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Abstract

:

Background: Endogenous retrovirus (ERV) elements can act as proximal regulatory elements in promoting interferon (IFN) responses. Previous relevant studies have mainly focused on IFN-stimulated genes (ISGs). However, the role of ERV elements as cis-regulatory motifs in regulating genes of the JAK–STAT pathway remains poorly understood. In our study, we analyzed the changes in ERV elements and genes under both IFN stimulation and blockade of the signaling pathway. Methods: The effects of interferon on cells under normal conditions and knockout of the receptor were compared based on the THP1_IFNAR1_KO and THP1_IFNAR2_mutant cell lines. The correlation between differentially expressed ERVs (DHERVs) and differentially expressed genes (DEGs) as DEHERV-G pairs was explored with construction of gene regulatory networks related to ERV and induced by proinflammatory cytokines. Results: A total of 430 DEHERV loci and 190 DEGs were identified in 842 DEHERV-G pairs that are common to the three groups. More than 87% of DEHERV-G pairs demonstrated a consistent expression pattern. ISGs such as AIM2, IFIT1, IFIT2, IFIT3, STAT1, and IRF were activated via the JAK–STAT pathway in response to interferon stimulation. Thus, STAT1, STAT2, and IRF1 appear to play core roles in regulatory networks and are closely associated with ERVs. Conclusions: The RNA expression of ISGs and ERV elements is correlated, indicating that ERV elements are closely linked to host innate immune responses.
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1. Introduction


Endogenous retroviruses (ERVs) entered the germ line of our ancestors over millions of years of evolution; they then spread vertically in a Mendelian manner and remained stable in the human genome, where it is estimated that they account for about 8% of the genome [1,2]. ERVs are retrotransposons (REs), a type of transposable element (TE) that moves by a ‘copy and paste’ mechanism involving the reverse transcription of an RNA intermediate and insertion of its cDNA copy into a new position within the host genome [3,4,5]. ERVs are structurally similar to the proviruses of common retroviruses, where the gag, pol, and env genes are flanked by two long terminal repeats (LTRs) [6]. Most ERVs exist in the form of solo LTRs produced by homologous recombination between the 5′ and 3′ LTRs [3,7]. These LTR elements were shown to influence gene regulation by providing cis-regulatory motifs and attracting DNA and histone-modifying complexes [3,7,8,9,10].



Double-stranded RNA (dsRNA) stress caused by ERVs is sensed through endosomal toll-like receptor 3 (TLR3), retinoic-acid-inducible gene I (RIG-I), or melanoma differentiation-associated gene 5 (MDA5), leading to the expression of the type I IFN, IFN-β [11,12,13]. The type I interferon receptor (IFNAR) is composed of transmembrane heterodimers IFNAR1 and IFNAR2. IFN-β interacts with type I interferon receptors to induce the classical JAK–STAT signaling pathway [11,14,15].



The first step in IFN-mediated signaling is to activate JAK1 and TYK2, members of the receptor-associated Janus-activated kinase (JAK) family, through IFN-β binding to IFNAR. Activation of JAK then leads to tyrosine phosphorylation of STAT2 (signal transducer and activator of transcription 2) and STAT1, with formation of STAT1–STAT2 dimers or STAT1–STAT1 homodimers. In step three, IFN-regulatory factor 9 (IRF9) combines with STAT1–STAT2 complexes, resulting in the formation of STAT1–STAT2–IRF9 complexes, which are known as IFN-stimulated gene factor 3 (ISGF3) complexes. Finally, ISGF3 or STAT1–STAT1 homodimers enter the nucleus and act on the interferon-stimulated regulatory element (ISRE) or IFN-γ-activated site (GAS) elements on the promoter of the IFN stimulation genes (ISGs) to initiate transcription of these genes [14,15].



ERV elements control various aspects of the interferon response. In particular, a member of the ERV family is often co-opted as the proximal enhancer to promote interferon responses [16,17,18]. Members of the primate-specific MER41 family harbor binding motifs for the transcription factors IRF1 (interferon regulatory factor 1) and STAT1 [18,19]. Following IFNG induction, copies of MER41 bind to STAT1 and IRF1 and enhance activity. AIM2 encodes an interferon-stimulated protein that detects dsDNA and triggers an inflammatory response when viral or bacterial infection occurs. AIM2 is immediately adjacent to a MER41 element, and MER41 deletion prevents AIM2 expression after IFNG induction and thus reduces the downstream inflammatory response [18,19].



Type I IFN promotes a change in the expression of over 1000 genes, leading to a wide variety of cellular responses [20]. A great deal of work has been invested in understanding the complexity of type I interferon signaling. However, it is present in many different cell types and organisms and may show different responses [21,22]. In our study, we analyzed the changes in ERV elements and genes under both IFN-β stimulation and blockade of the signaling pathway based on the THP1_IFNAR1_KO and THP1_IFNAR2_mutant cell lines. Our analysis shows a correlation between the expression of ISGs and ERVs when their genomic distance is within 100 kb. Characterizing the relationship between ISGs and ERV elements in terms of position and expression will help us in the future to study the regulatory role of ERV elements on ISGs in IFN signal transduction.




2. Materials and Method


2.1. RNA-Seq Data Acquisition


The data in this publication were deposited in the NCBI Gene Expression Omnibus [23,24] and are accessible through GEO Series accession number GSE211502. In brief, IFNAR1 knockout and IFNAR2 mutant THP1 cell lines were established using the CRISPR–Cas9 method [25,26,27]. The mutation was introduced in exon 2 and 3 of IFNAR1 and IFNAR2, respectively. Cells were treated with a control medium or 1 ng/mL IFN-β for three hours. Two duplicates were tested for each treatment.




2.2. Reads Mapping and Counting


In general, FastQC (v 0.11.5, Babraham Bioinformatics, Cambridge, England) [28] was used for the quality control of raw data, and Trimmomatic (v 0.38, USADEL LAB, Dusseldorf, Germany) was used to filter out lower-quality sequences [29]. The filtered sequences were aligned to the human reference genome GRCh38 using the HISAT2 (v 2.1.0, Center for Computational Biology, Maryland, USA) [30] tool and counted using the “primary” option of featureCounts (v 1.6.3, Bioinformatics Division, Melbourne, Australia) [31]. Genes were annotated using Ensembl GRCh38 version 95 GTF, whereas GTF-annotated genes were from the HERV database, which contains the most extensive information on HERV loci for HERV locus annotation [32].




2.3. Differential Expression Analysis


The DESeq2 package (v1.38.2, Bioconductor, New York, NY, USA) was used to perform differential expression analysis of HERV loci and human genes [33]. Genes with p < 0.05 and |log2 fold change| > 1 were considered to be significantly differentially expressed [34]. When both HERV and its neighboring human genes were differentially expressed (DEHERVs and DEGs), we considered them as DEHERV-G pairs and determined the number of DEHERV-G pairs in each dataset. Venn diagrams prepared using Weishengxin online software (http://www.bioinformatics.com.cn, access date: 28 April 2022) to show the overlap in different groups. RIdeogram (v.1.0, Laboratory of Biochemistry, Wageningen, Netherlands) was used to show the location of HERVs and genes on the chromosomes.




2.4. GO and KEGG-Enrichment Analyses


The Database for Annotation, Visualization, and Integrated Discovery (DAVID, http://david.ncifcrf.gov, version 6.8, access date: 9 May 2022) [35] is an online biological information database that integrates biological data and analysis tools and provides a comprehensive set of functional annotation information of genes and proteins for users to extract biological information. Gene Ontology (GO) is a major bioinformatics tool to annotate genes and analyze the biological process of these genes [36]. Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding high-level functions and biological systems from large-scale molecular datasets generated by high-throughput experimental technologies [37]. To analyze the function of key proteins, biological analyses were performed using the DAVID online database. p < 0.05 was considered statistically significant.




2.5. Construction of Protein–Protein Interaction (PPI) Networks


Analyzing functional interactions enables a better understanding of the correlation between proteins in different pathways. The PPI network was predicted using the Search Tool for the Retrieval of Interacting Genes (STRING; http://string-db.org, access date: 16 May 2022) online database [38]. In our study, PPI networks of key proteins were constructed using the STRING database, with associations being considered statistically significant for combined score > 0.4. The PPI networks were drawn using Cytoscape (v 3.7.2, NIGMS, Bethesda, USA), and the most significant modules in the PPI networks were identified using MCODE algorithm [39]. The criteria for selection were as follows: degree cut-off = 2, node score cut-off = 0.2, max depth = 100, and k-score = 2.





3. Results


3.1. IFNAR Knockout Validation


THP1 cell lines with the IFNAR1 gene knocked out (THP1_IFNAR1_KO cells) and THP1 cell lines with residual protein expression due to exon skipping of IFNAR2 (THP1_IFNAR2_mutant cells) were obtained from Pr. Liguo Zhang as gifts [27]. The knockout cell line has a 4 bp deletion in one allele of IFNAR1 and a 1 bp insertion in the other allele; the THP1 cell clone has a 7 bp deletion in both IFNAR2 alleles. The membrane expression of IFNAR1 and IFNAR2 was shown to be decreased based on the level of staining using antibodies against the specific isotype of interest in THP1_IFNAR1_KO cells and THP1_IFNAR2_mutant cells, respectively.




3.2. RNA-Seq Datasets Analysis


To study the contribution of the ERV family to IFN signaling, a total of four datasets (two duplicates) including the IFN-β-treated THP1 cells (IFN-β_N), IFN-β-treated THP1_IFNAR1_KO cells (IFN-β_KO1), IFN-β-treated THP1_IFNAR2_mutant cells (IFN-β_MT2), and untreated THP1 cells (N) were used for analysis. After quality control of the raw reads, we obtained a total of about 50 G of clean reads. After annotation by Ensembl GRCh38 and repeatMasker, we detected the expression of HERVs and human genes in all analyzed samples. Clean reads of HERVs and genes were compared against sequences of the reference genome (Figure 1A). To eliminate background interference, RNA-seq analysis of the untreated THP1_IFNAR1_KO cells and the untreated THP1_IFNAR2_mutant cells was also performed. The clean reads of HERVs and genes are shown in Supplementary Table S1.



Principal component analysis (PCA) of the expression of HERVs and genes from the four datasets with two duplicates are shown in Figure 1B,C. The samples cluster within a group and are dispersed among the groups. The results show there are distinct expression patterns of HERVs and genes across the four datasets.




3.3. Screening and Classification of DEHERVs


These datasets were divided into three groups: KO1 (IFN-β-treated THP1 cells vs. IFN-β-treated THP1_IFNAR1_KO cells), KO2 (IFN-β-treated THP1 cells vs. IFN-β-treated THP1_IFNAR2_mutant cells), and N (IFN-β-treated THP1 cells vs. untreated THP1 cells). We used the KO1 and KO2 groups to analyze the changes in HERVs after knockout of the IFNAR1 or mutant of the IFNAR2 under interferon stimulation conditions; we also analyzed the changes in HERVs under interferon stimulation versus no interferon stimulation with group N. To eliminate background interference, we analyzed HERVs expression in different situations, including the changes in HERVs in THP1_IFNAR1_KO cell lines with and without interferon stimulation (group N1); the changes in HERVs in THP1_IFNAR2_mutant cell lines with or without interferon stimulation (group N2); the changes in HERVs between THP1 and THP1_IFNAR1_KO cell lines without interferon stimulation (group N3); and the changes in HERVs between THP1 and THP1_IFNAR2_mutant cell lines without interferon stimulation (group N4).



We obtained three datasets according to the screening conditions p < 0.05 and |log2 fold change| > 1. Under IFN-β stimulation, IFNAR1 knockout resulted in 2889 downregulated loci and 4222 upregulated loci, and IFNAR2 mutant resulted in 1236 downregulated loci and 2203 upregulated loci. In normal THP1 cells, differential expression analysis showed 1546 upregulated loci and 321 downregulated loci with IFN-β stimulation (Figure 2A–C). When IFNAR1 or IFNAR2 is knocked out, interferon stimulation causes few changes in HERVs (Supplementary Figure 1A,B). In addition, we analyzed the changes in HERVs caused by interferon production in the intracellular environment in the absence of interferon stimulation (Supplementary Figure S1C,D).



To explore whether IFN-β causes changes in HERV expression, we analyzed the characteristics of the location and classification of the DEHERVs. According to the Dfam database [40], DEHERVs can be classified into six superfamilies (ERV1, ERVL, ERVK, Gypsy, ERVL-MaLR, and unclassified). In the three groups of DEHERVs, approximately one-third of DEHERVs belong to the ERVL-MaLR superfamily, one-third to the ERV1 superfamily, one-quarter to the ERVL superfamily, and only 1.5% to the ERVK superfamily (Figure 2D–F).



The DEHERVs of the three groups are widely distributed in the human genome, and the number of DEHERVs on each chromosome (except on the X chromosome) is positively correlated with chromosome size. In addition, there are significantly more DEHERVs on the plus strands than on the minus strands (p < 0.0001). In particular, 4540 loci (63.8%) are found located on the plus strands and 2571 loci (36.2%) on the minus strands of the KO1 group; 2109 loci (61.3%) are located on the plus strands and 1330 loci (38.7%) on the minus strands of the KO2 group; 1184 loci (63.4%) are located on the plus strands and 683 loci (36.6%) on the minus strands of the N group (Figure 2G–I).




3.4. Identification and Functional Enrichment of DEGs


We further analyzed the differences in the cellular gene expression level of the three groups according to the screening conditions in which there is p < 0.05 and |log2 fold change| > 1. Under IFN-β stimulation, IFNAR1 knockout resulted in 2723 downregulated genes and 2207 upregulated genes, and IFNAR2 knockout resulted in 658 downregulated loci and 1280 upregulated loci. In THP1 cells, differential expression analysis showed 838 upregulated genes and 182 downregulated loci with IFN-β stimulation (Figure 3A–C). Differentially expressed genes were found throughout the genome, with patterns similar to those observed for HERVs, revealing that the expression of DEHERVs and DEGs may be correlated (Figure 3D–F). In contrast, we did not observe a consistent pattern of expression of HERVs and genes in the control group (Supplementary Figure S2A–D).




3.5. Identification of DEHERV-G Pairs in Each Dataset


To further explore the correlation between DEHERVs and DEGs in the KO1, KO2, and N groups, we defined DEHERV-G as a pair comprising HERV and its nearest human genes (within 100 kb) on the same strand with both differentially expressed [41]. The DEHERV-G pairs were divided into four patterns: upregulated DEHERV and DEGs, upregulated DEHERV and downregulated DEGs, downregulated DEHERV and DEGs, and downregulated DEHERV and upregulated DEGs. There were 7911, 2798, and 1803 DEHERV-G pairs for KO1, KO2, and N, respectively. The pattern of upregulated DEHERV and DEGs accounted for the largest proportion, with 47%, 67%, and 93% for KO1, KO2, and N (Figure 4A). More than 87% of DEHERV-G pairs in all datasets had a consistent expression pattern; that is, expression of both components was either upregulated or downregulated. As listed in Supplementary Table S2, a total of 430 differentially expressed DEHERV loci and 190 differentially expressed DEGs were identified in 842 DEHERV-G pairs common to all three groups (Figure 4B).



In terms of distribution, these common DEHERV-G pairs are not randomly distributed but mainly concentrated on autosomes (Figure 4C). Overall, these results indicate that the expression of HERVs corresponds to that of their neighboring genes. In addition, we screened the DEGs of the three groups and found that some genes with significant differential expression (log2 fold change > 5) were ISGs, including AIM2, IFIT1, IFIT2, and IFIT3 (Figure 4D, Supplementary Table S3) [42]. After stimulation, IFNs bind to their heterodimeric receptors to initiate downstream signaling cascades that lead to the upregulation of ISGs [14]. These results show that IFNAR1 and IFNAR2 are the inevitable pathways for activating these ISGs. Expression of these genes were significantly reduced after the knockout of the receptor and significantly increased in the presence of the receptor under IFN-β stimulation.




3.6. Functional Enrichment Analysis of DEHERV-G Pair Genes and Protein–Protein Interaction (PPI) Network Construction


To further explore the correlation between genes of the DEHERV-G pairs, we performed GO-enrichment analysis of genes that intersected the three groups. These genes were enriched in response to viruses, defense response to viruses, defense response to symbionts, regulation of response to biotic stimulus, and regulation of defense response biological process (BP) terms (Figure 5A). Moreover, the KEGG pathway analysis showed that these genes are significantly enriched in two immune-related pathways, specifically the NOD-like receptor signaling pathway and influenza A (Figure 5B).



To identify the protein–protein interactions of these proteins encoded by DEGs, the PPI networks of key proteins that intersected the three groups are constructed. After using the MCODE algorithm to extract the core network, a total of 37 nodes, and 1433 edges were established in the PPI (Supplementary Table S4). The key genes are STAT1, STAT2, and IRF1, with 54, 38, and 42 linked genes, respectively (Figure 5C).





4. Discussion


ISGs activated by interferon receptors play an important role in innate immune defenses. The effects of type I IFNs on the transcriptome of several cell types have been investigated in previous studies [42,43,44,45]. However, previous relevant studies have focused on ISGs, whereas the role of ERV elements as cis-regulatory motifs in regulating genes of the JAK–STAT pathway remains poorly understood.



In our study, based on the THP1_IFNAR1_KO and THP1_IFNAR2_mutant cell lines, the effects of interferon on cells under normal conditions and knockout of the receptor were compared. We screened and explored the correlation between DEHERVs and DEGs as DEHERV-G pairs.



Firstly, more than 87% of DEHERV-G pairs in all datasets had a consistent expression pattern, revealing correlations between ISGs and ERV elements. Secondly, a total of 430 shared DEHERV loci and 190 shared DEGs were identified in 842 DEHERV-G pairs that are common to the three groups. The ISGs in the 190 shared DEGs such as AIM2, IFIT1, IFIT2, IFIT3, STAT1, and IRF showed significantly decreased expressed after receptor knockout. The results show that ISGs are activated through the JAK–STAT pathway under interferon stimulation but cannot be activated after receptor knockout. Thirdly, interferons have an effect in promoting the expression of ERV elements. After receptor knockout, the expression of ERV elements decreases under interferon stimulation. Some studies confirmed that certain ERVs possess ISRE or GAS elements that induce the expression of downstream ISGs [14]. This may be the reason for the change in the expression of some ERV elements after interferon stimulation. Finally, we investigated the gene regulatory networks related to HERVs that are induced by the proinflammatory cytokine IFN-β. In the PPI core network, STAT1, STAT2, and IRF1 play key regulatory roles, with 54, 38, and 42 linked genes, respectively. These genes are also closely related to HERVs in DEHERV-G pairs, which is consistent with the findings of the mammalian genome ERV elements providing enhancer activity through directly binding with STAT1, IRF1, and NF-κB [18,46].



The ERV LTRs possess a series of transcription factor binding sites (TFBSs) involved in regulating the duration and strength of immune responses, including GATA factors (binding to GATA DNA sequences) [47], activator protein 1 (AP-1) and AP-2 [48,49], IRF1, IRF2, IRF17 [50], STAT [51], etc., the major players influencing the innate immune response. Combining our findings with those from research on ERVs, we assume that ERV elements and ISGs may share common TBFSs in regulating the host innate immune system [46,52,53]. However, our hypothesis is currently based on the results of bioinformatics analysis, and follow-up experiments are needed to provide evidence of a direct relationship between ERV elements and ISGs in these DEHERV-G pairs.




5. Conclusions


In summary, we analyzed the expression profiles of ERVs and human genes stimulated in THP1 cell lines after IFNAR knockout. Our results suggest that RNA expression of ISGs and ERV elements is correlated, indicating that ERV elements are closely associated with host innate immune responses.
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The following abbreviations are used in this manuscript:



	ERVs
	endogenous retroviruses



	REs
	retrotransposon



	TEs
	transposable elements



	LTRs
	long terminal repeats



	dsRNA
	double-stranded RNA



	TLR3
	toll-like receptor 3



	RIG-I
	retinoic-acid-inducible gene I



	MDA5
	melanoma differentiation-associated gene 5



	IFNAR
	type I interferon receptor



	JAK
	Janus-activated kinase



	STAT2
	signal transducer and activator of transcription 2



	IRF9
	IFN regulatory factor 9



	ISG
	IFN-stimulated gene



	ISGF3
	IFN-stimulated gene factor 3



	ISRE
	interferon-stimulated regulatory element



	GAS
	IFN-γ-activated site



	IRF1
	interferon regulatory factor 1



	KO
	knockout



	DAVID
	Database for Annotation, Visualization, and Integrated Discovery



	GO
	Gene Ontology



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	PPI
	Protein–protein interaction



	DE
	differentially expressed



	STRING
	Search Tool for the Retrieval of Interacting Genes



	PCA
	principal component analysis



	BP(s)
	biological process(es)



	CC
	cell component



	MF
	molecular function



	TFBSs
	transcription factors binding sites



	AP
	activator protein
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Figure 1. Clean reads acquired and PCA analysis. (A) Clean reads of HERVs and genes mapped on the reference genome, including four datasets with two duplicates: IFN-β-treated THP1 cells (IFN-β_N), IFN-β-treated THP1_IFNAR1_KO cells (IFN-β_KO1), IFN-β-treated THP1_IFNAR2_mutant cells (IFN-β_MT2), and the untreated THP1 cells (N). PCA analysis of the transformed expression values of HERV loci (B) and human genes (C). 
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Figure 2. Screening and classification of DEHERVs. (A–C) Volcano plots of the three groups (KO1, KO2, and N). Red and blue-colored dots represent upregulated and downregulated HERV loci, respectively (adjusted P-value < 0.05 and |log2 fold change| > 1). Gray-colored dots represent loci with no significant differential expression. (D–F) Pie charts showing the number of DEHERVs in each superfamily of three groups. (G–I) Distribution of DEHERV loci on the plus (green point) and minus (orange point) strands of each chromosome. The blue bar represents the length of each human chromosome. 
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Figure 3. Screening and classification of differentially expressed genes (DEGs). (A–C) Volcano plots of the three groups (KO1, KO2, and N). Red- and blue-colored dots represent upregulated and downregulated genes, respectively (adjusted P-value < 0.05 and |log2 fold change| > 1). Gray-colored dots represent loci with no significant differential expression. (D–F) Circos plots showing DEGs (red column) and DEHERVs (green column) across chromosomal locations. The length of the column represents the absolute value of the log2 fold change. 






Figure 3. Screening and classification of differentially expressed genes (DEGs). (A–C) Volcano plots of the three groups (KO1, KO2, and N). Red- and blue-colored dots represent upregulated and downregulated genes, respectively (adjusted P-value < 0.05 and |log2 fold change| > 1). Gray-colored dots represent loci with no significant differential expression. (D–F) Circos plots showing DEGs (red column) and DEHERVs (green column) across chromosomal locations. The length of the column represents the absolute value of the log2 fold change.



[image: Viruses 15 00060 g003]







[image: Viruses 15 00060 g004 550] 





Figure 4. Identification of DEHERV-G pairs in each dataset. (A) Number and proportion of DEHERV-G pairs in the three groups. The dark blue column located on the left side of each group indicates the number of DEHERV-G pairs, and the column located on the right side of each group represents the proportion of four patterns: upregulated DEHERV and DEGs (green), downregulated DEHERV and DEGs (yellow), upregulated DEHERV and downregulated DEGs (red), and downregulated DEHERV and upregulated DEGs (light blue). (B) A Venn diagram of the DEHERV-G pair overlap across the three groups. Pink represents the KO1 group, green represents the KO2 group, and purple represents the N group. (C) Distribution of the components of the common DEHERV-G pairs on chromosomes. The green rectangle represents a DEHERV site, and the yellow triangle represents a DEG. (D) Heatmap of the different groups. Red indicates significantly increased gene expression, and blue indicates significantly decreased gene expression, with the intensity of color change from blue to red corresponding to a normalized log2 fold change from values −1 to 1. 
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Figure 5. Functional enrichment analysis of DEHERV-G pair genes and PPI networks. GO analysis (A) and KEGG analysis (B) of DEGs with the top five biological processes (BPs), cell components (CC), and molecular function (MF) with the lowest p value (p < 0.05) of GO analysis included. The color of columns or bubbles represents the p value, and the length of the column or the size of the bubbles represents the number of counts. (C) PPI core networks of human genes. Circles represent protein-coding genes, and the darker the circle, the more genes are associated. 
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