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Abstract 

Introduction: Tetralogy of Fallot (TOF) is the most common cyanotic form of 

congenital heart defects. However, there is no effective therapeutic approach and 

current therapies have limited curative efficacy. Moreover, the exact etiology of TOF 

has remained largely unknown. Improved understanding of molecular mechanisms 

can give an insight into TOF pathogenesis and development of therapeutic 

approaches. 

 

Methods: Here, we conducted a systematic study on the right ventricular 

myocardium of 24 infants (16 ToF/8 control) using weighted gene co-expression 

network analysis (WGCNA) to identify meaningful modules or candidate biomarkers. 

 

Results: Co-expression network analysis by WGCNA suggested that a highly 

preserved turquoise module with 2,493 genes and a P-value of 3×10
-11 

was 

significantly correlated to TOF. The top 5 hub genes of this module were PSMA2, 

MYL12A, C11ORF71, COMMD6, and CREG1. The result of turquoise module 

enrichment showed that the most correlation topic in biological processes and KEGG 

pathways were positive regulation of cardiac neural crest migration involved in outflow 

tract morphogenesis and positive regulation of neural crest cell differentiation. Also, 

we recognized 4 FDA-approved drug candidates for other indications could potentially 

use for the treatment of TOF patients through regulation of two hub genes of the co-

expression network (PSMA2 and NDUFA4). Our findings also showed that the 13 

experimentally validated microRNAs regulated the co-expression network through 5 

hub genes. 

 

Conclusion: We systematically recognized co-expressed gene modules and hub 

genes associated with TOF progression, which offered insights into the mechanisms 

underlying TOF progression and some potential drugs for the treatment of TOF. 
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Introduction  

Tetralogy of Fallot (TOF) is the most common 

cyanotic form of congenital heart defects (CHDs) 

occurs in 1 out of every 3,000 live births and is a 

major cause of infant death due to progressive 

malformations (Michielon et al., 2006). Genetic and 

environmental risk factors can interrupt the well-

controlled molecular development process 

(Cecchetto et al., 2010; Michielon et al., 2006). The 

TOF heart is characterized by ventricular septal 

defect, overriding of the aorta, right ventricular 

outflow stenosis and right ventricular hypertrophy 

(Apitz et al., 2009). The survival rates of TOF patients 

after surgical repair appear to be around 85 percent. 

Although individuals with TOF have a normal lifespan 

after the repair, approximately 10-15 percent of them 

suffer from late complications, including ventricular 

arrhythmia leading to sudden death and right 

ventricular dysfunction resulting from pulmonary 

stenosis. A precise understanding of the molecular 

mechanisms that underlie the progression to 

ventricular failure is important not only to recover late 

functional status but also to prevent sudden deaths 

after surgery (d’Udekem et al., 2000; Meijer et al., 

2005; Nollert et al., 1997). Currently, surgical therapy 

is the most common therapy for TOF, but it has failed 

to prevent lifetime complications and there is a 

probability of late reoperation in some patients (Gu et 

al., 2014). Despite major progress, the precise 

etiology of TOF like most other CHDs remains 

unknown. Only 20% of CHD is associated with 

chromosomal abnormalities and/or genetic defects. 

Others have been regarded as multifactorial, in which 

genetic and environmental factors play a critical role 

in their pathogenesis (Villafañe et al., 2013; Wang et 

al., 2014). Common chromosomal alternations in 

patients with TOF include trisomy 21, 18 and 13 and 

22q11.2 microdeletions, as well as other less 

common abnormalities in some cases (Villafañe et 

al., 2013). Several microarray studies have revealed 

that certain microRNAs may be dysregulated in the 

cardiac tissue of TOF patients (Bittel et al., 2014; 

Liang et al., 2014; Wang et al., 2018). Furthermore, 

previous evidence has verified that an evolutionarily 

preserved complex of transcription factors that link 

signaling pathways with genes involved in muscle 

development, remodeling, and contractility, including 

GATA and NKX families, has a central character in 

early cardiogenesis (Bartlett et al., 2010; Hu et al., 

2010). Meanwhile, the correlation between TOF and 

certain gene mutations has been found, but little is 

known about the roles of these genes in embryonic 

development, tissue homeostasis, and cardiovascular 

disease (Gu et al., 2014; Nemer et al., 2006). 

Improved understanding of the main causes of TOF 

can give an insight into the pathogenesis and make 

the prediction of the disease risk possible (Xu et al., 

2014). In addition, the precise recognition of genetic 

culprits can achieve a better prognosis after surgical 

repair (Apitz et al., 2009). Recently, the use of 

correlation networks in bioinformatics applications 

has been widely attracting. A new method called 

Weighted Gene Co-expression Network Analysis 

(WGCNA) has been developed for the construction of 

relationship networks by grouping functionally high 

related gene clusters into several modules, which is a 

powerful tool for identifying key pathways perturbed 

in disease using gene expression microarray data 

(Langfelder and Horvath, 2008; Pei et al., 2017). In 

the present study, we aim to identify the co-

expression gene network to examine the molecular 

mechanisms of TOF by employing WGCNA using 

microarray gene expression data. The candidate 

genes identified by the presented approach can give 

new insights into TOF therapy. 

 

Materials and methods  

Gene expression datasets 

The gene expression profile of TOF was downloaded 

from the Gene Expression Omnibus (GEO) database 

with the accession number of GSE35776, which is 

based on the platform of GPL5175 [HuEx-1_0st] 

Affymetrix Human Exon 1.0 ST Array. From this 

dataset, the gene expression data of 16 infants (11 

male/5 female) <1 year of age with non-syndromic 

TOF without a 22q11.2 deletion requiring surgical 

correction and 8 (3 male/5 female) normally heart 

developing infants were used in the present study. 

The raw data were modified and normalized using the 

affy package of R 3.4.1 in Bioconductor (Gautier et 

al., 2004; Gentleman et al., 2004). The top 4,000 

genes with expression coefficient of variance equal to 

or more than 0.05 were selected.  

The other microarray dataset referenced in this study 

was downloaded from NCBI GEO with accession 

number GSE26125. This dataset was used to 

conduct module preservation analysis.  GSE26125 

contains 21 tissue samples mRNA expression profile 
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of infants with TOF (n=16) and control samples (n=5) 

based on the platform of GPL11329 CodeLink 

Human Whole Genome Bioarray. 

 

Identification of differentially expressed genes 

(DEGs) 

GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), 

an R-associated web application, was applied to 

filtrate DEGs among TOF and normal samples. The 

DEGs which met the following criteria:  P-value< 

0.05, and |log2FC| ≥ 2, were selected for further 

analysis. 

 

WGCNA network construction and module 

identification 

The co-expression network analysis was constructed 

following the WGCNA protocol (Langfelder and 

Horvath, 2008; Pei et al., 2017). A Pearson 

correlation coefficient was computed to detect 

differentially co-expressed links, and the threshold 

power β was selected to create the adjacency matrix 

and to adjust the property of scale-free networks. The 

topological overlap matrix was constructed that 

appertains to the interconnection between two genes 

and applies for the clustering of genes with high 

topological overlap to the same module. Module 

identification was performed using the dynamic tree 

cut algorithm with a minimum module size of 30 

genes. Modules with high similarity scores were 

merged due to module eigengene distance threshold 

of 0.1. 

 

Module preservation analysis 

The preservation median rank implemented in 

WGCNA was used to detect the conservation of gene 

pairs between two networks by determining the mean 

median ranks of connectivity and density for each 

module (Langfelder and Horvath, 2008; Pei et al., 

2017). Zsummary was used to assess the significance of 

observed module preservation statistics and defined 

as the mean of Z scores computed for density and 

connectivity of sub-networks, in which Zsummary<2 

shows no preservation, 2<Zsummary<10 indicates 

weak-moderate preservation and Zsummary>10 

suggested strong evidence for preservation. 

 

Feature vectors in WGCNA network 

To identify modules that were significantly associated 

with the clinical trait (TOF), expression profiles of 

each module were summarized via its module 

eigengene (ME) to the first principal component of the 

expression matrix (Langfelder and Horvath, 2008; Pei 

et al., 2017). The gene significance (GS) value was 

used for measuring of individual genes associations 

with the TOF. Also, module membership (MM) was 

defined as the correlation of the ME and the gene 

expression profile for each module. Finally, genes 

with both GS and MM≥0.8 were chosen as hub-

genes if differentially expressed compared to control 

samples. 

 

Evaluation of selected hub genes behavior in 

response to corrective heart surgery  

To evaluate transcriptional changes of selected Hub 

genes in response to cardiopulmonary bypass (CPB), 

we performed DEG analysis on GSE132176 which 

consists of right atrium tissues from 10 children 

affected by TOF before (Pre-CPB) and after (Post-

CPB) surgery.  

 

Evaluation of selected hub genes behavior in 

response to chronic hypoxia 

To further elucidation of gene expression profiles of 

selected Hub genes in the chronically hypoxic 

cyanotic myocardium, we used GSE14970 containing 

12 samples of the right ventricle of (n=6) or acyanotic 

(n=6) pediatrics with TOF collected immediately after 

the institution of CPB. The goal of this analysis was to 

illustrate hypoxia-dependent induction of 

transcriptomic changes in TOf myocardium after birth. 

 

Functional annotation and enrichment analysis of 

modules 

The ClueGO (version 2.2.5) Plug-in tool on 

Cytoscape (version 3.6.0) was used to identify and 

visualized the enriched gene ontology (GO), KEGG 

pathway and biological pathways in interesting 

modules genes (kappa score = 0.4) (Bindea et al., 

2009; Shannon et al., 2003). 

 

Identification of candidate regulatory miRNAs and 

drugs 

The miRTarBase 7.0 database and CyTargetLinker 

plugin of Cytoscape was employed to identify 

experimentally validated miRNAs and FDA approved 

drugs interact with hub genes of interesting modules. 

Furthermore, the mRNA-miRNA-drug tripartite 

network was reconstructed to visualize the network 

https://www.ncbi.nlm.nih.gov/geo/geo2r/
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data using Cytoscape software (version 3.6.0). 

 

Results 

Weighted co-expression gene network 

construction using WGCNA 

The GSE35776 data set was used in this study. We 

performed quantile normalization to reduce the 

effects of technical noises. The plot of the quantile of 

expression levels across arrays is shown in Figure 

S1. No outliers were observed in 24 samples by 

hierarchical average linkage clustering, thus all 

samples were included in the analysis (Fig. S2). A 

β=8 was selected as a scale-free topology criterion 

(Fig. S3) and the WGCNA package was used for 

reconstruction of the weighted co-expression network 

for TOF patients and normal groups. The result of the 

Fig.1. (A) Module-trait relationship. Each row corresponds to a module eigengene and the column corresponds to disease 

status (TOF vs. Control). Numbers in each cell represent the corresponding correlation and P-value; (B) Module-module 

associations. Eigengene dendrogram and heatmap plot of the adjacencies in the eigengene network including the state 

which represents the relationships among the modules and the TOF status. 
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dynamic tree cut (Fig. S4) gave 5 co-expressed 

modules with a range size of 58 (green) to 2,493 

(turquoise) genes. A grey module was assigned for 

249 genes that failed to classify as a distinct co-

expression module and was eliminated from further 

analysis (Table 1). 

Identification of DEGs 

A total of 197 genes were primarily identified as 

DEGs with the GEO2R default thresholds, including 

179 up-regulated and 18 down-regulated genes. 

These 197 DEGs were then screened based on the 

following criteria: P-value< 0.05, and |log2FC| ≥ 2. 

Fig.2. Processes and pathways identified within the turquoise module. Gene ontology and pathway analysis were 

performed using significant genes across all datasets. Node size corresponds to the number of associated genes, and node 

color reflects the statistical significance. The darker the pathway node, the more statistically significant it is, with a gradient 

from red (P-value 0.05-0.005) to black (P<0.0005). 

Fig.3. Selection of best hub-genes for the reconstruction of the co-expression network. Hub-genes with GS and MM>0.95 

and logarithmic fold changes (|LogFC|) >2 were selected. 
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Fig.4. Co-expression network and related microRNA and drugs of the turquoise module. 

 

Fig.5. A suggested mechanism for the tetralogy of Fallot pathogenicity. Rho: Rho factor, Rac1: Ras-related C3 botulinum 

toxin substrate 1; DVL: Dishevelled segment polarity protein; MRTF: Myocardin related transcription factor; RB1: RB 

transcriptional corepressor 1; CREG1: Cellular repressor of E1A stimulated genes 1; FZD: Frizzled class receptor; RET: 

Ret proto-oncogene; UB: Ubiquitin. 
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Next, the resulted 19 DEGs which were met the 

criteria, selected for subsequent analysis. 

 

Module-trait and module-module association 

Investigating the correlation between module 

eigengenes and the trait and module-module 

relationship revealed that the turquoise module 

(r=0.93, P-value=3.00e-11) was the most positively 

correlated modules with TOF (Fig. 1). 

 

Preservation of co-expression modules 

To assess the stability and conservation of 

GSE35776 network modules, network preservation 

analysis was performed to compare them with the 

GSE25126 network modules. According to 

preservation median rank and Zsummary outcomes, a 

turquoise module with Zsummary of 4.8 was considered 

as a weak-moderate-preserved module (Fig. S5). 

 

Functional enrichment analysis of interesting 

module 

The enrichment of meaningful biological processes of 

the aforementioned modules genes with its 

interactions was visualized by the ClueGo tool. As 

shown in Figure 2, positive regulation of cardiac 

neural crest migration involved in outflow tract 

morphogenesis and positive regulation of neural crest 

cell differentiation were enriched in the turquoise 

module. 

 

Identifying Hub genes and network analysis of 

the favorite modules 

Hub genes were detected based on network unique 

properties, including gene significance (GS) and 

module membership (MM), genes with high GS and 

MM were significantly correlated with TOF (Fig. S6). 

Hub genes with GS and MM > 0.95 and logarithmic 

fold changes (LogFC) >2.00 were selected from the 

final ranked genes and listed in Figure 3. 

Reconstruction of the co-expression network of the 

turquoise module was accomplished using the 

GeneMANIA database within the Cytoscape network 

visualization tool (Fig. 4). 

 

Evaluation of selected hub genes behavior in 

response to corrective heart surgery  

The gene expression patterns of selected hub genes 

were compared before and after CPB. As indicated in 

Table 2, proteasome subunit alpha-2 (PSMA2), 

cellular repressor of E1A stimulated genes-1 

(CREG1) and COMM domain containing-6 

(COMMD6) hub genes present a similar expression  

Table 1: Module colors characterization. The co-expression modules identified by WGCNA. 

 
Module Colors Number of Genes correlation p-value 

Module preservation 

GSE26125 

1 Blue 1016 0.73 5.00e-05 2.90 

2 Brown 103 -0.0033 1 0.75 

3 Green 58 0.32 0.1 -0.28 

4 Grey 249 0.08 0.7 -0.48 

5 Turquoise 2493 0.93 3.00E-11 4.80 

6 Yellow 81 0.35 0.09 0.69 

 

Table 2: Effects of cardiac surgery (CPB) and chronic hypoxia on ToF-related Hub genes 

GEO 
accession 

number 
GSE35776 GSE26125 GSE132176 

GSE38177&GS
E14956 

GSE261
25 

Tissue Right ventricle Right ventricle Right atrium Right ventricle 
Right 

ventricle 

Conditions ToF disorder ToF disorder CBP CPB 
Chronic 
hypoxia 

PSMA2 2.55 3.54 -0.55 -0.32 0.41 

MYL12A 2.27 2.58 ns ns 0.81 

C11ORF71 2.17 1.88 ns ns ns 

COMMD6 2.15 1.65 0.29 -0.11 0.43 
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Fig.5. A suggested mechanism for the tetralogy of Fallot pathogenicity. Rho: Rho factor, Rac1: Ras-related C3 botulinum 

toxin substrate 1; DVL: Dishevelled segment polarity protein; MRTF: Myocardin related transcription factor; RB1: RB 

transcriptional corepressor 1; CREG1: Cellular repressor of E1A stimulated genes 1; FZD: Frizzled class receptor; RET: 

Ret proto-oncogene; UB: Ubiquitin. 

Supplementary material 
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pattern showing decreased expression following 

CPB. These findings suggest a potential role of 

PSMA2, CREG1 and COMMD6 as novel biomarkers 

of myocardial response to surgical stress and 

diagnostic and prognostic targets of postsurgical 

therapy. 

 

Evaluation of selected hub genes behavior in 

response to chronic hypoxia 

The differential expression analysis of selected hub 

genes detected a reprogramming response to chronic 

hypoxia due to the upregulation of myosin light chain 

12A (MYL12A), COMMD6, PSMA2 and CREG1 

indicating that observed transcriptional dysregulation 

of selected Hub genes in TOF myocardium is 

attributable, in part, to the existing hypoxic 

environment in cyanotic TOF hearts after birth (Table 

2).  

 

MicroRNAs as upstream regulators for common 

hub-genes 

In order to find the potential molecular mechanisms of 

the hub-genes, their predicted microRNAs were 

analyzed by the miRWalk database. The 13 

experimentally validated miRNAs were shown in 

Figure 4. As a result, the 5 hub genes regulated by 

these microRNAs were MYL12A, CREG1, H2AF7, 

COMMD6 and NDUFA4. 

 

Drug-target network construction 

To analyze the drug development perspective of the 

turquoise module, we tested if it harbors known 

targets of TOF drugs. We also searched the module 

for drug targets not currently approved for TOF 

treatment. These targets in the module included: 

PSMA2 (carfilzomib, bortezomib and ixazomib) and 

NDUFA4 (metformin hydrochloride) (Fig. 4). The 

presence targets in the module of interest suggested 

that these drugs potentially impact TOF and could be 

considered as possible candidates for further 

research in this respect. 

 

Suggested mechanism of TOF pathogenesis 

Based on genes involved in the co-expression 

Fig.S2. Sample clustering to detect outliers. The color is proportional to the pathological stage (Red=TOF samples and 

white=normal samples). 
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Fig.S3. Selection of the soft-thresholding powers. Selection of the soft-thresholding powers. The left panel shows the scale-

free fit index (y-axis) as a function of the soft-thresholding power (x-axis). The right panel displays the mean connectivity 

(degree, y-axis) as a function of the soft-thresholding power (x-axis). The power was set as 10 for the next analysis. 

Fig.S4. Cluster dendrogram and module assignment from WGCNA. The branches correspond to highly interconnected 

groups of genes. Colors in the horizontal bar represent the modules. 
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Fig.S5. Preservation of GSE35776 modules in comparison with GSE26125 dataset. Each module is represented by its 

color-code and name. Left figure indicate the preservation median rank. This factor is independent from module size and 

high median ranks correspond to low preservation. Right figure indicates Zsummary score. The dashed blue and black lines 

show the thresholds Zsummary = 0 and Zsummary = 2. 

 

Fig.S6. Module features of GS and MM. Modules significantly correlated with TOF status (TOF vs Control). Each point 

represents an individual gene within each module, which are plotted by GS on the y-axis and MM on the x-axis.  
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network, a molecular mechanism for TOF 

pathogenicity is suggested in Figure 5. 

 

Discussion 

Tetralogy of Fallot is the most common congenital 

heart disease, which is largely unknown for the exact 

pathogenesis mechanism. Hence, the complications 

of TOF remain a lifetime disease and does not cure 

by surgical repair (Gu et al., 2014). A better 

understanding of TOF etiology would be necessary 

not only for family counseling and prenatal diagnosis, 

but also to identify new treatment and preventive 

approaches such as dietary supplementation for 

identified high-risk pregnancies (Erdal et al., 2007). 

Moreover, despite advanced surgical approaches for 

the patient with TOF, tremendous outstanding issues 

have remained to be addressed in order to ensure 

the highest efficiency of future treatments and quality 

of life (van der Ven et al., 2019). 

To this end, our study was performed to clarify 

molecular pathogenesis associated with TOF using 

WGCNA. In the present study, we analyzed the 

GSE35776 dataset including 16 TOF samples and 8 

normal samples. Co-expression network analysis by 

WGCNA suggested that a highly preserved turquoise 

module with 2493 genes was significantly correlated 

to TOF. The turquoise module encompassed 5 Hub-

genes with GS and MM >0.95 and LogFC>2.00 

including PSMA2, MYL12A, chromosome 11 open 

reading frame 71 (C11ORF71), COMMD6 and 

CREG1, which exhibited the most significant 

association with TOF trait.  

Further, gene ontology (GO) functional and KEGG 

pathway enrichment analyses using ClueGo revealed 

that the turquoise module was enriched into the 18 

main biological process categories (P<0.05) which 

directly related to TOF. For instance, the roles 

exerted by migration and differentiation of neural 

crest on secondary heart field (SHF) development are 

largely delineatedv (Restivo et al., 2006). The 

ablation of the cardiac or cranial neural crest results 

in a spectrum conotruncal defects such as TOF 

(Kirby and Waldo, 1990; Yamagishi, 2020). 

Therefore, TOF has already been considered to be a 

conotruncal heart defect caused by implications in 

neural crest cell migration and differentiation (Di 

Felice and Zummo, 2009). However, most of these 

specific enriched pathways have not still reported by 

literature and imperfect picture of TOF related 

mechanisms have been elucidated; this deserves 

further mechanistic investigations are required in this 

area. 

Despite improvements in minimizing postoperative 

morbidity of surgical repair, CPB has been 

demonstrated to induce inappropriate molecular 

reprogramming of cardiac myocytes led to increased 

oxidative stress, inflammatory response, chemokine 

over-production, myocardial damage and eventually 

compensatory mechanisms which is presumed to be 

regulated by genetic factors (Manrique et al., 2020; 

Raggi et al., 2020; Rosenthal et al., 2020). However, 

transcriptional changes of the interested Hub genes 

indicate beneficial role of CPB, albeit slightly, in 

ameliorating gene expression alternations in the ToF 

myocardium. Consistent with this results, a recent 

microarray study revealed that CPB could induce 

higher levels of several genes with cardioprotective 

functions such as genes that exert anti-inflammatory 

and antioxidant effects againist CPB-induced 

ischemia/reperfusion (I/R) myocardial injury (Raggi et 

al., 2020). Furthermore, in consistent with previous 

reports, transcriptomic changes of selected Hub 

genes in response to life-long chronic hypoxia in ToF 

patients revealed elevated expression levels of Hub 

genes that are mainly involved in proliferation, 

growth/morphogenesis, remodeling pathways 

(Ghorbel et al., 2010; Raggi et al., 2020; Zhao et al., 

2019).  

The candidate gene, PSMA2, is a component of 20S 

core proteasome complex which is associated with 

two 19S regulatory particles to form 26S proteasome 

involved in the ubiquitin-proteasome system (UPS), 

the main protein degradation system in the heart 

(Nandi et al., 2006). The possible mechanism of 

PSMA2 involvement in TOF progression can be 

explained in at least four main cellular pathways 

discussed below. However, there may be other 

alternative mechanisms, which have not been 

considered. 

 

Canonical Wnt/ β-catenin pathway: There is an 

emerging consensus suggesting that the observed 

malformations in TOF may be caused by altered 

proliferation, migration or differentiation of cardiac 

progenitor cells from the SHF which migrates to the 

primary heart tube during heart development (Di 

Felice and Zummo, 2009). Accordingly, Wnt signaling 

with either canonical or non-canonical pathways has 
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been implicated in mesoderm formation, specification 

and proliferation, cell adhesion and cell polarity 

(Karami et al., 2013). Wnt signaling activity is 

controlled in a spatial-temporal manner during heart 

development (Liu et al., 2014; Swinarski, 2017). Wnt 

signaling is triggered by the interaction of 

transmembrane frizzled and Wnt ligands that 

activates downstream β-catenin and small Rho and 

Rac family GTPases via the disheveled protein 

(Henderson et al., 2006). In turn, β-catenin enters the 

nucleus leading to regulating the second heart SHF 

proliferation program (Rochais et al., 2009). The 

disruption of this pathway was associated with severe 

outflow tract (OFT) malformations that could involve a 

spectrum of conotruncal defects in mouse models, 

including pulmonary stenosis and double outlet RV 

(Di Felice and Zummo, 2009; Touma et al., 2017). 

Moreover, recent evidence has revealed that lower 

expression of Wnt11 associates with lower O2 

saturation in the TOF infants, suggesting that Wnt11 

signaling appears to be important in the RV-specific 

impact of hypoxia in postnatal heart of newborns with 

cyanotic CHDs (Touma et al., 2017). It is well known 

that in the absence of the Wnt, β-catenin 

phosphorylated and ubiquitinated results in 

proteasomal degradation (Yi et al., 2017). Therefore, 

the up-regulation of PSMA2 in TOF disease as a 

component of UPS may subsequently lead to over-

degeneration/degradation of β-catenin, which is 

responsible for subsequent outcomes in TOF 

patients. 

 

Regulation of hypoxia-inducible factor (HIF)-1α: 

The HIF-1α is an important transcription factor that 

intersects with numerous signaling pathways. HIF-1α 

expression and stabilization are required for normal 

cardiovascular system development. Moreover, HIF-

1α as the most important transcriptional factor 

associated with cyanotic TOF plays a putative 

regulatory role in oxygen sensing, homeostasis and 

cardiac adaptation to moderate chronic hypoxemia 

(Zhao et al., 2019). However, HIF-1α protein is 

rapidly degraded under normoxia condition. 

Experimental studies have demonstrated that the 

proteasomal inhibitors, bortezomib, inhibits tumor 

adaptation to hypoxia by functionally inhibiting HIFα-1 

(Befani et al., 2012). This phenomenon provides the 

basis for the counterintuitive theory entitled activation 

by destruction. Despite HIF-1α being a well-known 

proteasome target, sustained transcription mediated 

by HIF-1α requires proteasomal activity to remove 

“spent” activators and to reset the promoter (Kaluz et 

al., 2006). Over-activation of the HIF-1α by cited 2 

mutations, causes serious cardiovascular 

abnormalities during prenatal development, including 

pulmonary arterial stenosis and ventricular septal 

defects accompanied by conotruncal defects, that are 

known as the main features of  TOF (Yin et al., 2002). 

In the present study, the up-regulation of PSMA2 in 

TOF patients would, therefore, be the main culprit of 

HIF-1α over-activation that plays a key role during 

TOF development. 

 

RET signaling: The RET proto-oncogene is a 

receptor tyrosine kinase involved in numerous cellular 

mechanisms, including cell proliferation, cell 

migration and cell differentiation (O’Leary et al., 

2016). The RET gene has been associated with the 

development of TOF and the abnormality of 

cardiovascular system morphology such as 

conotruncal defects and ventricular conduction 

impairments. Moreover, RET can also activate Rho 

family GTPases, including Rho, Rac and Cdc42, 

which are involved in the actin cytoskeleton 

remodeling responsible for cell morphology, polarity 

and migration. Unlike other RTKs that are trafficked 

to lysosomes for degradation, RET was shown to be 

rapidly ubiquitinated and degraded by the 

proteasome (Fukuda et al., 2002). It is suggested that 

the up-regulation of PSMA2, involving in UPS 

degeneration would contribute to RET signaling 

impairment. 

 

P53 signaling: Studies suggest that bortezomib 

treatment as a proteasomal inhibitor, can significantly 

suppress the elevation of right ventricular hypertrophy 

and pulmonary vascular remodeling in hypoxia-

exposed mice (Kim et al., 2012). Additionally, the 

inhibitory effects of bortezomib on prostate cancer 

cells and vascular smooth muscle cells proliferation 

have been well established. With respect to these 

findings, UPS plays a key role in cell cycle regulation 

by accurately degrading the cell cycle–inhibitor 

proteins, including p53 and p21 (Kim et al., 2012). In 

line with this, emerging evidence support a driving 

role of p53 in the regulation of hypoxia-induced gene 

expression alternations of TOF myocardium (Zhao et 

al., 2019). Therefore, it can potentially support our 
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findings, in which up-regulation of PSMA2 can play 

an important role in fibrosis and cellular hypertrophy 

in TOF patients with right ventricular outflow tract 

obstruction. 

Moreover, cellular repressor of E1A stimulated genes 

1 (CREG1) is a secreted protein located in the 

lysosome, which is required for mouse embryonic 

stem cells differentiation to cardiomyocytes (Liu et al., 

2016) and to regulate cardiac hypertrophy and 

fibrosis in heart failure (Shahneh et al., 2013; Wang 

et al., 2017). Although CREG1 contributes to the 

transcriptional control of cell growth (Di Bacco and 

Gill, 2003), the negative/positive regulation of CREG1 

remains controversially in the current literature and a 

paradoxical role has been observed through various 

pathways (Clark et al., 2016). Our results suggest 

that the up-regulation of CREG1 in TOF patients may 

have a positive role in right ventricular hypertrophy, 

mediated by retinoblastoma protein 1 (Rb1) inhibition. 

The Rb1 is a negative cell cycle regulator, which acts 

by binding to the E2F1 transcription factor induced by 

hypoxia and results in right ventricular hypertrophy in 

cyanotic TOF infants (Abe et al., 2016; Touma et al., 

2017). 

Furthermore, MYL12A is a myosin regulatory subunit 

that is involved in regulating cytoskeleton remodeling 

by Rho GTPases via the non-canonical Wnt 

Signaling. Also, Myl12A has been implicated in the 

establishment of the planar cell polarity during later 

stages of cardiac OFT development, especially in 

myocardial differentiation of the OFT cushion during 

septum formation and cardiac muscle contraction. 

Perturbations of this gene and associated processes 

are important contributors to TOF anomalies (O’Leary 

et al., 2016; Olson and Nordheim, 2010; Rochais et 

al., 2009). 

Although the findings of this in silico study may shed 

light on the understanding of TOF pathogenicity, we 

have not verified the biological functions of the 

selected hub genes in TOF, nor have we determined 

how suggested miRNAs and approved drugs targets 

the hub genes related to TOF. Therefore, more in 

vitro and in vivo experiments for blood and tissue 

verification of these hub-genes and relative pathways 

are still needed.  

 

Conclusion 

Identification of the gene targets specific to the 

development of CHD will help to a better 

understanding of how this disease develops, to 

provide appropriate counseling for families and to 

invent new tools for early diagnosis and intervention. 

In this study, we identified a novel module involved in 

TOF pathogenesis and discovered putative 

diagnostic biomarkers, including PSMA2, MYL12A, 

C11ORF71, COMMD6 and CREG1 which can 

provide promising diagnostics and therapeutic targets 

for TOF. Thus, our results provide new and more in-

depth insights for further investigations to reveal the 

mechanisms by which these genes play their roles in 

TOF. Although the literature annotation and imperfect 

picture of TOF-related mechanisms have not yet 

been reported on these specific enriched pathways. 

Fundamental study on these new targets should be 

performed to establish their diagnostic and or 

therapeutic values for clinical intervention. 
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