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Abstract 
Pyroptosis plays a key role in the death of cells including cardiomyocytes, and it is associated with a variety of cardiovascular 
diseases. However, the role of pyroptosis-related genes (PRGs) in hypertrophic cardiomyopathy (HCM) is not well characterized. 
This study aimed to identify key biomarkers and explore the molecular mechanisms underlying the functions of the PRGs in HCM. 
The differentially expressed genes were identified by GEO2R, and the differentially expressed pyroptosis-related genes (DEPRGs) 
of HCM were identified by combining with PRGs. Enrichment analysis was performed using the “clusterProfiler” package of 
the R software. Protein-protein interactions (PPI) network analysis was performed using the STRING database, and hub genes 
were screened using cytoHubba. TF-miRNA coregulatory networks and protein-chemical interactions were analyzed using 
NetworkAnalyst. RT-PCR/WB was used for expression validation of HCM diagnostic markers. Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) and Western Blot (WB) were used to measure and compare the expression of the identified 
genes in the cardiac hypertrophy model and the control group. A total of 20 DEPRGs were identified, which primarily showed 
enrichment for the positive regulation of cytokine production, regulation of response to biotic stimulus, tumor necrosis factor 
production, and other biological processes. These processes primarily involved pathways related to Renin-angiotensin system, 
Adipocytokine signaling pathway and NF-kappa B signaling pathway. Then, a PPI network was constructed, and 8 hub genes 
were identified. After verification analysis, the finally identified HCM-related diagnostic markers were upregulated gene protein 
tyrosine phosphatase non-receptor type 11 (PTPN11), downregulated genes interleukin-1 receptor-associated kinase 3 (IRAK3), 
and annexin A2 (ANXA2). Further GSEA analysis revealed these 3 biomarkers primarily related to cardiac muscle contraction, 
hypertrophic cardiomyopathy, fatty acid degradation and ECM − receptor interaction. Moreover, we also elucidated the interaction 
network of these biomarkers with the miRNA network and known compounds, respectively. RT-PCR/WB results indicated that 
PTPN11 expression was significantly increased, and IRAK3 and ANXA2 expressions were significantly decreased in HCM. This 
study identified PTPN11, IRAK3, and ANXA2 as pyroptosis-associated biomarkers of HCM, with the potential to reveal the 
development and pathogenesis of HCM and could be potential therapeutic targets.

Abbreviations: angiotensin II = Ang II, AT-II = angiotensin-II, DEPRGs = differentially expressed pyroptosis-related genes, DGEs 
= differentially expressed genes, FBS = fetal bovine serum, GO = Gene Ontology, HCM = hypertrophic cardiomyopathy, IL-6 = 
interleukin-6, KEGG = Kyoto Encyclopedia of Genes and Genomes, LS = LEOPARD syndrome, MF = molecular function, MTT = 
3-(4,5)-dimethylthiahiazo(-z-y1)-2,5-di-phenytetrazoliumromide, NF-kB = nuclear factor-kappa B, NS = Noonan syndrome, PKC 
= protein kinase C, PKCα = protein kinase C alpha, RAS = renin-angiotensin system, SD = standard deviation.
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1. Introduction
Hypertrophic cardiomyopathy (HCM) is an inherited cardio-
vascular disease with left ventricular hypertrophy, myocardial 
hypercontraction, cardiomyocyte disturbance, and fibrosis.[1] It 
is one of the most critical reasons behind sudden cardiac death 
in children and adolescents.[2] Echocardiography shows that 
the incidence of HCM in adults is estimated to be 0.2%,[3] and 
considering the clinical and genetic characteristics (including 
the patient family members), the prevalence reaches 0.5%.[4] 
However, the pathophysiology of HCM is complex, and the 
clinical manifestations and prognosis are diverse, warranting 
successful diagnosis only when the cardiac morphology changes 
and function failure worsens. In addition, drug-mediated and 
surgical therapies are the most important treatment methods 
for HCM. However, these methods primarily play a role in 
reducing clinical symptoms, and to date, treatment plans for 
the subsequent developmental stages of the disease are lack-
ing. Currently, the signaling pathways and regulatory networks 
underlying the pathogenesis of HCM are yet to be fully under-
stood.[5,6] Therefore, more in-depth exploration and identifica-
tion of potential genes and biological pathways underlying the 
pathogenesis of HCM is crucial for diagnosis and treatment.

Pyroptosis, a novel form of programmed cell death, is char-
acterized by cell swelling, numerous bubble-like protrusions, 
rupture of the plasma membrane, the release of cellular contents 
and inflammatory factors, and subsequent final activation of an 
inflammatory response.[7] The balance between cell formation 
and death is essential for the cardiovascular system to maintain 
normal structure and function. Pyroptosis is a critical innate 
immune response in cardiovascular diseases. An increasing 
number of studies highlight the indispensable role of pyroptosis 
plays in various cardiovascular diseases, such as atherosclerosis, 
diabetic cardiomyopathy, and heart failure.[8–10] Recent studies 
have also shown that the expression of pyroptosis-related genes 
is related to cardiac hypertrophy.[11] However, no studies have 
yet investigated the mechanism of pyroptosis in HCM.

The development of high-throughput sequencing technol-
ogy has enabled the understanding of diseases gene expres-
sion profiles in a more comprehensive and in-depth manner, 
which is helpful for precise diseases treatment. This study used 
high-throughput sequencing data to explore the mechanism 
underlying pyroptosis-related gene functions in HCM, provid-
ing new insights for the prevention and treatment of HCM.

2. Material and method

2.1. Data source

We downloaded the microarray expression profiling datasets 
GSE36961 and GSE89714 from the GEO database (https://
www.ncbi.nlm.nih.gov/geo/). GSE36961 was analyzed based on 
the GPL15389 Illumina HumanHT-12 V3.0 expression bead-
chip platform, with 145 samples, including 106 HCM ones and 
39 healthy controls. GSE89714 contained 5 HCM cases and 4 
normal controls, on the GPL1115 Illumina HiSeq 2000 (Homo 
sapiens) platform. Since the data in this study are from public 
databases, there is no ethical approval involved.

2.2. Identifying differently expressed pyroptosis-related 
genes

The differentially expressed genes (DEGs) between HCM and 
healthy controls in GSE36961 were identified using GEO2R 
(https://www.ncbi.nlm.nih.gov/geo/geo2r/) with the inclusion 
criteria P < .05 and log2|FC|> 0.5. Three hundred eighty-eight 
pyroptosis-related genes were downloaded from the GeneCards 
database.[12] Common genes between the DEGs and pyroptosis- 
related genes were identified as differentially expressed  
pyroptosis-related genes (DEPRGs). The“ggplot2” package in 

R was utilized to draw the volcano plots. Heatmap and PCA 
of DEPRGs were provided in this study by https://www.bio-
informatics.com.cn, an online platform for data analysis and 
visualization.

2.3. GO, KEGG, and DO enrichment analyses of DEPRGs

Gene Ontology (GO) [biological process, cellular component, 
and molecular function (MF)], and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) functional enrichment analysis 
were performed using the “clusterProfiler” package of R soft-
ware.[13] The WebGestalt[14] was used for DO enrichment analy-
sis with P < .05 as the significance level.

2.4. Protein-protein interaction (PPI) network

We performed PPI network analysis using the STRING (https://
string-db.org/) database to assess protein-protein interactions 
for DEPRGs. We mapped the DEPRGs onto the PPI network 
and set an interaction score > 0.4 as a threshold. In addition, 
we used the plug-in cytoHubba in Cytoscape v3.9.1 software to 
screen the top ten genes with the highest height values, respec-
tively, by 4 algorithms (MCC, DMNC, MNC, and Degree) and 
visualized the overlapping hub genes via a Venn diagram (http://
bioinformatics.psb.ugent.be/webtools/Venn/).

2.5. Validation of hub genes

The dataset GSE89714 contained 5 HCM and 4 healthy sam-
ples and was used as validation set to verify the expression of 
the hub genes. The statistically significant genes, as the key bio-
markers, are instrumental in diagnosing and treating HCM.

2.6. Gene set enrichment analysis (GSEA)

According to the median gene expression, HCM samples were 
divided into high and low-expression groups. GSEA was per-
formed to identify the significantly enriched relevant pathways.

2.7. TF-miRNA coregulatory network and Protein-chemical 
interactions

NetworkAnalyst[15] (https://www.networkanalyst.ca/) was used 
to construct the TF-miRNA coregulatory network of biomark-
ers and identify their interacting compounds.

2.8. Cell culture

H9c2 cells were purchased from Procell Life Science and 
Technology Co., Ltd. (Wuhan, China). Cells were cultured in 
a complete DMEM medium containing 1 g/L glucose and 10% 
fetal bovine serum (FBS) in an incubator at 37 ° C with 5% 
CO2.

2.9. Cell viability measurement

Cell viability was determined by 3-(4,5)-dimethylthiahiazo(-z-y1)- 
2,5-di-phenytetrazoliumromide (MTT, Beijing Solarbio Science 
& Technology Co., Ltd.) assay. 1 × 104 cells were seeded in 
96-well plates in a volume of 100 μL per well. After 24 hours, 
the medium was discarded, and isoproterenol (Sigma–Aldrich, 
USA, 0, 2, 5, 10, and 20 μM, dissolved in DMEM containing 
1% FBS) was added to the culture for 48 hours. The medium 
was replaced with a fresh one every 24 hours. The medium was 
discarded, and each well was washed twice with PBS. MTT (10 
μL, 5mg/ml) solution was added to each well of the 96-well 
plate containing 90 μL medium. After 4 hours of incubation, 
the medium was discarded, and 150 μL dimethylsulfoxide from 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://www.bioinformatics.com.cn
https://www.bioinformatics.com.cn
https://string-db.org/
https://string-db.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.networkanalyst.ca/
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Solarbio was added to each well. The absorbance at 490 nm was 
measured to calculate the percentage of cell viability: Cell viabil-
ity (%) = (ODIso − ODblank)/(OD control − ODblank) × 100%.

2.10. Cell model establishment

The upregulation of ANP and β-MHC expression indicates 
that the cardiac hypertrophy model has been successfully 
induced. Cells (1 × 105) in the logarithmic growth phase were 
seeded in each 35 mm cell culture dish. After 24 hours, cardio-
myocytes were randomly divided into 2 groups: control group: 
given 2 ml DMEM containing 1% FBS for 48 hours; Iso group: 

given 10 μmol/L Iso in 2 ml DMEM containing 1% FBS for 48 
hours. Medium for both groups was changed every 24 hours.

2.11. Real-time quantitative polymerase chain reaction 
(RT-PCR)

The mRNA levels of ANP, β-MHC, IRAK3, PTPN11, and 
ANXA2 were detected by RT-PCR. Total RNA was extracted 
from cells using TRIzol reagent according to the manufacturer 
instructions. PrimeScriptTM RT reagent kit and TB Green premix 
(Takara Bio, USA) was used for cDNA synthesis and RT-PCR, 
respectively. The primer sequences are listed in Table 1. The 
RT-qPCR data were analyzed by the ΔΔCT method. GAPDH was 
used as an internal control for normalizing all gene expressions.

2.12. Western blotting analysis

After treatment, the medium was removed, and the cells were 
washed with PBS. Cells were then lysed in cell lysis buffer contain-
ing 1% PMSF on ice for 30 minutes and centrifuged at 12 × 103 
rpm for 5 minutes. The total protein was quantified with the 
BCA method. The samples were separated on 10% SDS–PAGE 
gels and then transferred to polyvinylidene difluoride membranes. 
The membranes were blocked in 5% skim milk for 2 hours on 
a shaker and then incubated with primary antibodies such as  
β-Actin (Beyotime, China), IRAK3(Abcam, ab-8116), PTPN11 

Table 1

qPCR primers.

Genes Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ) 

ANP GGCACTTAGCTCCCTCTC CCCTCAGTTTGCTTTTCA
β-MHC TGGATGCAGACCTCTCCC TGCTTCTTGCCACCCTTG
IRAK3 TGACACAGAAAACCCCCT CCAGCATTCCTCACAAGA
PTPN11 GGAAACACAGAGAGAACC TATCAATCACAATGAACG
ANXA2 GCAGTGTGTGCCACCTCC GTCCCCTTGCCCTTCATG
GAPDH GGCTCTCTGCTCCTCCCTGT CGTTCACACCGACCTTCACC

Figure 1.  Identification of DEPRGs of HCM. (A) The differentially expressed genes of GSE36961. (B) The DEPRGs of HCM. (C) The heat map of the DEPRGs. 
(D) PCA plots. DEPRGs = differentially expressed pyroptosis-related genes, HCM = hypertrophic cardiomyopathy.
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(CST, 3397S), ANXA2 (CST, 8235S) overnight at 4 °C. Membranes 
were washed with TBST and then incubated with corresponding 
HRP-conjugated secondary antibody for 1 hour at room tempera-
ture and detected by ECL detection kit (Bio-Rad, USA).

2.13. Statistical analysis

All data were expressed as mean ± standard deviation (SD). 
Statistical analysis and graphing were performed using 
GraphPad prism 9.0. One-way analysis of variance followed by 
Dunnett post hoc test was used to compare differences between 
multiple groups and t tests for the differences between the 2 
groups. P < .05 was considered to be statistically significant.

3. Results

3.1. Identification of DEPRGs

We used the dataset GSE36961 (log2 transformed and normal-
ized) based on the inclusion criteria of |log2FC|>0.5, P < .05. 
This analysis revealed 899 DEGs (Fig. 1A), including 372 
upregulated and 527 downregulated genes. Twenty congruous 
DEPRGs were identified by integrated bioinformatics analysis 
(Fig. 1B), including 5 upregulated and 15 downregulated genes, 
depicted by a heatmap (Fig. 1C). PCA analysis was performed 
on DEPRGs to clarify the good discrimination between HCM 
and healthy controls (Fig. 1D).

3.2. Function enrichment analyses of the DEPRGs

The GO analysis of DEPRGs was performed to reveal their 
biological functions (Fig. 2A). BP analysis revealed how most 

DEPRGs were primarily involved in the positive regulation 
of cytokine production, regulation of response to biotic stim-
ulus, tumor necrosis factor production. Cellular component 
analysis revealed that most DEPRGs were enriched into 
the membrane raft, membrane microdomain, and collagen- 
containing extracellular matrix. MF analysis revealed that 
the DEPRGs were significantly enriched in endopeptidase 
activity, peptidase inhibitor activity. KEGG enrichment anal-
ysis showed (Fig. 2B) that the DEPRGs were mainly func-
tionally involved in pathways associated with Salmonella 
infection, Amoebiasis, Renin − angiotensin system, 
Adipocytokine signaling pathway and NF-kappa B signaling 
pathway. The WebGestalt online database was used for DO 
analysis to explore the function of DEPRGs further, which 
revealed that Dystrophic fingernails, Acquired cubitus valgus, 
Hypertriglyceridemia result, were the major diseases that the 
DEPRGs participated in (Fig. 2C).

3.3. PPI network analyses of DEPRGs

Based on the network interaction score > 0.4 according to 
the STRING database, a PPI network with 18 nodes and 17 
edges was built. Moreover, among the 18 nodes, 4 nodes were 
upregulated, and 14 were downregulated (Fig. 3A). The top ten 
genes were detected via 4 algorithms [MCC (Fig. 3B), DMNC 
(Fig. 3C), MNC (Fig. 3D), and Degree (Fig. 3E)], respectively, of 
cytoHubba plug-in in Cytoscape. Finally, the 8 common genes by 
the 4 algorithms were identified as the hub genes of HCM: one 
upregulated gene protein tyrosine phosphatase non-receptor type 
11 (PTPN11), 7 downregulated genes signal transducer and acti-
vator of transcription 3 (STAT3), lymphocyte antigen 96 (LY96), 
interleukin-1 receptor-associated kinase 3 (IRAK3), annexin A2 

Figure 2.  Function enrichment analyses of DEPRGs (P < .05). (A) GO; (B) KEGG signaling pathway; (C) DO enrichment. DEPRGs = differentially expressed 
pyroptosis-related genes, GO = Gene Ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes.
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(ANXA2), CD14 molecule (CD14), CCAAT enhancer binding 
protein beta (CEBPB), and cathepsin G (CTSG) (Fig. 3F).

3.4. Gender differences in HCM

We analyzed the GSE36961 dataset with 145 samples, includ-
ing 19 healthy men and 54 male HCM patients, and 20 healthy 
women and 52 female HCM patients, to explore whether there 
are gender differences in the prevalence of HCM. The difference 
was not statistically significant (χ2 = 0.056, P = .812), suggest-
ing that the prevalence of HCM does not differ between men 
and women. In addition, we selected HCM patient samples 
from this dataset, performed differential expression analysis 
by gender, and found no gender differences in the expression 
of these 8 hub genes in HCM patients (Table 2).

3.5. Verification of the hub genes for HCM

We then performed a correlation analysis on the 8 hub genes 
to verify their correlation and improve the diagnostic value 

Figure 3.  The PPI network analysis. (A) The PPI network of the DEPRGs. Red indicates upregulated, and green is downregulated. (B) Top 10 nodes detected by 
MCC. (C) Top 10 nodes detected by DMNC. (D) Top 10 nodes detected by MNC. (E) Top 10 nodes detected by Degree. (F) The 4 algorithms utilized to identify 
hub genes. DEPRGs = differentially expressed pyroptosis-related genes.

Table 2

Eight hub genes in HCM patients grouped by gender.

Gene symbol adj.P.Val P value logFC 

PTPN11 0.954 .213 0.073815
IRAK3 0.965 .268 −0.04424
ANXA2 0.981 .363 −0.06047
STAT3 0.972 .322 −0.05204
LY96 0.997 .606 −0.03469
CD14 0.999 .826 −0.01925
CEBPB 0.899 .0903 0.093459
CTSG 0.999 .64 0.031557
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(Fig. 4A), which revealed a significant association with each 
other except CTSG, indicating significant shared functional 
similarities. Analyzing the normalized dataset GSE89714 
(Fig. 4B), revealed that only PTPN11, IRAK3, and ANXA2 
expressions were statistically significant between the 2 groups, 
with the expression of PTPN11, IRAK3, and ANXA2 in HCM 
being higher than that in the healthy group (Fig. 4C). The 
expression of PTPN11 was consistent with GSE36961, while 
that of IRAK3 and ANXA2 were opposite. Therefore, further 
studies are needed to validate the expression of the biomark-
ers. In short, our results indicated the potential significance of 
PTPN11, IRAK3, and ANXA2 as essential biomarkers associ-
ated with pyroptosis in HCM.

3.6. GSEA of PTPN11, IRAK3, and ANXA2

Taking a cue from above analysis, we chose PTPN11, ANXA2, 
and IRAK3 for further analysis. GSEA showed that PTPN11 
was functionally involved in Asthma, Autoimmune thy-
roid disease, Cardiac muscle contraction, and Hypertrophic 

cardiomyopathy, indicating its direct connection with HCM as 
a critical biomarker (Fig. 5A). ANXA2 and IRAK3 were closely 
related to the glycine, serine, and threonine metabolism, glyox-
ylate and dicarboxylate metabolism, Leishmaniasis, propanoate 
metabolism, valine, leucine, and isoleucine degradation. In addi-
tion, ANXA2 was also associated with ECM − receptor interac-
tion, fatty acid degradation, and the renin − angiotensin system 
(Fig. 5B and C).

3.7. TF-miRNA coregulatory network and protein-chemical 
interactions

TF-miRNA coregulatory network showed the interaction of TF 
genes and miRNAs with the 3 key biomarkers (Fig. 6A). PTPN11 
and ANXA2 were co-regulated by transcription factor AP-2 
alpha (TFAP2A). In addition, we identified a compound, Valproic 
Acid, that could interact with the 3 key biomarkers (Fig. 6B). 
Since these compounds were detected against 3 key biomarkers, 
they represented common compounds in HCM. The compounds 
interacting with most key biomarkers are listed in Table 3.

Figure 4.  Validation of hub genes. (A) Heat-map of the correlation analysis between candidate genes. (B) Normalization of GSE89714. (C) Data validation of 
hub genes by GSE89714.
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3.8. Effect of isoproterenol on cardiomyocytes viability

Next, we incubated the cells with different concentrations of Iso 
(0, 2, 5, 10, 20 μmol/L) for 48 hours to determine its cytotoxic 
effects. Generally, OD values between 0 and 7 indicate that the 
linear relationship of cell viability is consistent. In this study, the 

OD values corroborated this notion (Fig. 7A). Assuming that 
the cell viability of the control group was 100% (0 μmol/L), 
the MTT assay showed that the concentrations of isoproterenol 
from 2 to 20 μmol/L failed to significantly affect the viability of 
H9c2 cells (Fig. 7B). Therefore, gene expression changes in sub-
sequent studies ruled out the cause of cell viability or toxicity. 

Figure 5.  Gene set enrichment analysis. (A) GSEA results of PTPN11. (B) GSEA results of ANXA2. (C) GSEA results of IRAK3.
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Figure 6.  NetworkAnalyst analysis of hub genes. (A) TF-miRNA coregulatory network. The red nodes represent the key biomarkers, the yellow nodes are TF 
genes, and the blue nodes indicate miRNA. (B) Protein-chemical interactions. The green nodes represent the key biomarkers. The pink nodes represent com-
pounds that interact in common between 2 key biomarkers. The blue node represent compound that interact with the 3 key biomarkers.
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Based on previous studies[16] and our results, 10 μmol/L Iso was 
chosen to induce H9c2 cardiac hypertrophy.

3.9. The mRNA expression of hypertrophy-related fetal 
genes and pyroptosis-related genes in isoproterenol-
induced H9c2 cardiomyocytes

The mRNA expression of ANP and β-MHC was significantly 
increased in the Iso (10 µmol/L) group compared to the control 
group (P < .05), indicating the successful establishment of the 
cardiac hypertrophy model (Fig. 7C–G). In addition, the mRNA 
expression of PTPN11 was significantly higher in HCM than 
control (P < .05), and the mRNA expression of ANXA2 and 
IRAK3 was lower than control (P < .05).

3.10. The protein expression of PTPN11, IRAK3, and 
ANXA2 induced by isoproterenol

The protein expression of PTPN11 was significantly increased 
in the Iso group (P < .05). However, compared with the con-
trol group, Iso-induced ANXA2 and IRAK3 protein expression 
were decreased (P < .05) (Fig. 7H–K).

4. Discussion
This study identified 20 DEPRGs, and the molecular mecha-
nisms underlying the functions of these genes in hypertrophic 
cardiomyopathy were further explored. GO analysis revealed 
a robust association of the DEPRGs to positive regulation of 
cytokine production, regulation of response to biotic stimulus, 
tumor necrosis factor production, endocrine process receptor, 
catabolic process, and other biological processes. We hypoth-
esized that these genes might play a key role in HCM patho-
genesis by regulating these biological processes. Increasing 
evidence shows an essential role of proinflammatory cytokines 
in the treatment and prognosis of cardiovascular diseases.[17] 
Cytokines produced from different sources may also be of vary-
ing importance.[18] The production of tumor necrosis factors also 
stimulates cardiac hypertrophy.[19] Moreover, the regulation of 
catabolic processes plays a vital role in the pathophysiology of 
HCM.[20] On the other hand, our study found that most of these 
DEPRGs were enriched in the Salmonella infection, Amoebiasis, 
Renin − angiotensin system, and other related signaling path-
ways. Previous studies have shown that salmonella infection 
might lead to left ventricular hypertrophy, causing cardiovas-
cular complications.[21,22] Recent studies have shown that the 
Renin-angiotensin system plays an essential role in the etiology 

of cardiomyopathy and can be used as a therapeutic target.[23,24] 
In addition, PPI network analysis identified 8 hub genes-STAT3, 
PTPN11, LY96, IRAK3, ANXA2, CD14, CEBPB, and CTSG. 
Validation analysis of GSE89714 revealed PTPN11, ANXA2, 
and IRAK3, with statistically significant differential expression, 
as potential biomarkers of HCM. Furthermore, several com-
pounds interacting with the biomarkers have been identified 
by NetworkAnalyst. For example, histone deacetylase inhibitor 
Trichostatin A and valproic acid attenuate cardiac hypertro-
phy,[25] potentially contributing to the prevention and treatment 
of HCM.

PTPN11, encoding SHP2 protein, is a classic non-receptor  
protein tyrosine phosphatase, an essential participant in cell 
signal transduction, regulating cell growth and prolifera-
tion.[26] Aberrant expression of PTPN11 can lead to various 
diseases, for example, PTPN11 is the most common mutant 
gene in Noonan syndrome (NS) and LEOPARD syndrome 
(LS),[27] HCM being one of the characteristics of these 2 dis-
eases. This phenomenon indicates some connection between 
PTPN11 and HCM. Our GESA results indicated that a high 
expression of PTPN11 might activate myocardial contrac-
tion and hypertrophic cardiomyopathy. Many studies also 
showed that PTPN11 mutations were a common cause of 
RASopathy-associated HCM.[28,29] Genotypic-phenotypic 
correlation studies showed that 8% of SHP2-related NS 
patients had HCM,[30] and about 70% to 80% of LS cases 
manifested HCM.[31] The main reason for RASopathy-
associated HCM includes PTPN11 mutation leading to 
abnormal signal transduction and cardiac hypertrophy 
during cardiac development.[32] Previous studies have shown 
RAS-mitogen activated protein kinase signal transduction 
pathway and its upstream and downstream pathways to 
be upregulated in HCM,[33] wherein PTPN11 mutations 
critically induce cardiac hypertrophy, suggesting an effec-
tive treatment for HCM by blocking this signal pathway.[34] 
Moreover, our study found a higher expression of PTPN11 
in HCM than in the healthy group and demonstrated that the 
gene was highly expressed in the cardiac hypertrophy model. 
A recent review elucidated how the overexpression of SHP2 
is associated with hereditary developmental diseases.[35] 
Therefore, we speculated a strong correlation between HCM 
development and the overexpression of PTPN11. In addi-
tion, many studies have highlighted how SHP2 inhibitors 
play an essential role in cancer treatment. The combination 
of SHP2 allosteric inhibitors and targeted molecular drugs 
is a promising therapeutic strategy for cancer.[36] However, 
whether SHP2 inhibitors help treat HCM or not warrants 
further research.

Table 3

Top 16 compounds with key biomarker interactions.

Id Label Degree Betweenness Gene 

D014635 Valproic Acid 3 602.42 PTPN11/IRAK3/ANXA2
C012589 trichostatin A 2 353.98 IRAK3/ANXA2
D015655 1-Methyl-4-phenylpyridinium 2 178.47 IRAK3/ANXA2
C459179 4-(5-benzo(1,3)dioxol-5-yl-4-pyridin-2-yl-1H-imidazol-2-yl)benzamide 2 178.47 IRAK3/ANXA2
C516138 (6-(4-(2-piperidin-1-ylethoxy)phenyl))-3-pyridin-4-ylpyrazolo(1,5-a)pyrimidine 2 178.47 IRAK3/ANXA2
C006632 arsenic trioxide 2 178.47 IRAK3/ANXA2
D019327 Copper Sulfate 2 178.47 IRAK3/ANXA2
D016572 Cyclosporine 2 178.47 IRAK3/ANXA2
D004791 Enzyme Inhibitors 2 178.47 IRAK3/ANXA2
C059514 resveratrol 2 178.47 IRAK3/ANXA2
D012822 Silicon Dioxide 2 178.47 IRAK3/ANXA2
D014750 Vincristine 2 178.47 IRAK3/ANXA2
D000082 Acetaminophen 2 69.97 PTPN11/ANXA2
D005557 Formaldehyde 2 69.97 PTPN11/ANXA2
D008741 Methyl Methanesulfonate 2 69.97 PTPN11/ANXA2
C017947 sodium arsenite 2 69.97 PTPN11/ANXA2
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ANXA2, a Ca2+-binding multifunctional protein, plays an 
essential role in various signal pathways and is found in vari-
ous human tissues and cell types.[37] ANXA2 is associated with 
cardiovascular diseases; it is overexpressed in heart failure, for 
which it can be used as a candidate biomarker.[38] Lower ANXA2 
expression increases plasma levels of proprotein converting 
enzyme subtilisin/ kexin 9, increasing the low-density lipopro-
tein cholesterol levels and the risk of coronary heart disease.[39] 
Coincidentally, low-density lipoprotein cholesterol is also a prog-
nostic biomarker for HCM.[40] Interestingly, ANXA2 showed a 
lower expression in the cardiac hypertrophy model, indicating 
that regulating its expression might reduce the condition and 
improve cardiac function. Moreover, GSEA results showed that 

lower expression of ANXA2 protein might inhibit fatty acid deg-
radation, glycine, serine, and threonine metabolism, glyoxylic 
acid, and dicarboxylic acid metabolism pathways. It has been 
demonstrated that glycine, serine, and threonine metabolic path-
ways are differentially regulated in HCM,[41] and targeted amino 
acid metabolomics can accurately identify HCM.[42] Glycine pro-
motes the biosynthesis of the antioxidant glutathione, reduces 
mitochondrial oxygen production, and increases adenosine tri-
phosphate production, leading to improved heart function and 
ventricular remodeling.[43] The protein kinase C (PKC) family 
of serine/threonine protein kinases has attracted much attention 
for their roles in cardiac function, and one of its principal mem-
bers, protein kinase C alpha (PKCα), critically mediates cardiac 

Figure 7.  The expression levels of PTPN11, IRAK3, and ANXA2 in isoproterenol-induced H9c2 cardiomyocytes. (A) Variations in absorbance values of cells 
treated with different concentrations of Iso. (B) Iso-treated cell viability. The viability of the control group was considered 100%, and the viability was measured 
by MTT assay. (C–G) mRNA levels of ANP, β-MHC, PTPN11, ANXA2, IRAK3 in isoproterenol induced H9c2 cardiomyocytes. (H) Representative western blots 
showing PTPN11, IRAK3, and ANXA2 levels. (I–K) Quantification of the relative changes in PTPN11, IRAK3, and ANXA2 expression. *P < .05, **P < .01 com-
pared with Control group. All values are mean ± SD. MTT = 3-(4,5)-dimethylthiahiazo(-z-y1)-2,5-di-phenytetrazoliumromide.
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hypertrophy by regulating kinase 1/2 (ERK-1/2) through extra-
cellular signaling.[44,45] Moreover, the oxidative capacity of fatty 
acids is known to regulate cardiac hypertrophy.[46] The regula-
tion of the expression of genes related to fatty acid metabolism 
alleviates cardiac dysfunction and improves cardiac hypertrophy, 
potentially mediated by activating the sirtuin 3/AMP-activated 
protein kinase pathway.[47] This suggests that fatty acid degra-
dation may also be a potential mechanism to be therapeutically 
targeted for HCM treatment. In addition, this study indicated 
that the lower expression of ANXA2 protein might also acti-
vate asthma, ECM-receptor interaction, leishmaniasis, malaria, 
and renin-angiotensin system (RAS) pathways, all of which 
might potentially regulate HCM treatment. RAS balances blood 
pressure and body fluids. Abnormal activation of this system 
produces the major bioactive hormone angiotensin (Ang) II, 
which binds to specific receptors and triggers a wide range of 
biological effects.[48] In this regard, Ang II has been widely used 
to induce left ventricular hypertrophy,[49,50] and the antagonists 
of the renin-angiotensin system have been reported to help treat 
HCM.[51] More importantly, a growing number of studies dis-
cussed that activation of the renin-angiotensin-aldosterone sys-
tem exacerbates left ventricular hypertrophy through increased 
blood pressure and the direct effects of the active peptides  
angiotensin-II (AT-II) and aldosterone on cardiomyocytes.[52,53] 
Renin-angiotensin-aldosterone system blockade has been impli-
cated in having potential therapeutic benefits in patients with 
HCM.[54] Additionally, ECM-receptor interaction is an essential 
pathway in cardiac hypertrophy.[55,56] Therefore, we hypothe-
sized that ANXA2 might regulate a potential mechanism that 
could serve as a therapeutic target for HCM.

IRAK3 is a member of the interleukin-1 receptor-associated 
kinase (IRAK) family, primarily in monocytes and macrophages, 
which led to it being named IRAK-M.[57] IRAK-M is a negative 
regulator of Toll-like receptor signaling and critically regulates 
inflammation in the innate immune system.[58] Some studies 
have shown that Nuclear factor-kappaB (NF-kB) activity or the 
level of inflammatory cytokines such as tumor necrosis factor-α 
and interleukin-6 (IL-6) increased upon IRAK3 downregula-
tion, indicating how it inhibits excessive inflammatory cytokine 
production in inflammation.[59,60] NF-kB is a transcription factor 
that regulates gene expression and regulates inflammation, cell 
proliferation, and apoptosis.[61] A large number of studies eluci-
dated how the abnormal activation of NF-kB and increased lev-
els of proinflammatory cytokines are involved in the regulatory 
mechanisms of cardiac hypertrophy,[62,63] and ten years later, the 
recent studies have evaluated the correlation between NF-kB 
and the disease state of HCM patients.[64] Myocardial fibrosis 
in HCM is caused by an inflammatory response.[65] Moreover, 
tumor necrosis factor-α and IL-6 also play an essential role in 
the pathogenesis of cardiac hypertrophy.[66,67] Also, reducing 
inflammatory cytokines is beneficial in attenuating cardiac 
hypertrophy. Our GSEA results showed that lower expression 
of IRAK3 inhibits glycine, serine, and threonine metabolism 
pathway, further demonstrating the importance of IRAK3 in 
HCM. Therefore, targeting IRAK3 may contribute to develop-
ing novel therapeutic drugs for HCM.

5. Conclusion
In summary, this study identified PTPN11, ANXA2, and IRAK3 
as essential novel biomarkers of HCM associated with pyropto-
sis. We also screened the related pathways and compounds, which 
would play a crucial role in delineating the development and 
pathogenesis of HCM and provide potential therapeutic targets.
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