
Whole-Transcriptome Profiling of Human Heart Tissues Reveals 
the Potential Novel Players and Regulatory Networks in Different 
Cardiomyopathy Subtypes of Heart Failure

Chia-Feng Liu, PhD1, Ying Ni, PhD2, Christine S. Moravec, PhD1, Michael Morley, MS3, 
Euan A. Ashley, MD4, Thomas P. Cappola, MD ScM3, Kenneth B. Margulies, MD3, W. H. 
Wilson Tang, MD1,5

1Department of Cardiovascular and Metabolic Sciences, Lerner Research Institute, Cleveland 
Clinic, Cleveland, OH;

2Taussig Cancer Institute, Cleveland Clinic, Cleveland, OH;

3Penn Cardiovascular Institute, Perelman School of Medicine, University of Pennsylvania, 
Philadelphia PA;

4Division of Cardiovascular Medicine, Department of Medicine, Stanford University Medical 
Center, Stanford CA;

5Heart and Vascular Institute, Cleveland Clinic, OH

Keywords

Dilated cardiomyopathy; Hypertrophic cardiomyopathy; NOTCH; SEMA4C

Journal Subject Terms:

Cardiomyopathy; Heart Failure; Gene Expression and Regulation; Translational Studies

Despite advanced treatments for heart failure (HF), morbidity and mortality rates remain 

high1. Understanding the gene regulatory networks and signaling pathways involved in 

different cardiomyopathy phenotypes leading to HF may provide potential mechanistic 

insights for developing therapeutic strategies.

We expanded our RNA-seq analysis using the dataset obtained from the Myocardial Applied 

Genomics Network consortium, as previously described2. The data included whole-

transcriptome of left ventricle (LV) tissues curated from patients who experienced end-stage 

HF due to dilated cardiomyopathy (DCM, n=162), hypertrophic cardiomyopathy (HCM, 

n=28), and from unmatched non-failing hearts from organ donors as controls (NF, n=162). 
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Based on a threshold of 1TPM (Transcripts Per Kilo-base Million), we identified 9,511, 

9,771, and 9,236 genes expressed in DCM, HCM, and NF, respectively (Figure A). The 

three groups shared 8,773 expressed genes in the LV. One hundred ninety-four genes were 

only expressed in NF but not in HF. There were 895 (9% of differentially expressed genes, 

DEGs) and 1,282 (13.2%) DEGs (fold changes [FC] ≥ 1.5) in DCM and HCM, respectively, 

in comparison to the NF. Among these genes, 805 (8.1%) and 1,140 (11.7%) genes were 

upregulated in DCM and HCM, respectively, whereas 90 (0.9%) or 142 (1.5%) genes were 

downregulated in DCM or HCM significantly.

Only ~10% of the DEGs were present between NF and failing human hearts. These genes 

likely contributed significantly to HF as they were associated with the pathological 

processes of HF such as inflammatory response (p-value range: [DCM:1.54E-06–1.43E-46]; 

[HCM:5.43E-04–6.4E-43]) and cardiovascular diseases ([DCM:1.1E-02–2.33E-09]; 

[HCM:2.81E-04–4.54E-16]). The gene ontology (GO) analysis for all DEGs also revealed 

different geneterms between DCM and HCM. For upregulated DEGs, the GO terms found in 

DCM specifically were involved in molecular transport, nutritional diseases, and 

metabolism, whereas carbohydrate metabolism and gene expression were specially linked to 

HCM (Figure B). For downregulated DEGs, nucleic acid metabolism, post-translation 

modification, protein, and RNA trafficking were linked to DCM only, whereas no specific 

disease GO terms were linked to HCM specifically (Figure C). More than 50% of these 

DEGs were overlapping between DCM and HCM (Figure D), suggesting DCM and HCM 

shared the same regulatory mechanisms in HF. Nevertheless, we found that 46% (651 genes) 

of DEGs (1,414 genes) were uniquely expressed in DCM or HCM (Figure D). Patients with 

HCM have a higher expression of genes associated with Notch signaling in their LVs than 

DCM patients. These include two members of the Notch family of receptors, NOTCH2 and 

NOTCH3 [FC = +1.6 in HCM/NF; +1.4 in DCM/NF] for both genes) and a well-known 

Notch signaling target gene, hairy and enhancer of split-1, (HES1, [FC = +1.5 in HCM/NF; 

+1.1 in DCM/NF]) (Figure E).To a lesser extent, two well-known Notch ligands, DLL4 and 

DLL1 (Delta-like ligand 4 &1) whose RNA levels were increased > 1.4 fold in the HCM, 

were only upregulated ~1.3 fold in the DCM comparing to the NF (Figure E). The data were 

validated by qPCR (NOTCH2 and NOTCH3) or by Western analysis (HES1, DLL1, and 

DLL4)(Figure F), which were compatible with the RNA-seq findings.

Finally, a novel gene for HF, Semaphorin 4C (SEMA4C), whose RNA level was found to be 

significantly increased in HCM at 1.7 fold in comparison to the NF but < 1.5 fold in DCM 

(Figure G). Its known downstream gene target, Snail family transcriptional repressor 

(SNAI1) is expressed and increased > 1.5 fold in HCM but not in DCM (Figure G). Using a 

gene network coexpressed analysis3 (Figure H), we further identified that numerous genes 

associated with SEMA4C are significantly upregulated ≥ 1.5 in HCM/NFmore then in that 

DCM LVs (Figure I). Our data suggest that SEMA4C and its associated signaling pathways 

and gene regulatory network may be associated with the HCM process. Evidence suggests 

that SMEA4C regulates epithelial- and endothelial- to mesenchymal transition (EMT and 

EndMT) in human diesease4. EMT and EndMT are known for contributing to cardiac 

fibrosis. While a massive amount of myocardial fibrosis can be seen in the HCM patients, it 

is less extensive in the DCM patients5. Thus, SEMA4C and its associated regulatory 

network may regulate cardiac fibrosis via EMT or EndMT in HCM.
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In conclusion, we compare the whole-transcriptome profiles across the spectrum of HF 

phenotypes to individuals with non-failing left ventricular tissues. Although genes involved 

in or affected by the pathological processes of HF only accounted for a subset of expressed 

genes in the LV transcriptomes, their effects are significant enough to be associated with HF. 

Notch and SEMA4C signaling pathways and their associated network are statistically 

preferentially enriched in HCM. As a transmembrane and secreted protein, SEMA4C may 

serve as a diagnostic biomarker of HF. Further study the role of SEMA4C in HF is 

warranted.

Data created for the study are available in GEO (GSE141910). Other supporting data are 

available upon reasonable request. This study was approved by the Cleveland Clinic 

Institutional Review Board and that all subjects gave written informed consent.
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Nonstandard Abbreviations and Acronyms

DCM dilated cardiomyopathy

DEG differential expression gene

DLL1 delta-like ligand 1

DLL4 delta-like ligand 4

EMT epithelial to mesenchymal transition

EndMT endothelial to mesenchymal transition

GO gene ontology

HCM hypertrophic cardiomyopathy

HES1 hairy and enhancer of split-1

HF heart failure

LV left ventricle

SEMA4C Semaphorin 4C

TPM transcripts per kilo-base million
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Figure. 
Whole-transcriptome analysis reveals differential transcriptome and gene regulatory 

networks in non-failing and failing human hearts. (A) Venn diagram showing number and 

percentage of expressed genes of non-failing (NF), dilated cardiomyopathy (DCM) and left 

ventricular hypertrophy (HCM) (B) Ingenuity Pathway analysis (IPA) for all differentially 

expressed genes (DEGs) upregulated in DCM or HCM revealing the different gene ontology 

(GO) functions presented only in DCM (left) or HCM (right). The number of genes (number 

in blue) and the top upregulated (Top-Up) genes in each GO function were listed (C) IPA for 

all DEGs downregulated in DCM or HCM revealing the different gene ontology (GO) 

functions presented only in DCM (left) or HCM (right). The number of genes (number in 

blue) and the top downregulated (Top-Dn) genes in each GO function was listed. The GO 

terms related to cardiovascular disease and function were highlighted in bold black font. (D) 

Liu et al. Page 5

Circ Genom Precis Med. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Venn diagram showing the number and percentage of differential expressed genes of DCM 

and HCM that were upregulated (left) and down-regulated in both groups. (E) Bar graphs 

showing the RNA levels in NF (n=162), DCM (n=162), HCM (n=28) determined using 

RNA-seq for NOTCH2, NOTCH3, HES1 DLL1, and DLL4 and using quantitative RT-PCR 

for NOTCH2 and NOTCH3 (n=5 in each group). Relative mRNA levels were calculated 

using the ΔΔCt method, with 18s levels as a reference and normalized to the value obtained 

from NF control. (H) Western blot analysis and quantification of NF, DCM and HCM (n=5 

in each group) left ventricle lysates for HES1(Abcam, ab119776), DLL1 (Abcam, ab10554) 

and DLL4 (Cell Signaling, 2589S) GAPDH (proteintech,60004) was used for normalization. 

HES1 (fold change increased 1.7 ± 0.3 in DCM/NF and 2.7 ± 0.4 fold in HCM/NF), DLL1 

(fold change increased 2.9 ± 3.0 in DCM/NF and 11.4 ± 3.1 fold in HCM/NF), and DLL4 

(fold change increased 1.6 ± 0.3 in DCM/NF and 1.8 ± 0.4 fold in HCM/NF) (I) Bar graphs 

showing the RNA levels in NF (n=162), DCM (n=162), HCM (n=28) determined using 

RNA-seq (left) and quantitative RT-PCR (right) for SEMA4C and SANI1. Relative mRNA 

levels were calculated using the ΔΔCt method, with 18s levels as a reference and normalized 

to the value obtained from NF control. Data are shown as mean± SE. *, p<0.0001; #, 

p<0.05, ONE-way ANOVA in G-I. (H) Co-expressed gene network analysis reveals 

SEMA4C-associated genes in human LV tissues. Red dots indicate genes whose RNA level 

is significant changes ≥ 1.5 folds in HCM. Yellow dots indicate genes are normally 

expressed in three groups. Gray dots indicate genes RNA level is less than 1 TPM. (I) 

Showing the RNA level determined by RNA-seq for SEMA4C-associated genes whose RNA 

level is significant changes ≥ 1.5 folds in HCM.
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