allowed linking gene modules with 
clinical traits. After clustering and merging similar modules, we identified 12 modules (Fig. 2A).

We then visualized the module-trait relationships with Spearman correlation coefficients. Three modules were found significantly 
associated with HCM clusters. Specifically, the “yellow” module (corr = 0.57, p = 3e-10) was positively correlated with Cluster 1, 
while the “black” (corr = 0.81, p = 6e-26) and “magenta” (corr = 0.38, p = 5e− 5) modules were positively correlated with Cluster 2 
(Fig. 2B).

As depicted in Fig. 2C, genes in the “black” module were primarily involved in cell junction assembly, actin binding, positive 
regulation of heart contraction, blood circulation and ion transmembrane transport. The “magenta” module was related to the 
metabolism and catabolism of branched-chain amino acid. The “yellow” module, on the other hand, was related to the regulation and 
function of extracellular matrix (ECM). Moreover, the results of KEGG enrichment analysis validated these (Fig. 2D).

Lastly, GSEA performed between HCM clusters revealed that HCM Cluster 1 features receptor guanylyl cyclase signaling pathway, 
cGMP metabolic process and fibrillar collagen trimer. While HCM Cluster 2 features haptoglobin-hemoglobin complex, oxygen carrier 
activity and regulation of transmission of nerve impulse (Fig. 2E).

3.3. Identification of characteristic genes of HCM clusters

Three ML methods were employed to screen out hub genes that differentiate HCM clusters. For LASSO regression, the coefficients of 
variables were calculated at different lambda values (Fig. 3A). Through tenfold cross-validation, we selected the largest value of 
lambda that keeps error within one standard error of the minimum (λ = 0.04), which resulted in the selection of 9 variables (SLITRK4, 
CORIN, C21ORF7, ACE2, NPPA, HSPA2, AEBP1, NPPB, CPNE4) (Fig. 3B). Through random forest algorithm, five genes (NPPB, CORIN, 
FGF12, NPPA, HS.390250) with mean decrease accuracy larger than 12 were picked (Fig. 3C). Meanwhile, 6 variables (FGF12, NPPB, 
NPPA, CORIN, HS.390250, C21ORF7), identified by fivefold CV, ahcieved the highest accuracy in SVM-REF model (Fig. 3D). By 
integrating the results from random forest, SVM-RFE and LASSO regression, we selected NPPA, NPPB and CORIN as characteristic 
genes (Fig. 3E).

ROC curves were constructed to assess the diagnostic values of these characteristic genes and a comprehensive model. All three hub 
genes could effectively differentiate HCM clusters (NPPA: 0.921; NPPB: 0.960; CORIN: 0.952) (Fig. 3F). Moreover, the generalized 
linear model incorporating these three genes had even higher accuracy (AUC = 0.996) (Fig. 3G). After detecting the transcript levels of 
NPPA, NPPB and CORIN, we found that HCM Cluster 1 showed higher NPPA, NPPB levels but lower CORIN level (Fig. 3H). Inter-
estingly, HCM Cluster 2 exhibited a closer expression pattern to the control group, showing no significant difference as in NPPA and 
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CORIN expression.

3.4. Identification of clinical phenotype and relative factors

Trajectory inference method was employed to recognize the clinical features of HCM clusters. Transcription profiles of HCM 
clusters and control were used for dimension reduction and then trajectory fitting based on DEGs in HFrEF (Fig. 4A). However, HFpEF- 
related DEGs can’t distinguish control and HCM clusters well (data not shown). The inferred trajectory revealed continues increases of 
NPPA, NPPB and decrease of ACE2, CORIN from Cluster 2 to Cluster 1 (Fig. 4B).

On comparing gene expression levels, we found that CORIN increased in HFpEF and decreased in severe HFrEF but not in HFrEF 
cases with LVEF ≥20. Another natriuretic peptide convertase, FURIN, decreased in both HFpEF and HFrEF. Natriuretic peptide NPPA 
increased in both HFpEF and HFrEF, while NPPB only increased in HFrEF (Fig. 4C). Considering the distinct trend, we fitted the 

Fig. 4. Inference of HCM trajectory to HFrEF. (A) HFrEF-like disease trajectory was inferred after dimensionality reduction. (B) Gene expression 
trends according to inferred trajectory. (C) Gene expression levels of characteristic genes. (D) Association between LVEF and CORIN levels using RCS 
model. (E) Correlation coefficients between hub genes and clinical characteristics.
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association between LVEF and CORIN expression with RCS method. It recommended that CORIN expression started to decline when 
LVEF = 35 (Fig. 4D). Additionally, the correlation coefficients between genes and clinical features were shown in Fig. 4E.

3.5. Alteration of cell types between HCM clusters

The fractions of cell types in myocardial tissues from HCM patients were estimated and compared between clusters. Accordingly, 
the fractions of dendritic cell and endothelial cell were higher in HCM Cluster 2, while fibroblasts and neuronal cells were more 
abundant in HCM Cluster 1 (Fig. 5A). We also presented the correlations between cell types and DEGs in Fig. 5B. Then, the fractions of 
cell types were mapped into the inferred trajectory, suggesting an increase of fibroblasts in HCM Cluster 1 (Fig. 5C). Consistently, 
differential abundance analysis on HCM snRNA-seq data suggested that epicardial cell, cardiomyocyte and adipocyte were more 
abundant in HCM Cluster 2 and activated fibroblast was enriched in Cluster 1 (Fig. 5D and E).

Fig. 5. Cell composition differs between HCM clusters. (A) Comparisons of inferred cell type fraction between HCM Clusters. (B) Associations 
between cell types and genes. (C) Cell composition trends according to inferred trajectory. (D) Differential abundance analysis of HCM clusters. (E) 
Beeswarm plot shows differential abundance of cell types.
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3.6. Communication differences in cells associated with HCM clusters

We used the SCISSOR algorithm to verify the association between cell types and HCM clusters. This algorithm identified that HCM 
Cluster 1 associated cells were mainly fibroblasts, activated fibroblasts, cardiomyocytes III, neuronal cells and vascular smooth muscle 

Fig. 6. Results of Scissor algorithm and CellChat at single cell resolution. (A) Identification of HCM cluster related cell types. (B) Expression 
levels of genes in HCM cluster-related cells. (C) Total interaction strength between HCM clusters. (D) Circle plots exhibiting the differences in the 
interaction strength of TGFb (above), Laminin (middle) and Collagen (below) signaling pathways between HCM Clusters.
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cells (Fig. 6A). Conversely, cardiomyocytes I, II and endothelial I, II were associated with HCM Cluster 2. Compared with background 
and Cluster 2 related cells, NPPA and NPPB were elevated in Cluster 1 related cells, and CORIN was down-regulated (Fig. 6B).

Subsequently, cell-cell communication networks were individually constructed in Cluster 1 and 2 related cells. Both the number of 
inferred interactions and interaction strength were elevated in HCM Cluster 1 (Fig. 6C). Specifically, TGFβ, LAMININ and COLLAGEN 
signaling pathways, mainly mediated by fibroblasts and activated fibroblasts, were enriched in HCM Cluster 1, indicating a profibrotic 
status (Fig. 6D).

3.7. Phenotype verification in DCM

Given the heterogeneity and similarity within the spectrum of cardiomyopathies, we conducted equivalent analyses on DCM. In the 
DCM cohort GSE141910, the NMF algorithm divided patients into two clusters, with CORIN being down-regulated in DCM, especially 
in DCM Cluster 1 (Supplementary Figs. S1A and B). Similarly, patients in the DCM cohort GSE135055 were classified into Cluster 1 (n 

Fig. 7. CORIN deficiency in the activation of cardiac fibroblasts. (A) CORIN expression in MYBPC3-mutated ECTs. (B) Fibrosis markers in 
MYBPC3-mutated ECTs. (C) Time series clustering of transcriptomic profile in cardiac fibroblasts. (D) Mendelian randomization analysis of CORIN 
mutations’ effect on HCM related HF. (E) Western blot assay confirmed that, compared with control group, the protein levels of representative 
fibroblast activation markers in NRCF were increased by TGF-β1 treatment and mitigated by CORIN overexpression. *P < 0.05, **P < 0.01, one-way 
ANOVA test.
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= 10) and Cluster 2 (n = 8) (Supplementary Fig. S1C). Due to sample size limitations, comparisons of baseline characteristics only 
suggested a lower LVEF in Cluster 1 (median of 23.50 vs. 31.00, p = 0.043) (Supplementary Table S5). Based on our molecular subtype 
classification, survival analysis identified that patients in DCM Cluster 1 might be confronted with significantly shorter duration from 
symptom initiation to heart transplantation (p = 0.01) (Supplementary Fig. S1D).

HFrEF trajectory was inferred on the clustered GSE141910 cohort and fitted well (Supplementary Fig. S2A). Gradual Increases in 
NPPA, NPPB and a decrease in CORIN were confirmed in the inferred trajectory (Supplementary Fig. S2B). From differential abun-
dance analysis, we confirmed that DCM Cluster 1 also features abundant activated fibroblasts (Supplementary Figs. S3A and B). 
Slightly different from HCM, cardiomyocyte I and III were also more abundant in DCM Cluster 1 as well. In addition, the Scissor al-
gorithm identified that DCM Cluster 1 was associated with fibroblasts and adipocytes while Cluster 2 was associated with car-
diomyocytes (Supplementary Fig. S3C).

3.8. CORIN deficiency is involved in cardiac fibrosis and heart failure

Based on the above results, we identified cardiac fibroblasts as potential mediators in HCM Cluster 1 and corin as an anti-fibrotic 
target. We utilized the MYBPC3 mutated human ECTs dataset GSE224129 and found that CORIN was significantly decreased in mutant 
homozygotes (Fig. 7A). The expression levels of other members of the natriuretic peptide system were visualized in Fig. 7B, presenting 
a pathological state with low levels of natriuretic peptide-converting enzymes, high levels of natriuretic peptides and their catabolic 
enzymes. In the time series TGFβ1-treated culturing human cardiac fibroblasts RNA-seq dataset GSE225336, genes were clustered into 
8 clusters and compared between control and TGF-β1 stimulated groups. CORIN expression in human cardiac fibroblasts increases 
during in vitro culture, while this alteration can be almost completely blocked by TGF-β1 (Fig. 7C). The IVW model using 36 CORIN- 
related SNPs conformed that genetic variants of CORIN were significantly associated with an increased risk of HCM related HF (OR: 
1.311; 95 % CI: 1.002–1.619; p = 0.024) (Fig. 7 D). Meanwhile, MR analyses with other models (MR Egger, Weighted median, simple 
mode, Weighted mode) showed similar but non-significant results. Leave-one-out and pleiotropy tests were presented in Table S6. In 
NRCFs, the protein level of corin was down-regulated by TGF-β1. And overexpression of CORIN could mitigate TGF-β1-mediated 
increase of profibrotic markers (Fig. 7E).

4. Discussion

In this study, we employed the NMF algorithm to categorize bulk RNA-seq data from HCM and DCM patients. Our results sub-
divided HCM patients into 2 clusters with distinct transcriptional characteristics, similar results were found in DCM populations as 
well. Intriguingly, one cluster exhibited a transcriptional profile similar to HFrEF, characterized by reduced CORIN expression, pro-
liferation and activation of fibroblasts. Additionally, overexpression of CORIN was found to mitigate TGF-β1-mediated increase of 
fibroblast activation markers in NRCF. These findings may provide new insights into the molecular heterogeneity among HCM (and 
DCM) patients, and further evidenced the therapeutic potential of corin for cardiomyopathies and HFrEF.

Cardiomyopathies represent a diverse group of heart muscle diseases, which exhibit clinical symptoms of HF at advanced stage 
[38]. Contemporary management strategies have significantly improved the clinical course of HCM, resulting in a low disease-related 
mortality rate of 0.5 %/year [39]. Current evidences suggested that certain cardiomyopathy patients were more likely to develop HF. 
For instance, HCM patients with homozygous MYBPC3 mutation at the genetic level or left ventricular outflow tract obstruction at the 
phenotype level were more susceptive to HF development [40,41]. Hence, subdivision of cardiomyopathies has long been concerned 
and has been respectively performed on HCM and DCM. Liang et al. proposed four HCM molecular subtypes based on venous blood 
proteomics profiling through unsupervised ML methods [42]. Recently, DCM subtypes were recommended based on clinical, prote-
omic, genetic and transcriptomic features [43,44]. Contractile dysfunction occurs in the advanced stages of both HCM and DCM, 
indicating the deterioration of cardiomyopathy. Here, we selected the “Muscle contraction-Cardiac conduction” pathway to cluster 
HCM patients. Besides, pathways such as lipid metabolism, ferroptosis, oxidative stress were tested for cluster, while samples couldn’t 
be explicitly divided. Interestingly, results from the above studies all identified a profibrotic subtype in HCM or DCM, resembling the 
Cluster 1 in our work. HCM Cluster 1 was enriched with ECM remodeling and organization, consistent with enrichment results of other 
profibrotic subtypes. Considering clinical phenotypes, clustering of DCM cohort GSE135055 identified lower LVEF and worse prog-
nosis for Cluster 1 patients. Thus, the identification of a Cluster 1 characterized with profibrotic status and negative inotropic effect is a 
key finding of this study.

Regarding Cluster 2, enrichment analysis identified its features in the branched-chain amino acid metabolic process and valine, 
leucine and isoleucine degradation. In contrast, Vakrou et al. compared the molecular phenotype of HCM mouse model with that of 
HCM patients (the same data source as our work), only revealing similar enrichment in valine, leucine and isoleucine degradation [45]. 
However, the R92W-TnT mouse model can well embody HCM Cluster 2 considering enriched pathways. This suggests that HCM is a 
variable condition and current animal models merely simulate it from different perspectives.

Based on NMF clustering and differential expression analysis, totally 12 DEGs were identified. Besides the selected hub genes, other 
DEGs may represent multiple aspects of differences between clusters. Thereinto, ACE2 was also involved in the metabolism of 
natriuretic peptides [46]. From the same data source, Bos et al. found marked up-regulation of ACE2 in cardiac tissues from HCM 
patients and proposed an increased risk for COVID-19 manifestations and outcomes [47]. Here, we identified stepwise up-regulated 
transcript abundance of ACE2, recommending advanced HCM status and higher susceptibility towards SARS-CoV-2 for patients in 
HCM Cluster 1. However, further inferences need to be combined with clinical information and larger cohort studies. Meanwhile, 
another study revealed a linear-specific regulatory role of AEBP1 in HCM based on snRNA-seq. Down-regulation of AEBP1 promoted 
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the activation of cardiac fibroblasts in vitro [48]. These transcriptomic variations may collectively contribute to differences between 
subtypes of cardiomyopathies.

4.1. The progression of cardiomyopathy to HF

According to our results, the recognized HCM and DCM Cluster 1 were characterized with higher NPPA and NPPB, classic char-
acteristics of HF. Although corresponding clinical information of patients in GSE36961 was ambiguous, we retrieved the general 
demographics of the same cohort analyzed [47]. For the 106 HCM patients, the median ejection fraction was 74 % (interquartile range, 
68–77 %), and 77 % (n = 82) had NYHA class III to IV symptoms. Consistently, the application of trajectory inference indicated that 
healthy control and cardiomyopathy cases can be well fitted in the HFrEF progression. Recently, several hypotheses about the mo-
lecular biological mechanisms underlying development from cardiomyopathy to HFrEF have been raised, such as myofibroblast 
transformation, mitochondrial injury and microvascular dysfunction [49–51]. Inspired by the results of cell composition analysis, we 
found differential abundance and activation of fibroblasts between clusters and focused on cardiac fibrosis in further analyses.

Cardiac fibroblast is an essential cell type in the heart and involved in the genesis and development of HF [52]. Mutation of 
MYBPC3, a common pathogenesis in HCM, has been proved to mediate the activation of cardiac fibroblasts through the TGF-β pathway 
[53,54]. However, the role of natriuretic peptides in fibroblast transformation remains unclear.

The natriuretic peptide system involves natriuretic peptides, their receptors and processing enzymes and has become of increasing 
interest as a biotarget for HF [55]. NPPA and NPPB respectively encode A-type natriuretic peptide and BNP, which are secreted by the 
heart in their precursor molecules (pro-ANP, pro-BNP) [56]. CORIN encodes corin, a transmembrane cardiac serine protease. Corin 
acts as a natriuretic peptide-converting enzyme, mediating cleavage of pro-ANP and pro-BNP [57]. Plasma corin levels was formerly 
identified correlated with the severity of HF [58]. In addition, in HFrEF patients from DCM, depressed corin levels indicated an early 
systolic dysfunction before increases of ANP/BNP, and were correlated with increased circulating uncleaved pro-ANP levels [59,60]. 
Similarly, deficiency of corin influences the activation of ANP and BNP, perturbing body fluid homeostasis and myocardial preser-
vation [61]. FURIN encodes furin, paired basic amino acid cleaving enzyme, another convertase of natriuretic peptides [62]. We found 
the expression of FURIN was down-regulated in both clusters, indicating a lack of natriuretic peptide activation in cardiomyopathy. 
Considering the decreased CORIN and the amplification of NPPA and NPPB transcripts, this deficiency might be more serve in Cluster 
1. We further selected cardiac fibroblasts as a target and verified that overexpression of corin can reverse fibroblast activation. 
Accordantly, former studies have established that overexpression or addition of recombinant corin can ameliorate heart failure 
symptoms and cardiac fibrosis in DCM and HF mouse models [63,64]. Thus, research into corin-related treatment is promising and 
urgently needed. This study identified transcriptional subclusters of HCM and DCM, and suggested an anti-fibrotic role of corin in 
cardiac fibroblasts.

4.2. Limitations

While our study provides novel insights into the molecular subtypes of HCM and DCM, and the potential role of CORIN in the 
development of HFrEF, several limitations should be acknowledged. Firstly, our study relied solely on publicly available microarray 
and RNA-seq data of HCM and DCM patients, and did not include data from our own patient cohort. The lack of imaging data limited 
the estimation of LVEF among patients from main HCM and DCM cohorts. Secondly, the clustering of cardiomyopathy was not 
validated using experimental methods. Thirdly, we did not delve into the downstream pathway of CORIN in cardiac fibroblasts, which 
could have provided a more comprehensive understanding of the underlying molecular mechanisms. Finally, the lack of corresponding 
clinical information for the involved cases limited our ability to establish associations between transcriptome features and clinical 
phenotypes.

5. Conclusion

In conclusion, our study, utilizing the NMF algorithm, has identified two distinct molecular subtypes in HCM and DCM, providing a 
new perspective on the heterogeneity of cardiomyopathies. Importantly, we recognized a profibrotic and HFrEF-like Cluster 1 and 
substantiated its characteristics at molecular and cellular levels. Consistently, we further evidenced that CORIN deficiency was pre-
sented in cardiomyopathies and HFrEF. Furthermore, our findings suggest the therapeutic potential of manipulating CORIN expression 
in cardiac fibroblasts. These results proposed molecular subtypes of HCM and DCM, and indicated the anti-fibrotic role of corin in 
cardiac fibroblasts. Future research should aim to validate these findings in larger, independent cohorts and explore the therapeutic 
implications of CORIN in more depth.
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HCM Hypertrophic cardiomyopathy
DCM Dilated cardiomyopathy
HF Heart failure
HFrEF Heart failure with reduced ejection fraction
LVEF Left ventricular ejection fraction
NMF Non-negative matrix factorization
RNA-seq RNA sequencing
snRNA-seq Single-nucleus RNA sequencing
ECT Engineered cardiac tissue
GEO Gene Expression Omnibus
DEG Differentially expressed gene
log2FC Log2 fold change
FDR False discovery rate
GSEA Gene set enrichment analysis
GO Gene ontology
KEGG Kyoto encyclopedia of genes and genomes
WGCNA Weighted gene co-expression network analysis
SVM-RFE support vector machines-recursive feature elimination
LASSO Least absolute shrinkage and selection operator
ROC: Receiver operating characteristic
AUC Area under ROC curve
HFpEF Heart failure with preserved ejection fraction
NRCF Neonatal rat cardiac fibroblast
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
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