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Background: Congenital heart disease (CHD) is the most common type of birth defect. Most patients with CHD require surgery, and cardiopulmonary bypass (CPB) is the most common surgery performed.



Methods: The present study utilized weighted gene co-expression network analysis (WGCNA) to identify key inflammation genes after CPB for CHD. The GSE132176 dataset was downloaded from the Gene Expression Omnibus(GEO) database for WGCNA to identify the modules closely related to clinical traits. Disease enrichment, functional annotation and pathway enrichment were performed on genes in the module closely related to clinical traits using Enrichr and Metascape. Immune infiltration analysis was also performed on the training dataset using CIBERSORT. Finally, we identified hub genes using high gene significance (GS), high module members (MMs) and Cytoscape, and we verified the hub genes using an independent dataset and Western blot analysis.



Results: WGCNA showed that the brown module with 461 genes had the highest correlation to CHD after CPB. Functional annotation and pathway enrichment analysis were performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, which showed that genes in the brown module were enriched in inflammation-related pathways. In the disease enrichment analysis, genes in the brown module were enriched for inflammatory diseases. After the 30 most highly associated brown intramodular genes were screened, a protein-protein interaction network was constructed using the STRING online analysis website. The protein-protein interaction results were then calculated using 12 algorithms in the cytoHubba plugin of Cytoscape software. The final result showed that CDKN1A was the fundamental gene of post-CPB for CHD. Using another independent validation dataset (GSE12486), we confirmed that CDKN1A was significantly differentially expressed between preoperative and postoperative CPB (Wilcoxon, P = 0.0079; T-test, P = 0.006). In addition, CDKN1A expression was elevated in eosinophils, neutrophils, memory CD4 T cells and activated mast cells. Western blot analysis showed that the expression of CDKN1A protein was significantly higher postoperative CPB than preoperative CPB. Moreover, CDKN1A was mainly related to inflammation.



Conclusion: In summary, we found a relationship between CDKN1A and inflammation after CPB for congenital heart disease by WGCNA, experiments and various bioinformatics methods. Thus, CDKN1A maybe serve as a biomarker or therapeutic target for accurate diagnosis and treatment of inflammation after CPB in the future.
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Introduction

Congenital heart disease (CHD) refers to cardiovascular malformations resulting from abnormal fetal cardiovascular development (1). CHD is the most common congenital defect, affecting 0.5%–0.8% of all live births (2). Approximately 25% of infants with CHD require invasive treatment in the first year of life (3). Currently, most cardiac surgeries are performed with the support of cardiopulmonary bypass (CPB) (4), which is a technique that takes over cardiopulmonary function during surgery to maintain blood circulation and oxygen supply (5). CPB is required during surgery for CHD, especially cyanotic CHD (6). The increasing employment of CPB technology has greatly improved cardiovascular surgery and significantly increased the survival rates of patients (7). However, there is a significant contribution to postoperative morbidity and mortality from cardiopulmonary bypasses (CPB), especially in pediatric cardiac surgery (8). The use of CPB during cardiac surgery significantly changes the internal environment due to anesthesia, CPB, surgical operations and other factors (9). CPB during cardiac surgery causes a systemic inflammatory response with cytokine secretion (10) similar to local reactions after tissue damage (11). The most frequent complications of cardiovascular surgery are associated with CPB and its inflammatory response (12), e.g., respiratory complications (13) and postoperative atrial fibrillation (POAF) (14). CPB can also lead to systemic inflammatory response syndrome (SIRS), a condition that is clearly reviewed in congenital cardiac surgery programs (15). Postoperative SIRS after CPB is triggered by the contact of blood with non-physiological artificial tubes, surgical injuries, anesthesia, body temperature changes, ischemia and reperfusion of organs (11, 16, 17). The use of oxygenators plays a major role in the postoperative effects of CPB (18). SIRS further causes multiple organ dysfunction syndrome (MODS) (19) and is the leading cause of morbidity and mortality in critically ill patients (20).

Gene expression analysis is the basis for identifying differentially expressed genes (DEGs) under two conditions (21) and also a method to explore the underlying molecular causes of these differences (22). Many strategies exist to analyze high-throughput omics data to explore the complexity that distinguishes the DEGs in biological groups. The most common analysis is based on differential expression, which is determined by the changes in molecular characteristics, either expression or abundance, between groups (23). Weighted gene co-expression network analysis (WGCNA), which was proposed by Langfelder and Horvath in 2008 (24), is a comprehensive and novel R software package, and it is widely used in genomics and bioinformatics research to obtain correlation patterns between genes and detect biomarkers or pathways (25). Compared to traditional differential gene expression analysis, WGCNA does not manage genes as a single entity but combines the interrelation of genes to produce a structure called a module (26).

In the present study, a dataset from the Gene Expression Omnibus (GEO) database was used to perform WGCNA to investigate the hub genes related to CPB for CHD. Figure 1 shows the study workflow, including data preparation, processing, analysis and validation.
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FIGURE 1
The workflow of data preparation, processing, analysis and validation.




Materials and methods


Data collection

The GSE132176 dataset (27) is based on the GPL13158 Affymetrix HT HG-U133+ PM Array Plate platform [HT_HG-U133_Plus_PM] and includes 40 biopsy specimens of right atrial pre-CPB (CPB_before) and post-CPB (CPB_after) from 10 patients with tetralogy of Fallot (TOF) and 10 patients with atrial septal defect (ASD). The GSE132176 dataset was used as a training set to construct co-expression networks to screen for modules closely related to post-CPB. The GSE12486 dataset (28) is based on the GPL570 Affymetrix Human Genome U133 Plus 2.0 Array [HG-U133_Plus_2] and includes 10 samples of left ventricular specimens before and after CPB, and it was used as a validation dataset. Both datasets were downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/).



Data preprocessing

After downloading the normalized data of the GSE132176 dataset (containing a total of 54,716 genes) from the GEO database, a sample clustering method based on the Pearson correlation matrix was performed, and the average distance between different samples was used to evaluate the microarray quality. After discarding the outlier samples, the genes in the top 10% of the variance were screened from this dataset using R software.



Co-expression network construction

We used the WGCNA package in R (25, 29) to construct a co-expression network based on the top 10% of the variance genes. First, the absolute value of the correlation coefficient between the two genes was utilized to construct the Pearson correlation matrix. The power function (amn = |cmn|β) was then used to construct a weighted adjacency matrix (cmn = Pearson correlation between gene m and gene n; mn = neighborship between gene m and gene n where β is a soft threshold parameter that emphasizes a strong correlation between genes). Finally, the most appropriate β value was selected to convert the adjacency matrix into a topological overlap matrix (TOM). The minimum size of the gene dendrogram was 30, and similar genes were split into one module.



Identification of clinically significant modules

We next determined the modules related to clinical features. Depending on the linear regression between clinical traits and gene expression, the log10 conversion of the P value was defined as gene significance (GS), and the module significance (MS) was then calculated using the average value of all genes in one module. The module with the largest absolute value of MS was considered as the module with the closest relationship to clinical characteristics. Module eigengene (ME) is defined as the principal component of a given module, and it represents the gene expression profile in a module. Pearson correlations between modules and clinical features were then calculated, and modules highly relevant to a given clinical feature were selected for further analysis.



Identification of hub genes

Hub genes were designated by two methods. First, genes with high GS and high module members (MMs) were defined as hub genes. The cutoff value was the GS absolute value >0.2 and the MM absolute value >0.95. Second, the softConnectivity function in WGCNA was used to calculate the top 30 genes with the highest connectivity in the module most closely related to clinical features. The results were then imported into the STRING online site (30) for protein-protein interaction (PPI) network analysis with a medium confidence score >0.4 as the cutoff criteria. Finally, the PPI network results were imported into Cytoscape (31) to calculate the top 10 genes for each algorithm using 12 algorithms in the cytoHubba plugin. The results of the two methods were overlapped to obtain the key genes.



Functional annotation and pathway analysis

Functional annotation and pathway analysis of genes in modules most relevant to clinical traits were conducted using Metascape (https://metascape.org/gp/index.html), an online analysis site for gene and function enrichment (32). Enriched terms with a false discovery rate (FDR) <0.05 were considered to be significantly enriched terms.



Disease enrichment

The Enrichr database (http://amp.pharm.mssm.edu/Enrichr/) is a comprehensive online tool for gene enrichment analysis that can be used for analysis and to download data. The Enrichr database contains a large library of genome annotations, such as Transcription, Pathways, Ontologies, Diseases/Drugs and Cell types. We used the Enrichr database for disease enrichment analysis.



Immune infiltration analysis

The immune cell number of the GSE132176 dataset was calculated using the CIBERSORT package in R for assessing the differences in immune cells between the pre-CPB and post-CPB groups. The relationship of the hub gene with immune and inflammatory cells was also analyzed using the CIBERSORTx online analysis website (CIBERSORTx.stanford.edu).



Hub gene validation

The hub gene expression was verified using the GSE12486 validation dataset. The expression matrix of key genes in the validation set was extracted, and the Wilcoxon & T.test was then used to compare the expression differences between the two groups.



Patients and samples

From 1 January 2022 to 1 February 2022, two patients with TOF (1 male and 1 female with a mean age of 1 year) and two patients (1 male and 1 female with a mean age of 4.5 years) with ASD underwent surgical treatment at the Department of Cardiothoracic Surgery, Second Xiangya Hospital, Central South University. Right atrium specimens were collected from the patients before and after CPB for western blot analysis. The specimens were placed in liquid nitrogen immediately after collection and then transferred to −80°C for storage.

The study was approved by the Research and Clinical Trial Ethics Committee of Second Xiangya Hospital, and all eligible participants provided written informed consent. All procedures were performed in compliance with the ethical standards of the Declaration of Helsinki guidelines and relevant Chinese policies.



Western blot analysis

Total proteins from heart tissue were extracted with radioimmunoprecipitation assay (RIPA) lysis buffer and separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 70 V for 30 min and 110 V for 50 min using a blotting system (Bio-Rad, Hercules, CA). Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (0.45 µm), and the membranes were subsequently blocked with 5% skim milk in phosphate-buffered saline with Tween 20 (PBST) for 4 h. After blocking, the membranes were incubated with an anti-p21 antibody (1:500, Abcam ab227443) overnight at 4°C. The membranes were then washed and incubated with horseradish peroxidase-conjugated secondary antibody. β-actin levels (Abcam ab179467) were used as a loading control. The target bands were analyzed for grey-scale values by ImageJ software.




Results


Construction of weighted co-expression network and identification of key modules

After clustering the samples, GSM3852140 was considered as a significant outlier, resulting in the inclusion of 39 samples with clinical data in the present study (Figure 2). The WGCNA package in R was then used to divide genes with similar expression patterns into one module. To ensure the normal operation of the scale-free network, we selected a suitable soft threshold value of 12 (scale-free R2 = 0.87). In total, 19 modules were identified (Figure 3), and the brown module had the highest correlation to CPB_after (P = 0.75 × 104e−8) (Figure 4).


[image: Figure 2]
FIGURE 2
Sample clustering to detect outliers. GSM3852140 is considered a significant outlier and the data from this sample is excluded under the condition that abline equals 100.
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FIGURE 3
Gene dendrogram and module colors. After calculating eigengene, hierarchical clustering of modules, and merging the more similar modules, only 19 modules remain.
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FIGURE 4
Diagram of Module-trait relationships. As shown in the figure, the brown module has the highest correlation with CPB_after(P = 0.75 × 104e−8).




Identification of hub genes

WGCNA selected 461 genes as brown modular genes. A total of six genes, namely, CCNL1, CDKN1A, MAFF, SLC2A14///SLC2A3, SERTAD1 and TNFRSF10D, were screened in the brown module at a cutoff of GS absolute value >0.2 and MM absolute value >0.95. The 30 most highly connected genes in the brown module were CCNL1, DNAJB1, MCL1, JUNB, ZFP36, CDKN1A, NR4A1, MYC, SLC2A3, IRF1, ATF3, IL8, MAFF, EGR3, SOCS3, GADD45B, DUSP5, CXCL8, SLC2A14///SLC2A3, SERTAD1, SLC25A25, TNFRSF10D, SOCS3, NAMPT and HBEGF (only 26 remained after removing duplicates and no probe annotations). These 26 genes were then imported into the STRING online site for PPI network analysis (Figure 5), and the results were downloaded for further analysis. Using the 12 algorithms in the cytoHubba plugin of Cytoscape, the top 10 genes of each algorithm were calculated, and the results are shown in Table 1. Only CDKN1A was present in all 12 algorithms (Figure 6), and this gene was also present in the results of the former method.


[image: Figure 5]
FIGURE 5
Protein protein Interaction Network Diagram. After removed disconnected nodes in the network, only 18 genes remained.They were MCL1, JUNB, ZFP36, CDKN1A, NR4A1, MYC, IRF1, ATF3, MAFF, EGR3, SOCS3, GADD45B, DUSP5, CXCL8, SLC2A14,SLC2A3, NAMPT and HBEGF.
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FIGURE 6
Flower plot for cytohubb results. Each petal represents one of cytohubb's algorithms, and only CDKN1A generemains after taking the intersection.



TABLE 1 The top ten genes of each algorithm.
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses

GO and KEGG enrichment analyses were performed on the genes within the brown module, and we discovered that genes within the brown module were significantly enriched in GO terms and pathways associated with inflammation (Figure 7). The top 20 GO terms and the top 20 KEGG pathways (http://www.genome.jp/kegg/) are shown in Figure 8. The top 20 GO terms and the top 20 KEGG pathways that CDKN1A was involved in are shown in Table 2.


[image: Figure 7]
FIGURE 7
Enrichment of genes matching membership term: inflammation. The outer pie shows the number and the percentage of genes in the background that are associated with the inflammation (in black); the inner pie shows the number and the percentage of genes in the brown module gene list that are associated with the inflammation. The P-value indicates whether the membership is statistically significantly enriched in the brown module gene list.
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FIGURE 8
Bar graph of the top 20 GO and KEGG pathways (http://www.genome.jp/kegg/) across input brown module genes, colored by p-values.



TABLE 2 The top 20 gene ontology and the top 20 KEGG pathway that CDKN1A was involved.
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Disease enrichment

We used the Enrichr online enrichment site to identify the genes in the brown module that were significantly enriched in inflammatory diseases (Figure 9). For example, inflammatory bowel disease in GWAS_Catalog_2019 (P = 1.01 × 10−5) and PhenGenI_Association_2021 (P = 0.0013), infection/inflammation of internal prosthetic device, implant and graft in PheWeb_2019 (P = 0.0036), post-infectous myocarditis in Rare_Diseases_AutoRIF_ARCHS4_Predictions (P = 5.89 × 10−9), inflammatory breast cancer in Rare_Diseases_GeneRIF_Gene_Lists (P = 5.98 × 10−16).


[image: Figure 9]
FIGURE 9
Disease enrichment plot. (A) GWAS_Catalog_2019, (B) PhenGenI_Association_2021, (C) PheWeb_2019, (D) Rare_Diseases_AutoRIF_ARCHS4_Predictions, (E) Rare_Diseases_GeneRIF_Gene_Lists. Ranked by P-values. The genes in the brown module that were significantly enriched in inflammatory diseases, including inflammatory bowel disease (A,B); infection/inflammation of internal prosthetic device, implant and graft (C); post-infectous myocarditis (D); inflammatory breast cancer (E).




Immune infiltration analysis

By using the CIBERSORT R code, we found a significant change in macrophages M2 (P < 0.01), mast cells resting (P < 0.001), NK cells activated (P < 0.05), T cells follicular helper (P < 0.001), mast cells activated (P < 0.01) and eosinophils (P < 0.001) in the post-CPB group compared to the pre-CPB group (Figure 10). Among them, the former two were significantly lower and the last four were significantly higher. By using the CIBERSORTx online analysis website, we found that CDKN1A expression was elevated in eosinophils, neutrophils, memory CD4 T cells and activated mast cells (Supplementary file: CIBERSORTx_Job4_output/CIBERSORTxGEP_Job4_GEPs_Filtered.txt).


[image: Figure 10]
FIGURE 10
Immune infiltration analysis plot. There was a significant change in macrophages M2 (P < 0.01), mast cells resting (P < 0.001), NK cells activated (P < 0.05), T cells follicular helper (P < 0.001), mast cells activated (P < 0.01) and eosinophils (P < 0.001) in the post-CPB group compared to the pre-CPB group. “*”, “**”, “***” represent P < 0.05, P < 0.01, P < 0.001, respectively.




Hub gene validation

As shown in Figure 11, the expression of CDKN1A in the GSE12486 validation dataset was significantly lower in the pre-CPB group than in the post-CPB group(Wilcoxon, P = 0.0079; T-test, P = 0.006). The same results are shown in the GSE 132176 dataset (Wilcoxon, P = 9.9 × 10−9; T-test, P = 8.5 × 10−9) (Figure 12). Western blot analysis also showed that the expression of CDKN1A protein was significantly higher post-CPB than pre-CPB (Figure 13).


[image: Figure 11]
FIGURE 11
Box plots of CDKN1A gene expression in the validation set. The expression of CDKN1A in the GSE12486 validation dataset was significantly lower in the pre-CPB group than in the post-CPB group (Wilcoxon, P = 0.0079; T-test, P = 0.006).



[image: Figure 12]
FIGURE 12
Box plots of CDKN1A gene expression in the GSE 132176 dataset. The expression of CDKN1A was significantly lower in the pre-CPB group than in the post-CPB group (Wilcoxon, P = 9.9 × 10−9; T-test, P = 8.5 × 10−9).



[image: Figure 13]
FIGURE 13
SDS-PAG electrophoregram. (A) β-actin (B) CDKN1A Line 1–4 are CPB-after samples, Line 5–8 CPB-before samples. Pictures of gels were cropped and juxtaposed and the full length gel pictures could be found in Supplementary Figures 1, 2.





Discussion

In the present study, we performed co-expression network analysis on the GSE132176 dataset, which contains 10 samples of TOF before and after CPB as well as 10 samples of ASD before and after CPB. After identifying the module related to post-CPB, the hub genes in the modules were screened using two methods. CDKN1A was obtained as the key gene for inflammation post-CPB in CHD and was verified with the GSE12486 dataset. Disease enrichment analysis indicated that the genes in the brown module were enriched for inflammatory diseases. In addition, CDKN1A expression was elevated eosinophils, neutrophils, memory CD4 T cells and activated mast cells. Western blot analysis suggested that CDKN1A expression was significantly higher post-CPB than pre-CPB. Together, these results suggested that CDKN1A may be a potential gene that causes complications post-CPB for CHD. Enrichment analysis of functions and signaling pathways by GO and KEGG analyses showed that the genes within the brown module were significantly enriched in inflammation-related genes. Among the top 20 GO terms with CKNA1A involvement, the most interesting one was response to corticosteroid (GO:0031960), which belongs to cellular response to lipid (GO:0071396), because corticosteroids are involved in a wide range of physiological systems, such as stress response, immune response regulation, inflammation regulation, carbohydrate metabolism, protein catalysis, blood electrolyte levels and behavior.

CHD is the most common congenital cardiovascular abnormality (33), accounting for 1% of human congenital malformations (34). Cardiac surgery significantly increases the survival rate of patients with CHD (35). CPB is an important aspect of many cardiothoracic surgeries, but it is related to excessive systemic inflammatory response and the release of cardiac biomarkers (36). The mechanism of complications after cardiac surgery CPB is complicated, and there may be many genes involved in its regulation. However, specific biomarkers for accurate diagnostic testing and potential therapeutic targets for personalized treatment have not been fully identified in inflammation following CPB for CHD.

Cyclin dependent kinase (CDK) inhibitors regulate inflammatory cell differentiation and function as well as inflammatory signaling pathways and apoptosis (37). CDKN1A is an important member of the CDK inhibitor family, and it belongs to the Cip/Kip family of CDK inhibitors, thereby signifying its name, p21WAF1/CIP1 (38). Studies have shown that CDKN1A is involved in the inflammatory process in various diseases, but its role varies. CDKN1A is essential in lymphotoxin-driven pancreatic inflammation of the pancreas in response to pancreatic injury, and it is involved in the pre-acinar secretion of inflammatory mediators that recruit innate immune cells (39). In sarcoid granulomas, high expression of CDKN1A reduces apoptotic events and leads to persistent inflammation (40). Disruption of CDKN1A alleviates lung inflammation induced by cigarette smoke, lipopolysaccharide (LPS) and N-formyl-methionyl-leucyl-phenylalanine (fMLP) in mice (41). Although the etiology of idiopathic pulmonary fibrosis (IPF) is uncertain, it is presumed that IPF begins with an initial inflammatory lesion confined to the alveoli and progresses to the chronic inflammation of alveolitis. Kuwano et al. found that p53 and CDKN1A are expressed in proliferating bronchial and alveolar epithelial cells in the lung tissue of all IPF patients (42). Together, these studies suggest that CDKN1A plays an active role in chronic inflammation and the incessant state of inflammation. Contrary to the results of the aforementioned studies, Sarfraz et al. found that CDKN1A-positive hepatocyte expression correlates with fibrosis staging progression but not with inflammatory grade (43). It has also been shown that CDKN1A inhibits rheumatoid inflammation by downregulating the expression of the type I IL-1 receptor (IL-1RI) and inhibiting JNK activity (44). Thus, CDKN1A plays different roles in different inflammatory diseases with some positive and negative roles.

CDKN1A is also involved in cardiac development. In a mouse model, Wdfy3 deficiency induces CDKN1A promoter activity, which leads to embryonic heart development and consequently to CHD (45). TBX3 deficiency accelerates apoptosis by directly regulating CDKN1A expression in senescent cardiomyocytes (46). Moreover, a hyperglycemic status can lead to reduced proliferation of cardiomyocytes and endocardial cells through overexpression of CDKN1A (47). These findings suggest that CDKN1A is involved in the formation of cardiac malformations.

Admittedly, there are limitations to this study, as the lack of clinical data in the training dataset prevents us from validating the diagnostic efficiency of CDKN1A, coupled with the small number of clinical specimens currently collected and the inability to link closely to the clinic. Therefore, a large number of samples with clinical information need to be collected for more in-depth studies in the future.



Conclusion

In summary, the present study used a series of bioinformatics analysis methods and Western blot analysis to determine and verify the relationship between CDKN1A and CPB for CHD. The present study indicated that CDKN1A may be involved in inflammation of post-CPB for CHD. These results have important clinical significance and contribute to the accurate treatment of post-CPB inflammation in patients with CHD.
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